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Preface

Crystallization is certainly among the most studied processes in science and also of
great practical importance. This is because crystals are the pillars of modern
technology. Without crystals, there would be no electronic industry, no photonic
industry, no fiber optic communications, solid state lasers, non-linear optics, piezo-
electric, electro-optic or crystalline films for microelectronics and computer industries.
In addition, crystallization is an elemental separation technique one of the most simple
self-assembly processes to create order from the atomic to the macroscopic scale.
Finally, crystallization creates beautiful crystals of esthetical value, which fascinate
humankind already for centuries. Crystallization is an interdisciplinary subject
covering physics, chemistry, material science, chemical engineering, metallurgy,
crystallography, mineralogy, etc.

It is not astonishing that crystallization processes are already studied for a long time,
beginning with alchemy and in a systematic, scientific fashion since the end of the 18th
century. In the past few decades, there has been a growing interest on crystal growth
and crystallization processes, particularly in view of the increasing demand of
materials for technological applications. One might think that a process of such
scientific and technological importance is well known down to the finest details after
such intense studies for more than a century, but this is not true. Understanding
crystallization from the atom level is still rather restricted, and it is the same for the
interface of a crystal with solvent and other dissolved compounds.

The overall purpose of this book is to provide timely and in-depth coverage of selected
advanced topics in crystallization. This text book goes into considerable detail
concerning the many elements of knowledge needed to understand both
quantitatively and qualitatively advanced subjects in crystallization process. The
articles for this book have been contributed by the most respected researchers in this
area and cover the frontier areas of research and developments in crystallization
processes incorporating most recent developments and applications of crystallization
technology. Divided into five sections this book provides the latest research
developments in many aspects of crystallization including: chiral crystallization,
crystallization of nanomaterials and the crystallization of amorphous and glassy
materials. It is our hope that you, as readers, will find this book useful for your work.
If so, this will be the nicest reward for us.
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Separation of the Mixtures of Chiral
Compounds by Crystallization

Emese Pélovics?, Ferenc Faigl'2 and Elemér Fogassy!
Department of Organic Chemistry and Technology,

Budapest University of Technology and Economics,

2Research Group for Organic Chemical Technology,

Hungarian Academy of Sciences, Budapest,

Hungary

1. Introduction

Reaction of a racemic acid or base with an optically active base or acid gives a pair of
diastereomeric salts. Members of this pair exhibit different physicochemical properties (e.g.,
solubility, melting point, boiling point, adsorbtion, phase distribution) and can be separated
owing to these differences. The most important method for the separation of enantiomers is
the crystallization. This is the subject of this chapter.

Preparation of enantiopure (ee~100%) compounds is one of the most important aims both
for industrial practice and research. Actually, the resolution of racemic compounds (1:1
mixture of molecules having mirror-imagine relationship) still remains the most common
method for producing pure enantiomers on a large scale. In these cases the enantiomeric
mixtures or a sort of their derivatives are separated directly. This separation is based on the
fact that the enantiomeric ratio in the crystallized phase differs from the initial composition.
In this way, obtaining pure enantiomers requires one or more recrystallizations. (Figure 1).

The results of these crystallizations (recrystallizations) of mixtures of chiral compounds differ
from those observed at the achiral compounds. Expectedly, not only the stereoisomer in excess
can be crystallized, because the mixture of enantiomers (with mirror image relationship) follows
the regularities established from binary melting point phase diagrams, and ternary composition
solubility diagrams, respectively, as a function of the starting enantiomer proportion.
According to this fact, we talk about conglomerate behaviour when the enantiomeric excess is
crystallized, and racemate behaviour when it remains in the mother liquor.!

At the same time, there are some enantiomeric mixtures having racemate properties (based
on binary phase diagram) which show conglomerate behaviour during its purification by
fractionated precipitation. Always the enantiomeric excess is crystallized independently
from the starting isomeric composition. This is explained by the kinetic crystallization of the
enantiomeric excess.2 Consequenlty, if the enantiomeric purity obtained after recrystallization
or by other partial crystallization (as the result of splitting between the two phases) is

* Corresponding Author



4 Advances in Crystallization Processes

plotted against the initial enantiomeric composition, either racemate or conglomerate
behaviour is expected, or a conglomerate like curve is obtained (hereinafter: kinetic-
conglomerate) (Figure 2).3

Resolving agent Racemic compound
Separation of 929 P Separation of

diastereomeric and enantiomeric \ / e
mixtures T mixtures
[

' Crystallization

SR + RR

Filtration Filtration
[ SR’ ] [ RR ] & R
Decomposition Crystallization
[ S>R J [ R>S ] R+ RS
Crystallization Filtration
[ S+ SR ] [R+ RS J
l Filtration

Fig. 1. The essential processes of enantiomeric separation starting from the racemic
compound

ee
100% [~~~ 77T = 100% r//,
S S
. Al
. Al
e | 5 1

100 ee(%)

100% ° Racemate

Conglomerate
<) d).

e). kinetic conglomerate-like
: ‘ : (under kinetic control)

'
|
I
T
'
'
'
|
'
|
I
'
'
I
'
'
'
I

D DL L D DL L
—— ee=0% —_— ee=0%
a). b).

Fig. 2. The composition of enantiomeric mixtures obtained by crystallization (ee) in function
of starting enantiomeric purity (eep). a). conglomerate melting point diagram; b). racemate
melting point diagram; The diagrams of expected results of c). conglomerate crystallization,
d). racemate crystallization, e) kinetic-conglomerate like crystallization
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The above mentioned behaviour depends on the substituents of the base skeleton of the
racemic compound. It means that different substituents can determine the change in
behaviour. For example, the formyl -, acetyl - and propionyl-derivatives of phenyl alanine
(FoPA, AcPA, PPA, see below) show different behaviour.

COOH COOH COOH
mCHO MCOCH3 MCOCHzCH3
FoPA AcPA PPA

racemate conglomerate kinetic conglomerate

At separations based on the distribution between solid and another (liquid or melt) phase
formation of a crystalline material is needed. The chiral discriminating effect can be
explained by the presence and reactions of homo- and heterochiral aggregates (the simplest
members of them are the dimers), and by their different physical and chemical properties.
Thus in the solution or in the melt of racemic mixtures of enantiomers (S and R) two
homodimers (SS and RR) and one heterodimer (SR) should be present, while in a hypothetic
enantiomeric mixture (S>R, ee = 50%) presence of two dimmers, namely SS and SR, is
expected. Considering that homo- and heterodimers are in diastereoisomeric relation with
each other, their solubility and reactivity are different.*

3S3R=<=— SS + RR + SR
3S,R === SS + SR

The behaviour of a mixture of chiral compounds, in which the resolving agent is a
substituted derivative of one of the enantiomers (which are also present in the mixture in
racemic form) is similar to the behaviour of the above mentioned enantiomeric mixtures.
Under such conditions real diastereoisomeric pairs are formed containing an enantiomer
and the structurally similar resolving agent, respectively.

If the racemic compound (mixture of enantiomers in 1:1 ratio) is reacted with equimolar
amount of a derivative of one of the enantiomers (e.g. R* having opposite chemical
character) a quasi-enantiomeric mixture is formed.

SR + R¥R* === SR* + RR*
& v J | N
eey~ quasi 50% diastereomers

In these cases non-symmetric conglomerate or racemate biner phase diagrams are expected
and , quasi-conglomerate” (RR*) or , quasi-racemate” (SR*) precipitate may be obtained. In
the former case the enantiomeric purity of R or S in the crystalline diastereoisomeric salt
(RR* or 55*) can be anything, but in the latter (,quasi-racemate”) case an enantiomeric
purity (ee) usually reflects the eutectic composition for the enantiomeric mixture of original
racemic compound.
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The resolving agent has a decisive role at the separation of diastereoisomers. Previously, we
referred to the fact that the resolving agent (having related structure with one of the
enantiomers of the racemic compound) may form well-crystallizing diastereoisomer. But
usually separations based on crystallization of diastereoisomers obtained from chiral
reagents with significantly different structures are performed. One of these frequently used
reagents is the dibenzoyltartaric acid (DBTA), which is suitable for the resolution of racemic
bases. It was observed, that it has also an ability to form relatively stable molecular
complexes with racemic alcohols, and its Ca and Mg salts form coordinative complexes both
with alcohols and phospholenes. In these cases pure enantiomers can also be obtained by
fractionated precipitation of the diastereoisomeric complexes.>¢

It is assumed based on the results of the resolutions (both via salt-formation, and complex-
formation) that the composition of the crystalline diastereoisomer is determined by the
properties of the enantiomeric mixture of the racemic compound even if the resolving agent
has not a similar structure to the racemic compound.

The enantiomeric mixture obtained by recrystallization (fractionated precipitation) and
decomposition of diastereoisomers usually needs further purification to obtain the pure
(single) enantiomer. The above mentioned behaviour of the stereoisomeric mixtures is
expected at these enrichment processes, too.

However, during the purification of enantiomeric mixtures (having diastereoisomeric
relationship and -behaviour of the homo- and heterochiral aggregates) both the kinetic and
thermodynamic control can be observed, and certainly these phenomena can be observed at
the (re)crystallization of diastereoisomers as well.” At the same time in case of reciprocal
resolution (one of the enantiomers of the original racemic compound is applied as resolving
agent for resolution of the racemic mixture of the initial chiral agent) the former behaviour is
expected inevitably (namely the previously experienced kinetic- or thermodynamic control
can be observed).

So, the crystallization rules (based on expected chiral-chiral interaction) of enantiomeric
mixtures can be applied even if two or more chiral compounds are present.

However, the mode of separation of the crystalline fraction is very important. For example,
the separation of enantiomers can be effectuated even if a mixture from the melt of
enantiomeric mixtures is crystallized. The crystalline material can be separated from the
residue by filtration, distillation, sublimation or extraction.8

A similar separation can be achieved even if the amount of the resolving agent applied is
less than an equivalent to the racemate. Then the enantiomeric mixture can be separated
from the crystalline diastereisoomer by sublimation or distillation, in accordance with the
above mentioned methods.

The dielectrical constant of the solvent (if solvent is used at the resolutions) changes the
formation, composition and enantiomer recognition of the crystalls.? The composition of
crystalline diastereoisomers is also influenced by the pH of the reaction mixture.!0

The purity (de) of the diasterecisomer can be improved using a mixture of structurally
related resolving agents. It is often referred as “Dutch resolution” in the literature.1!
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If the diastereoisomeric salt can not be separated by fractionated precipitation, it is
feasible to get its crystalline solvate by fractionated precipitation from a solvate forming
solution.1? When the solvent, unsuitable for separation of the diastereoisomers, contains
structurally (partly) similar compound(s) to the solvate forming solution,!? the separation
of enantiomers became feasiable by fractionated precipitation of the diastereoisomeric
salt. It is particularly striking, when the wanted crystal composition is obtained by using a
structurally similar (either with racemic compound or resolving agent) achiral
compound.4

It is possible that the recrystallization from an adequate solvent does not give pure
enantiomers, but a good enrichment can be often achieved by fractionated precipitation.1>

The racemate and conglomerate like behaviour of enantiomers can also be observed both at
the recrystallization and at the liberation of the enantiomers from their salts formed with
achiral compounds.1e

Based on own and other’s experimental results some conclusions can be drawn according to
the fractionated crystallization of chiral compounds.

The regularities of crystallization of the systems containing at least two chiral compounds
can not be described by linear correlations.l” At the same time, the behaviour of the
enantiomeric mixtures of the racemic compound will be one of the determining factor of the
behaviour of the systems containing chiral compounds.

To characterize the obtained fractions not only their yield (Y), but the enantiomeric purity of
the products (ee) is also relevant. Therefore it is advisable to use the parameter F
characterizing the efficiency of the procedure (F=ee*Y).18 This factor is actually the yield of
enantiomeric excess separated. (Earlier this factor was marked with the letter S, but it could
refer to the configuration even if it was marked by a different font.)

Hereinafter, the possibilities of enantiomer and diastereoisomer separations based on
crystallization are shown by known examples.

At first examples will be given for separation of mixtures, containing two or more chiral
compounds in solventless conditions or using solvent, respectively.

Among the next examples we refer to the results derived from earlier considerations, too.
We demonstrate that behaviour of these enantiomeric and diastereoisomeric mixtures raised
from interactions between chiral compounds are not allways the expected ones. The shown
examples relate mainly to calculable regularity, but often a minor modification in the
molecular structure can induce significant change of results. For justification, the two
essential perception of Pasteur!d, are shown at first, then the consequences of the ,slight
changing” of the molecular structures will be presented in the light of our present
knowledge.

It was recognized by Pasteur, that the enantiomers of racemic tartaric acid can be separted
by induced crystallization, if the supersaturated aqueous solution of its sodium-ammonium
salt was seeded with the crystals of a pure enantiomer. In this case significant amount of the
pure enantiomer could be find in the solid phase and a mixture of enantiomers remaind in
the saturated solution in which the other enatiomer was in excess. That other enantiomer
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could be crystallized in pure form from the suprasaturated solution of this latter enatiomeric
mixture. This experiment demonstrated the fact, that the excess of an anantiomer can
crystallize from an enantiomeric mixture of the above mentioned tartaric acid salt.
According to our present knowledge, it means that the enantiomers of sodium-ammonium
salt of tartaric acid form a conglomerate in their mixtures.

When the same experiment, namely crystallization of the non-racemic enantiomeric mixture
of sodium-ammonium tartarate, was effectuated at a temperature above 27 °C, the racemic
fraction (the racemate) crystallized, because the sodium-ammonium salts of racemic tartaric
acid have a racemate like behaviour at around 30 °C. In this case the derivative of tartaric
acid (the mixed salt) was suitable for fractioned enantiomeric separation, but only at a lower
temperature than 27 °C (influence of temperature).

Pasteur also recognized, that more efficient separation of the enantiomers of racemic tartaric
acid could be achieved by application of another chiral base (Quinotoxine (Q)) as resolving
agent to the enantiomers of tartaric acid was obtained a better enantiomeric separation. In
this case a diastereoisomeric salt ((R,R)-TA.Q.6H,0) crystallized while the better soluble
diastereoisomeric salt((S,S)-TA.Q) remained in solution.

HOOC, OH

\ OH
HO” “COOH - NH
RR)}TA water
(R.R) > +2 CHy0 (R,R)-TAQ.6 H,0 *+ (S,S)-TA.Q
HOOC, OH

I N crystalls in solution
HO Q

COOH
/

(S,S)-TA

When cinkotoxine (a chiral base, similar to quinotoxine, without CH3O- substituent) was
used, the other tartaric acid enantiomer ((S,S)-TA) crystallized in the diastereoisomeric salt.

It is supposed that the crystal solvate was a decisive role during crystallizationof the first
salt or the lack of methoxy substitution (H-bridge acceptor) on common molecular
configuration of the resolving agent changed its enantiomeric recognition ability in the
second case. Keeping these experimental results in mind, the known methods of enantiomer
separation via crystallization will be discussed in the next sections

2. Crystallization without any solvent

Both the enantiomeric mixtures and the mixtures of true diastereoisomeric pairs and free
enantiomers can form crystalline and melt fractions, which are separable by an adequate
method.

2.1 The crystallization of the enantiomeric mixtures

When the non-racemic mixture of enantiomers may be melted without decomposition,
depending on whether the homochiral or the heterochiral associations are more stable, the
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enantiomeric excess (conglomerate type) or the racemic fraction (racemate type) crystallizes
from the melt. Sometimes these phases may be separated by filtration.

2.1.1 Separation with filtration
2.1.1.1 Conglomerates

In such cases the enantiomeric excess is crystallized with a higher purity than that of in the
initial composition, in a certain range of temperature. For example, the common
intermediate of the synthesis of several prostaglandines is a lactone (PGL). Its enantiomeric
mixtures (eep) can be enriched by crystallization (eesoiiq) from melt, while the racemic ratio
(liquid residue, eejiquia) can be recovered for repeated resolution.20

o O eeg % €€solig % €€iiquid %
crystallization from meli 215 69.2 6.2
at 0-50C 29.2 72.5 2.6
52.3 76.9 29.2
(1S,5R>1R,5S)-PGL 79.5 93.0 54.2
2.1.1.2 Racemates

In racemate forming enantiomeric mixtures the enantiomeric excess with a higher
enantiomeric purity than that the initial composition remains in the melt and the crystalline
phase formed has a lower ee. For instance, at the crystallization of the enantiomeric mixture
of trans-chrysanthemic acid (CHRA) from melt the liquid phase contains a higher purity
fraction than the eep value of the initial mixture.2!

., 0 L
H3C\/\V<CH3 crystallization from melt eep % €€solid % €€liquid %
CH3 =
CHs at 0-10 °C 426 15.5 83.3
COOH

(1R>1S)-CHRA

At the crystallization of melts of racemate forming enantiomeric mixtures the eutectic
composition usually determinates the composition of the crystallized mixture and the oily
residue. That eutectic composition can be known from the binary melting point phase
diagram. When the initial isomeric composition (eep) is higher than the eutectic composition,
the pure optical isomer cam be crystallized. By way of illustration the eutectic composition
(it is approximately at ee 40%) of flumequine intermediate (FTHQ) cannot be enriched, but
by starting from a mixture of eep > 40%, significant enrichment can be achieved, especially
because it has a ,conglomerate like” behaviour.22
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8e0%  eeglig%  €eliquid%

F\@\/j\ crystallization from melt.
~100 3
N~ CH at0-10"C 40 40 40

H 3 50 92 47

(S>R)-FTHQ

2.1.2 Partial crystallization, distillation

When a part of an enantiomeric mixture is transformed into a crystalline salt and the residue
can be distilled, the solid phase may contain either the racemic composition or the excess of
the enantiomer. In the former case the distilled fraction should be the enriched mixture
relative to eep, but the less pure mixture can be found in the distilled fraction when the eeq >
eegy. This is applied even if the salt of the enantiomeric excess proportion is the more stable,
as well. An example for this phenomenon is the purification of the enantiomeric mixture of
phenylethylamine (PEA). The mixture was treated with less than an equivalent amount of
dicarboxylic acid (oxalic acid, succinic acid, fumaric acid or phthalic acid = DCA) (see Table
1, the molar ratio: PEA/DCA~ 3,3/1,25), and the excess of the amine was distilled. The
PEA-DCA salt behaved as a racemate because eegeszt > €€ In case of the salts of oxalic- and
malonic acids this is changed above of eutectic composition.2

Salt forming acid eeo (%) eedistillate (%) Cresidue (%)
12.5 26.6 7.8
COOH 25.0 44.6 18.5
COOH 50.0 63.6 455
Oxalic acid 75.0 65.7 78.1
87.5 715 92.8
12.5 51.2 0.0
CH3 (|3H2COOH 25.0 63.1 12.3
CH,COOH 50.0 62.7 458
NH» Succinic acid 75.0 57 4 82.9
87.5 499 100
HOOC 125 418 2.7
| 25.0 68.5 10.5
(R>S)-PEA 50.0 95.4 34.9
COOH 75.0 96.3 67.9
Fumaric acid 87.5 97.6 84.1
COOCH 12.5 425 2.5
©i 25.0 84.2 5.3
50.0 94.6 35.1
COOH 75.0 94.4 68.5
Phthalic acid 87.5 95.0 85.0

Table 1. The enrichment of enantiomeric mixtures of (R>S) - PEA via partial salt formation
followed by distillation.



Separation of the Mixtures of Chiral Compounds by Crystallization 11

2.2 Crystallization of diastereoisomers

In this chapter we discuss on such separations in which the racemic compound is reacted
with a resolving agent, so the mixture contains three chiral compounds: the two
enantiomers and another chiral compound. At this time the more stable diastereoisomer
crystallizes and it can be separated from the non racemic enantiomeric mixture by several
methods.

2.2.1 Separation by filtration

In this case the resolving agent should be added to the racemic compound and the mixture
should be warmed until it melted then is should be cooled while one of the diastereoisomers
crystallizes from the melt. The crystalline material can be separated by filtration from the
residue of the melt (as in case of enantiomeric mixtures). An example for this method is the
resolution of racemic menthol (MEN) with O,0’-dibenzoyl-(R,R)-tartaric acid ((R,R)-DBTA).
The crystalline molecular complex (diastereoisomer) contains the (1R,25,5R)-menthol (the L-
menthol (L-MEN)), while the remained melt is enriched in the other enantiomer24

~

Y OH

PN
HOOC, OCOPh (1R,2S,5R)-MEN.(R,R)-DBTA

(1R.25,5R)-MEN > + - L, crystallized diastereomer

: 2 crystallizati

PhOCO” “COOH crys. a |z.a ion +
3. filtration (1S,2R,5S)-MEN
“"OH (R,R)-DBTA in melt
_/

(1S,2R,5S)-MEN

2.2.2 Separation by distillation

If the racemic compound is reacted with half an equivalent amount of resolving agent, the
enantiomeric mixture remained after crystallization can be separated by distillation. Such a
method was accomplished at the resolution of N-methyl-phenylisopropylamine (MA) by
(R,R)-dibenzoyl-tartaric acid ((R,R)-DBTA). In this case the (S)-MA was distilled off beside
of crystalline (R)-MA.(R,R)-DBTA salt. 25

1. melt

Y ~N
o™
HOOC, OCOPh 2 crystallization

(S)-MA .4 —  » (S-MA + (R)-MA.(RR)-DBTA

. 3.distillation distillated crystallized residuum
PhOCO "COOH In vacuum
NHCH;

(R}-MA ) (RR)-DBTA
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When the racemic phenylisopropylamine (A) is resolved with (S)-N-phthaloyl-
phenylethylamine (PPEA) according to the abover mentioned method, further separation
can be accomplished starting from the residue of the first distillation. When the temperature
is increased, the residual crystalline diastereoisomeric salt decomposes and the liberated
enantiomer ((R)-A), constituting the diastereoisomeris salt) can also be distilled off while the
resolving agent is transformed into a phthalimide derivative.26

y N
NH; NHCO  COOH
(S)-A
vacuum
o T, ~ (A +  (R)-A(S)-PPEA
NH, (S)-PPEA 1.distillated 1. crystalline residuum
R-A
vacuum
O 0+ (R-A ‘T
| 2 distillated G
2.residuum

The situation is essentially the same when the racemic A is resolved by (R,R)-TADDOL
(TAD). The first crystalline residuum is the molecular complex of (R)-A.(RR)-TAD. At
higher temperature this complex is decomposed and the regenerated TAD remais in the
flask as the final residuum. 28

2.2.3 Separation by sublimation

Sublimation method for indirect separation of enantiomers is very similar, in principle to the
above mentioned distillation-based procedure. In the next example the diastereoisomeric
molecular complexes could be separated using the significant difference between their
thermal stability.

The solid phase reaction between the racemic compound (transz-2-iodo-cyclohexanol = IC))
and the resolving agent ((R,R)-DBTA) occurs during a long-term staying.?” Then the
enantiomers could be separated from the mixture by two sublimation steps.
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|
oM
“OH
(1R2RHC HOOC, ~_ocoph .
+ 2 ' —— (1S, 2S)-IC.(R,R)-DBTA + (1R2R)-Icy?,R)-DBTA
ol . staying N ~
O\ PhOCO ‘COOH crystalline diastereomeric mixture
OH D, (R,R)-DBTA T
(1S, 28)-IC (1R2R)-IC + (1S, 2S)-IC.(R,R)-DBTA

. . . vacuum-sublimation
1.sublimate 1. crystalline residuum

T2>T4 | vacuum-sublimation

(1S,2S8)-IC + (RR)-DBTA
2.sublimate 2.residuum

2.2.4 Separation by a supercritical fluid (carbon dioxide)

We think that this method for separation of the crystalline diastereoisomeric salt and the
enantiomeric mixture can also be placed to the methods where the crystallization is
accomplished without a solvent, and based on the instantiated examples we can declare that
both the diastereoisomeric salt and molecular complexes may be separated by supercritical
carbon dioxide.

When the racemic acid or base is treated with less than an equivalent amount of chiral
compound (resolving agent) one can obtain a good enantiomer separation if crystallization
occures in the mixture. For example, at the resolution of racemic ibuprofen (IBU) with (R)-
PEA, the free enantiomer (S)-IBU can be separated from the salt ((R)-IBU.(R)-PEA) by
extraction with a supercritical fluid, most often with carbon dioxide?8

. N
WCOOH
- 1. tallizati
(S)-1BU - NH, __1-crystallization _ (SHBU + (R)-IBU.(R)-PEA
2.supercritical COp extract crystalline residuum
COOH (R)-PEA
/
(R)-IBU

The pure enantiomers of racemic 1,2-cyclohexane-diol (CHD) could be obtained with the
same method using (R,R)-Tartaric acid (TA) as resolving agent. In this case the (S,5)-CHD
isomer could be extracted and the crystalline molecular complex of (R,R)-CHD and (R,R)-
TA remained in the solid phase.??
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OH
T )
“OH
HOOC, OH 1.crystallization
(1R 2R)-CHD . g — > (1S,25-CHD + (1R2R)-CHD.(RR)-TA
OH s 2.supercritical COp extract crystallized residuum
Q HO™ “COOH
OH (RR)-TA
_/
(1S, 2S)-CHD

3. Crystallization from a solvent

The majority of the enantiomer separation methods based on crystallization involves
solvent or solvent mixtures. Crystallizations from supersaturated solutions can be used
both at the separation of enantiomeric mixtures, and at the separation of
diastereoisomeric mixtures.

Comparison of the variable parameters of that method with the conditions of the above
outlined solventless processes show that one have to take into consideration the
characteristics of the applied solvent or solvent mixtures during optimization of such a
resolution process. Furthermore, chiral or achiral additives can also be applied which
improve without exception the efficiency of the resolution (F=ee*t).

3.1 Crystallization of enantiomeric mixtures

The most frequently applied versions of the classical enantiomeric enrichment method
(effectuated by crystallization from a solution) are presented below.

3.1.1 Recrystallization

The optical isomers exist in the supersaturated solutions as a mixture of homochiral and
heterochiral associations. Therefore both the conglomerate or the racemate like behaviour
can be observed during the crystallization, similar to the before discussed solventless
crystallization methods

3.1.1.1 Conglomerates

When a nonracemic enantiomeric mixture is recrystallized from a solvent, and the
enantiomeric excess (ee) of crystalline phase is always higher than the initial composition
(eep), then the compound (or its crystallized derivative) is conglomerate forming material.
For example, when the enantiomeric mixture of dilthiazem hydrochloride (DIL.HCI) is
recrystallized from ethyl acetate, the enantiomeric excess crystallizes in a very high
purity.30
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OCHs

% €e.qiq % eeiiq %
S recrystallization €0 7o solid 70 liquid 70
@ OAc ethyl acetate 66 100 .
N
(0]
(CHa),N(CH3)2.HCI

(S,S>R,R)-DIL . HCI

3.1.1.2 Racemates

At the recrystallization of racemate forming (the most common) enantiomeric mixtures the
enriched enantiomeric mixture usually can be recovered from the mother liquor after
filtration of the crystalline fraction having near to racemic composition. However, the
composition of the crystalline material can be changed when the initial enantiomeric purity
is higher then the eutectic composition. A certain example is the recrystallisation of the
enantiomeric mixtures of tofizopam (TOF) from ethyl acetate. Almost racemic composition
crystallized from small or medium pure enantiomeric mixtures. However the sole
enantiomer crystallized from the solution when the initial composition was higher than the
eutectic one (eep>85%).3!

,CHj
H,C
CH30 — Chs
eeg% €€solid%  €€jiquid %
CH3O i i
recrystallization . 53 9 05
ethyl acetate 61 10 92
85 98 79
OCHj; 89 100 64
CH30
(S>R)-TOF

The above example demonstrates that one can prepare the enantiomerically pure product
from almost any samples having medium eey, with two recrystallizations if the enantiomeric
mixture recovered from the filtrate of the frst crystallization is applied as starting material of
the second recrystallization. This technique was adapted at the purification of the
hydrochloride salt of a flumequine intermediate (FTHQ.HCI), too.
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eep%  eesolid%  e€jquid”%

F\@\/j recrystallization
@ J, -
NG “CHs water 42.1 10.3 81.4

Hy o 95.7 970 9338

(S>R)-FTHQ.HCI

3.1.2 Fractionated precipitation.

In several cases the recrystalllization fails to result in enantiomeric enrichment. The solution
for the purification of such enantiomeric mixtures may be the fractionated precipitation.32 In
order to carry out such a purification step the enantiomeric mixture or its derivative (e.g. its
salt formed with an achiral reagent) is dissolved in a solvent. Then a part of the dissolved
material is liberated from its salt (or a salt is prepared from a part of it) with a reagent in a
way that the liberated fraction (or salt) can precipitate from the solution, while the other
proportion of the initial mixture remains in the solution. For example, the salts (e.g. water-
soluble) of acids or bases are dissolved and a part of the free acid or base is precipitated by
addtion of less than equimolar achiral acid or base.

3.1.2.1 Conglomerates

Similar to the experiences shown at the recrystallization of enantiomeric mixtures, the
conglomerate behaviour can also be observed at fractioned precipitation. An application of
this method was effectuated at the resolution of racemic tisercine (TIS) with half an
equivalent of (R R)-tartaric acid. The (S)-TIS enantiomer, the active pharmaceutical
ingredient. remained in the filtrate of the diastereoisomeric salt formation process.
Consequently, it contaminated with its mirror imge isomer. The enantiomeric enrichment
was accomplished by selective precipitation. The (S>R)-TIS mixture was dissolved in water
as a hydrochloric acid salt, then less than an equivalent amount of potassium hydroxide was
added to the solutionin order to liberate the excess of (S)-TIS. The pure (S)-TIS base
precipitated from the solution and an almost racemic hydrochloride salt remained in the
solution..33

UL
N OCH; aquaeous sol. eeg% €€solid”  E€liquid /o
CHs;

non eq. KOH 25 100 5
_CHs aqueous sol. 67 100 7
N
CHs HCI
(S>R)-TIS.HCI

The conglomerate-like behaviour during the fractionated precipitation was observed in case
of several chiral acids, too. A good example is the enantiomeric enrichment of N-acetyl-
phenylalanine (AcPA). The pure (R)-AcPA isomer was obtained in two steps from its
nonracemic enantiomeric mixtures.?
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- COONa aqueous sol. eeg% €€g0lig % €€liquid 7o
NHCOCH;  addition of non eq. 450 596 6.0
HCl sol.
(R>S)}-ACPANa  CQueeUS SO 78.2 100 6.7

3.1.2.2 Racemates

As it was already discussed in the above cases, enantiomeric enrichment of racemate
forming enantiomeric mixtures result in an almost racemic crystalline phase when the
starting enantiomer purity is smaller than the eutectic composition (eeg < eeew), but highly
enriched mixture or the sole enantiomer can be crystallized when the initial composition is
bigger than the eutectic one (eeo > eeeu)

This type of selective precipitation was applied in the cases of N-acyl-aminoacids when their
recrystallization from water failed. However, additon of less then an equimolar amount of
hydrochlororic acid to the solution of their sodium salt get good enrichment. It is therefore
not surprising that considerable enrichment could be attained with a mixture of eep = 49.6 %,
while two stage precipitation starting from an aqueous solution of FoPA.Na with eey = 73.4%
(composition near the eutectic point), did not resulted in significant enrichment.!!

_COONa  aquaeoussol.  eeo% €€solid”e  €€liquid o
NHCHO addition of non eq. 49.6 19.3 75.0

(R>S)-FoPA.Na aqueous HCl sol. 73.4 70.8 75.2

The situation was almost the same at the separation of the enantiomeric mixtures of N-
acetyl-phenylglycine (AcPG) where eee. could not be exceeded (eceu = 86 % in both cases,
according to the binary phase diagrams).3

NHCOCH;
COONa aquaeous sol _ e €€solid%  €ejiquid %o
addition of non eq. } 63.6 52.6 86.2
(R>S)-AcPG aqueous HCI sol. 79.5 78.8 86.6
3.1.2.3 Kinetic control

The above mentioned examples (FoPA and AcPG) demonstrated both the conglomerate and
racemate behaviour during fractionated precipitation of enantiomeric mixtures under
thermodynamic control. However a new type of crystallization order was observed when
the propionyl derivatives of phenylalanine and phenylgylcine (PPA and PPG, respectively)
were examined. This type of compounds presented different behaviour during the
enantiomeric enrichment processes than expected on the basis of their binary (melting
point/composition) phase diagrams. Binary phase diagram of N-propionyl-phenylglycine
(PPG) indicated conglomerate type behavior, while that of N-propionyl-phenylalanine
(PPA) was a racemate type with eecu 59%. The results of selective precipitations contradicted
the anticipations based on these findings. In these case the results of selective precipitations
were rather similar to a conglomerate like behaviour. This can be explained with a faster
crystallization of enantiomeric excess than the expected racemic proportion.3
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Selective precipitation of (R>S)-N-propionyl-phenylalanine (PPA) was effectuated starting
from the aqueous solution of its sodium salt. Addition of less than equimolar amount of
hydrochloric acid resulted in the crystallization of the excess of (R)-PPA to such an extent,
that in certain cases the usually remaining racemic composition become unbalanced, too
(therefore the (S) enantiomer is enriched in the filtrate)

eeq% €€golig”  €€jiquid %
COONa 20 2.5 24.8
©/\£/ aqueous sol. . 25 477 4.3
NHCOCH,CH3 addition of non eq. 35 39.0 24.3
60 88.7 12.4
(R>S)-PPA aqueous HCI sol. 85 99.9 833

Essentially the same phenomenon was observed at the fractionated precipitation of the
enantiomeric mixture of (R>S)-N-propionyl-phenylglycine (PPG).

eep”%  €esoig%  E€quid%
NHCOCHQCH3 10 4 17
12.5 27 -3.6
COONa aqueous sol. . 15 38.2 48
addition of non eq. gg gg 85
(R>S)-PPG aqueous HClI sol. 50 84 o4
75 90 16
90 92 76

In light of these experimental data it should be mentioned, that during the purification of
enantiomeric mixtures of N-acyl-aminoacids not only the suitable methods but also the
subtituent on the molecule skeleton (acyl group) may determine the productivity of
enrichment.

3.2 Crystallization of diastereoisomers

The similarities between the enriching processes starting from enantiomeric mixtures or
diastereoisomeric mixtures were already discussed above at the presentation of the solvent
free methods. It is an interesting question: whether the widely used fractionated
precipitation from a solvent will change this trend at the diastereoisomeric mixtures?

The diastereoisomeric systems discussed bellow contain salts, molecular complexes and
coordinative complexes as well.

3.2.1 The salt-forming resolving agents
3.2.1.1 Structurally similar resolving agents

Comparison of the results of the enantiomeric enrichments mentioned above let us to
conclude that the difference between the enantiomeric excesses of the crystalline and the
liquid phases is the greatest when the starting enantiomeric purity is near 50% (eep ~ 50%).
In the cases of ten separtions made by crystallization this enrichment (Aee = ee.rysi-eelq) was
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between 34-95%, (on the average 60%), while the average of the six greatest difference was
70%. This means that the purification of enantiomers by crystallization is a wery fruitful
route (independently from the method applied (from melt to using a solvent) to enantiopure
materials.

Another approach is the resolution of an enantiomeric mixture with a structurally similar
resolving agent. It is the situation when one of the enantiomers of the racemic compound is
transformed (with a minimal chemical transformation) into a reagent able to form
diastereoisomeric salt with the initial racemic compound. It can be done if the aminoacid is
N-acylated and one of the pure enantiomers is esterified, or if its carboxylic group is
transformed into an amide, or changed with methyl group, respectively.

For example, the racemic N-acetyl-phenylglycine (AcPG) can be reacted with methyl (S)-
phenylglycinate (MePG). The resolution can be treated as a recrystallization of a quasi
enantiomeric mixture with ee;=50% from water when the less soluble diastereoisomeric salt
(namely, the heterochiral quasi-racemic mixture) crystallized containing (R)-AcPG in good
enantiomeric excess (ee: 79%).

NHCOCH;

©/\COOH B
NH>
(S)-AcPG - t
ook, 2 ©/\COOCH3 YA (R-ACPG.(S)-MePG + (S)-AcPG.(S)-MePG
3 crystalline solid in solution
S)-MePG
COOH (S)-Me ee: 79%
(R)-AcPG

If the substituents of the compounds would be removed (Ac from AcPG — R and S and Me
from MePG — S), the composition of the mixture would be

IR+35=RS+SS5

Namely, the starting mixture would be an “enantiomeric mixture with ee= 50%”. Therefore
the above shown crystalline diastereoisomeric salt is a quasi-racemate.

The situation was almost the same when the N-acetyl-phenylalanine (AcPA) was reacted
with methyl (S)-phenylalaninate (MePA) according to the preceding resolution. The
obtained crystalline diastereoisomeric salt also will be a quasi-racemate, but its enantiomeric
excess (ee: 93%) was even higher than that of the former case.

It was also observed, that the average ee and F values of diastereoisomeric salts obtained at
the resolutions (in number 28 resolutions) of racemic N-acetyl-phenylalanine and -
phenylglycine (AcPA and AcPG) with structurally similar bases (resolving agents)
correspond to the eutectic composition (eer value) of the adequate racemate (in these cases
the enantiomers of the racemic compounds form racemates). Consequently, if the resolution
of a racemic compound is accomplished with structurally similar resolving agents (in water)
the purity of the enantiomer obtained from the crystalline diastereoisomeric salt
corresponds to the biner phase diagram of the enatiomeric mixture or converge to the
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(experimental) eutectic composition. In other words, the characteristics of the resolved
compounds strongly influence or even determinate the composition of the diastereoisomeric
salts crystallized during the resolutions.3¢

In five cases among the resolutions of six racemic compounds with structurally similar
resolving agents the crystallized diastereoisomeric salts have shown quasi-racemate
behaviour (thus these were quasi-resolutions). At the same time in one case, during the
resolution of N-formyl-phenylalanine (FoPA), crystallization of a quasi-homochiral
diastereoisomer was observed. The observed quasi-racemate/quasi-conglomerate = 5/1
ratio has also been in acccordance with the earlier described data on the similar ratio of the
racemates and conglomerates among the true enantiomeric mixtures,?”

On the basis of the above discussed experimental data we concluded, that the behaviour of
diastereoisomers follows the behaviour of their constituent enantiomeric mixtures. We have
also observed that the similarity between the molecular structures of a racemic compound
and a resolving agent has a positive effect on the enantiomeric separation. It also may be
established, that a ,derivative resolving agent” (use of optically active derivatives of the
racemate as resolving agent) would be the optimal agent for separation of any racemic
compound, but the best derivative should be found on experimental way.

3.2.1.2 Resolving agents with diverse molecular structures

According to the previously mentioned, the appropriate resolving agents for a racemic
compound should be found among the structurally similar compounds because of the
higher probability of the formation of well-fitting associates (salts or complexes) from that
type of resolving agents and one of the isomers of racemic compound.

Of course, such a wellfitting chiral compound may be found among several other
compounds, as well. They are the well-known and traditional resolving agents. Such a
universal resolving agent is the O,0’-dibenzoyl-(R,R)-tartaric acid (DBTA) (mentioned
several times previously). Presumably the above discussed findings, that the efficiencies of
resolutions using structurally similar resolving agents may be determined by the behaviour
of the enantiomeric mixtures of the racemic compound, may also be expanded on that
diastereoisomeric salts forming resolutions where the resolving agent has ,non-similar”
molecule structure (particularly in cases of crystallizations from water).

In the simplest cases the generally used methods follow the first ever resolution by salt
formation accomplished by Pasteur (fractionated precipitation method). In this case the
racemic compound and the resolving agent are dissolved in a solvent, in a molar equivalent
amount. The less soluble diastereoisomeric salt crystallizes (during cooling) and it can be
separated from the other diastereoisomeric salt (remained in solution) by filtration. The
enantiomeric mixtures are isolated from the diastereoisomers and they are enriched to the
desired ee values by applying one of the previously discussed methods.

It has to be mentioned, that the enantiomeric mixture found in the crystalline
diastereoisomer is usually much purer than that is isolated from the filtrate.

Pope and Peachey38 have been recognized that if the half of the resolving agent necessary for
the better soluble diasteroisomer is replaced by an achiral reagent (having the same
chemical character as it is for the resolving agent) the less soluble diastereoisomer will be
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crystallized and the other isomer remains in the solution as a salt of the applied achiral
additive. This method not only economizes a half part of the resolving agent, but the
efficiency of resolution can also be improved.

Hereafter some examples of the above mentiuoned procedures, used in the pharmaceutical
industry, will be presented.

The racemic intermediate of chloramphenicol (AD.HCI) is obtained as a hydrochloride salt
during the synthesis, and it is dissolved in water (the free base is low-soluble in water). In
this case the resolving agent (O,0’-dibenzoyl-(R R)-tartaric acid N,N-dimethylamide
(DBTADA)) is practically insoluble in water but its ammonium salt is well soluble and it
can be prepared easily. The two aqueus solutions are mixed so that the molar ratio between
the racemic compound and the resolving agent sould become 1/0.5. The diastereoisomeric
salt containing the desired enantiomer (R,R)-AD crystallizes while the hydrochloride salt of
(5,5)-AD remains in solution.

OH OH ™\
NH,.HCI
O5N 2
(S,S)-AD.HCI HgNHOOC. .OCOPh
> . I (R,R)-AD.(R,R)-DBTADA + (S,S)-AD.HCI
OH OH PhOCO" “CON(CHg), crystalline solid in solution
(R,R)-DBTADA.NH;
N NH,.HCI

(R,R)-AD.HCI W,

The next example one is of the first resolutions of a racemic intermediate of prostaglandines.
During the synthesis it is isolated as the water-soluble sodium salt ((R,S)-cis-Na). Half an
equivalent amount of (R)-1-phenylethylamine (PEA) neutralized with hydrochlorid acid is
added to the aqueous solution of (R,S)-cis-Na. The (5)-cis.(R)-PEA crystallizes while (R)-cis-
Na remains in the solution.

OH
CH,COONa W
(S)-cis-Na
OH > + iz HC cryv;/taf::lleirzation (Syois (RI-PEA +  (RycisNa
@l\\CHZCOONa (R-PEA crystalline solid in solution

(R)-cis-Na J

It may happen frequently, that only one enantiomer of the resolving agent is available, or
one of the two enantiomers is significantly cheaper. For this reason mainly (R,R)-tartaric
acid is used industrially among of tartaric acid enantiomers and their derivatives. It is the
case, for example, at the resolution of a racemic intermediate (AN) of o-methyl-DOPA. The
resolution of racemic AN is performed in the aqueous solution of its hydrochloric acid salt
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(AN.HCI) by half an equivalent amount of mono sodium salt of (R,R)-tartaric acid (TA.Na).
The crystalline salt of undesired (R)-AN.TA precipitates. After (filtration of the
diastereoisomeric salt the pure (S)-AN.HCI can be crystallized from the mother liquor by
salting out (addition of sodium chloride into the filtrate) while the racemic AN.HCI remains
in solution. Since the enantiomeric excess crystallized from the filtrate we can speak about
conglomerate behaviour. However, the compound may be a racemate forming material, if
the purity of the (S>R)-AN.HCl enantiomeric mixture is higher than the eutectic
composition (eee, for AN.HCI).

CH30 CN
mHZ.HCI
CH50
(S)-AN.HCI
NaOOC,, OH water
>+ j ——> (R-AN.(RR)-TA + (S)-AN.HCI
CH30 _CN HO™ “COOH crystalline in solution
mNHZ-HC' (RR)-TANa
CH40 + NaCl
(R)-AN.HCI p,
) \
e (R,S)-AN.HCI  (S)-AN.HCI

in solution crystalline
3.2.1.3 Mixture resolving agents

The so called “Dutch resolution” 39 utilize the recognition whereas a part of the original
resolving agent can be replaced by another chiral compound with similar chemical character
and under such circumstances (when the resolving agent really is a mixture of structurally
related molecules) a diastereoisomer (containing usually an enantiomer of the racemate in
very high purity) crystallizes from the supersaturated solution. The advantage of this
resolution method is that the efficiency may often be superior to the use of any of the
resolving agent components alone, and sometimes it works even if one of the reagents alone
is unsuitable to form crystallizing diastereoisomeric salt.

\
i @ R-OH —F— F=0
m0H3
PH
(1S,2R)-EPh
(1R,2S)-EPh.CPH F=0.76
> ©/ o~ P/OH in crystalline
OH
: CPH
NHCH;
+ 05PH + 0.5CPH (1R,2S)-EPh.PH.CPH  F=0.81

(1R,2S)-EPh J in crystalline
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In the following example three kind of resolution of racemic ephedrine (EPh) via
diastereoisomeric crystallization will be presented, as before4? The favourable resolving
agent is a chiral diester of phosphoric acid containing 2-chloro-phenyl substituent (CPH),
while the structurally similar phosphoric acid containing unsubstituted phenyl group (PH)
is an unsuitable resolving agent.

3.2.1.4 Mixture of a resolving agent and a structurally related achiral molecule

The above mentioned observation, namely a part of the resolving agent can be replaced by a
structurally related compound which is unsuitable for separation of the enantiomers means
in general, that the presence of a structurally similar but achiral reagent may also improve
the results of a resolution.

For example, when N-acetyl-phenylalanine (AcPA) is resolved with half an equivalent
amount of (R)-phenylglycine amide (PGA) in presence of sodium hydroxide both the
enantiomeric purity and the productivity were lower than when instead of sodium
hydroxide half an equivalent amount of benzylamine (BA) was applied (BA has a more
related structure with the resolving agent than sodium hydroxide). Its presence improved
significantly the crystallization of (S)-AcPA.(R)-PGA diastereoisomeric salt, as well as the
efficiency of the resolution

COOH
mcocm NH, + NaOH — = (S)}-AcPA.(R)-PGA + (R)-AcPA.Na

(R)-AcPA CONH, crystalline in solution

+ ee: 74%, F: 0.42
©/Y000H (RI-PGA NH
2
NHCOCH; ¥ ©/\ ——— (S)-AcPA.(R)-PGA *+ (R)-AcPA.BA
(S)-AcPA BA crystalline in solution

ee: 100%, F: 0.81

The use of an achiral compound with related molecular skeleton may also be advantageous,
if its structure is related with structure of the racemic compound. For example, if the
resolution of racemic AcPA is carried out using (R)-PEA, the crystallized diastereoisomeric
salt contains almost racemic AcPA, but addition of the achiral analogous phenoxy-acetic
acid (POAA) to the racemic compound, result in a very good enantiodiscrimination. The
achiral additive crystallizes quickly together with resolving agent and, during the long
standing, the POAA is exchanged for (S)-AcPA enantiomer in the crystal.
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COOH (S)-AcPA.(R)-PEA
mCOCHg / crystalline

ee: 5%, F:0.05

(R)-AcPA NH;
©/\‘/COOH \ ©/\
NHCOCH; (R)-PEA (S)-AcPA.(R)-PEA
(S)-AcPA O._ COOCH crystalline
2 ©/ ee: 88%, F: 0.50
POAA

3.2.2 Influence of solvents

In the majority of the above discussed fractionated precipitations or crystallizations of
diastereoisomeric salts water was used as a solvent. The experimental observation of
decades is that the dissociation in solvent of diastereoisomeric salts and of salts formed with
achiral auxiliaries in water or in other protic solvents, is considerably influenced by the
proton concentartion (pH value). Naturally this value influences both the quantity and the
isomeric purity of the crystallized salt, namely the efficiency of the resolution.#!

There are also examples in the literature, when the configuration of the enantiomer in the
crystalline diastereoisomeric salt and/or the efficiency of the resolution are determined by
the polarity of solvent (the dielectric constant characteristic for this), respectively.

In other cases, the use of solvent mixtures could influence which diastereoisomer can be
found in the crystalline phase. In such cases, either the crystallizing diastereoisomer or the
one remained in the mother liquor form stable solvate with one of the solvents. After a short
summary of the theoretical background, it will be shown via examples, how can we use the
influence of pH, solvent polarity, and solvate formation, respectively, to improve the
efficiency of enantiomeric separation.

3.2.2.1 The influence of pH

The pH dependence of resolutions based on fractionated crystallization of diastereoisomeric
salts was described by a thermodynamical equilibrium model.33

The equilibrium model of a resolution of DL racemic base with an acidic resolving agent
(RH) can be outlined bellow.
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Pp PL
solid
R I,
L K
liquid /
DL+2RH == DHR + LHR
Kap KaL
/
® Ko K,
D+H =—7—7— DI—@+R@+ R@ + Ll—@~——~b L+I-?9
Ka || +2H®
2RH

Where K; = salt solubility constant, K4 = salt dissociation constant, K, = base dissociation
constant, K, = acid dissociation constant, Pp and Py are the precipitated diastereoisomeric
salts, respectively.

The efficiency of the resolution (S = F, see above in point 1)!4 can be calculated by means of
the next formula, using the known thermodynamic constants data, and the concentrations of
the starting compounds (c, = concentration of the racemic compound, [RH], =concentration
of resolving agents) and of [H*] = proton concentration, as well.

H* _
0.5¢s5=K,; —K,p+| 1+ Ky + [ } + Ky KK =KpKap
[H+J Kry  Kru [RH]O =0.5¢qy = (KoL +Kop)

From the relationship deduced on basis of the model the regularity of several ,rule of
thumb” based on experimental observations were justified. A fundamental conclusion is
that the efficiency of resolution is the function of both the hydrogen ion concentration and
the initial concentration of the resolving agent.

a. With derivation of the equation, describes the thermodynamic equilibrium model, can
be justified that in so far as Kqr>Kap, the minimum value (Smin) of the S = f(H*) function

at [HJ'J:,/K[,KRH that corresponds to the proton concentration provided by

hydrolysis of the neutral diastereoisomeric salt; namely that concentrations occur at the
equivalent resolution discovered by Pasteur: It menans that this type of resolution
results in the smallest separation efficiency. It is worth to mention, that the essential
condition, whereas the dissociation constant of the rather soluble salt is bigger, is
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realized at the majority of resolutions. (if Kq>Kgp is not valid, application of the
equivalent amount of resolving agent gives the best result.)

In the light of the above deduction the experimental observation, that the tartaric acid (TA,
as a dibasic acid) is an efficient resolving agent is not surprising because in the most cases
the hemitartarates crystallize and one carboxylic group remains ,free”. This additional
acidic group increases the proton concentration compared to the proton concentration of the
solution of a neutral salt (salt of a monobasic acid).

In practice, an excess (10-20%) of the resolving agent used to be added to the racemic
compound and, of course, the excess shifts the pH value of the solution as well.

b. Based on the equation of the thermodynamic equilibrium model, the optimum relative
concentration of the resolving agent can be determined. It means that the efficiency of S
is maximal when the denominator of the second member of multiplication in the
equation tends to zero, namely S — Smax if [RH]o = 0.5¢coy + (KL + Kip). If the solubility
constants of the diastereoisomers are low, and we tend to obtain the highest yield (y ~
1.0), then [RH], ~ 0.5c,, consequently using half an equivalent amount of resolving
agent will result in the highest efficiency. At the same time it is the theoretical argument
of the successfulness of the method disclosed by Pope-Peachey.3

The dramatic influence of the pH of the medium was first encountered at the separation of
optical isomers of cis-permethrinic acid 42 carried out with half an equivalent amount of (S)-
2-benzylaminobutanol ((S)-BAB). The resolution started in the presence of a 25 mol % excess
of sodium hydroxide. In such a medium the diastereoisomeric salt containing the almost
pure (S)-CPA crystallized (ee: 96%) with a yield of 27% counted to the amount of racemic
acid. After removal of the precipitate by filtration, the excess alkali was neutralized with a
counted amount of hydrochloric acid. That time the resolving agent remained in the filtrate
crystallized with (R)-CPA enantiomer as diastereoisomeric salt and in the second mother
liquor an almost racemic CPA-Na salt was found (it can be recycled into the resolution).

OH

cl 7Y on ey
tal o

%COONa + 05 crysta COO0 NH;

: N'HCl + 0.25 NaOH )
Cl o ) filtrate Ph
0.27 (S)-CPA-(S)-BAB

(R,S)-CPA.Na

(S)-BAB.HCI
» cl /Y\ OH
>;X/COONa + 023 N HCl
' rs Ph)
+0.23 HCI

o /a/\OH

N €]
', Cl N H2
. COONa — co0 P
cl Ph
cl

(R,S)-CPA.Na 0.23 (R)-CPA.(S)-BAB

The resolution of trans-permethrinic acid was carried out in analogue mode.#3
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The behaviour of racemic compounds may also be influenced with the choice of pH value of
the aqueous solution. The isoelectronic point of 2-phenylglycine (PG) is at neutral pH value
(Ip = 7.0). The free racemic aminoacid with (S)-camphorsulfonic acid (CSA) forms a well
crystallizing salt in water, but the amino acid in the precipitated diastereoisomer have
almost racemic composition. When the crystallization is started from an aqueous solution
containing half an equivalent amount of CSA and equivalent amount of hydrochloric acid
(total 50% excess of acid to the PG as base!), the crystalline salt contains (S)-2-phenylglycine
in high enantiomeric purity (and in good yield), while the almost pure (R)-2-phenylglycine
was obtained from filtrate by crystallization of its hydrochloric acid salt.44

W2
©/\COOH HO3S
0]

S)-PG CH HCI
(S) - ! CH3 W’ (S)-PG.CSA + (R)-PG.HCI

NH, 3 crystalline in solution

CSA ee > 99%
COOH
/

(R)-PG

The resolution of racemic free phenylalanine (PA) was also carried out with high efficiency,
if near the half an equivalent amount of resolving agent (O,0’-dibenzoyl-(R,R)-tartaric acid
(DBTA) or the optically active N-benzoyl-d-phenylalanine (BPA)) was applied in aqueous
methanolic solution which contained more than 0.5 equivalen amount of hydrochloric acid,
too.#

3.2.2.2 Influence of dielectric constant
In the previous chapter the crucial role of the pH value has been shown via examples.

It was also recognized that tha polarity of the solvents or solvent mixtures (quantified by the
dielectric constant of solvents) can also determinate the composition of the crystallized
diastereoisomeric salt.* For example, in the resolution of o-aminocaprolactam (AC) with (S)-
N-tosylphenylalanine ((S)-TsPA) in various solvents the (S)-AC was predominant when the
dielectric constant of the solvent was <27 or €>62. However, the salt of the antipode (R)-AC
crystallized when the solvent was in meium polarity (29<e<58).464748

0]

~
solvent
(R)-AK COOH wzror ey ACSITRA
o Sy ©/\"\I/HSO o crystalline
2‘< >* 3

HN NH, N solvent
(S)-TPA (R)-AK.(S)-TPA

€>29 or e<58 crystalline

(S-AK
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That observation can be generalized: systematic variation of the solvent, the diastereoisomer
containing the desired enantiomer can be brought to crystallization. (Using the adequate
solvent one of the diastereoisomers is crystallized from the mixture of diastereoisomers, and
the other one can be crystallized from another solvent.)

For example, if the resolution of flumequine intermediate (FTHQ) is resolved with O,0’-di-
para-toluoyl-(R,R)-tartaric acid ((R,R)-DPTTA) in presence of acetic acid the (R)-FTHQ
enantiomer crystallizes in the salt, while the (R)-FTHQ enantiomer forms a better
crystallizing salt when isopropyl alcohol is used as a solvent.#

T,
N~ "“CH,
H COOH CH3COOH  (R).FTHQ.(R R)-DPTTA
(S)-FTHQ OCOPhCH3/—> crystalline
. > + HzCPhOOC OH
H
\©\/l Coo H3C)\CH3
N~ CH, (S)-FTHQ.(R R)-DPTTA
N (R,R)-DPTTA crystalline
(R)-FTHQ

_/

3.2.2.3 Resolution in two immiscible solvents

One variant of the resolution methods is that salt formation is carried out in a system of two
immiscible solvents (e.g. water and dichloromethane). In this case the more stable
diastereomeric salt separates, while the free enantiomer dissolves in one of the phases
(usually the organic one).5051

This manner was used at the resolution of the anxiolytic tofisopam (TOF) with half
equivalent of (R,R)-DBTA. It was accomplished in a water—chloroform system. The
diastereomeric salt containing the (R)-TOF enantiomer was crystallized from the biphase
solvent, while free (S)-TOF was recoverable from organic phase.5253

HOOC,,, _OCOPh

CHCl5
+ , ————— (R)-TOF.(R,R)-DBTA
PhOCO™ “COOH  H20 crystalline

(R,R)-DBTA
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3.2.2.4 Presence of solvates and compounds with similar effect

It can be frequent observed at the fractionated crystallization of diastereomeric salts that the
crystalline diastereomer forms solvate with the solvent. As an example can be mentioned
the first ever resolution by salt formation accomplished by Pasteur wher the “d-quinotoxine-
d-tartrate” obtained was a hexahydrate.5* Of course it can be found numerous similar
examples in the literature.

It is not rare the phenomenon that the selective solvate formation of diastereomers gives a
much better separation or the solvate formation is essential for successful resolution. It is
true because only in this case crystallizes the diastereomer. E.g. in methanol trans-(R)-
chrysanthemic acid (trans-(R)-CHRA) forms with (R R)-2-N,N-dimethlyamino-1,3-
propanediol [(R,R)-DMAD] crystals containing the solvent. If the resolution was carried out
in another solvent (e.g. in methyl isobutyl ether) best results were obtained if some
methanol was added, because it permitted the precipitation of the methanol solvate (is
crystallized the (R)-CHRA.(R,R)-DMAD.CH;OH).17

HSCWCHS
~
CHy ! CHs
COOH
OH OH CHa
(R)-CHRA CH3O—€CCH3
o P + CHsOH %~ (R)-CHRA.(R,R)-DMAD.CH3OH
H 7, 3
3C\|/ g oH ch/ \CH3 crystalline
CHs, 3
COOH (R,R)-DMAD
(S)CHRA  ~

3.2.2.4.1 When the separation of diastereomers is possible just from solvate forming
solvent

The separation of enantiomers of racemic amlodipine (AML) with (R, R)-tartaric acid by
fractionated crystallization of diastereomers from the common solvents was without
success, but in DMSO, however, the salt of (S)-AML crystallizes as a DMSO solvate.> Even
more surprisingly, in N,N-dimethyl-acetamide it is the solvate of the (R)-AML salt which
crystallizes in good yield and high purity.5”

2,

: N
HsCOOC._A__COOC,Hs HoG JOL
mo LoV Chs
~ 3
HC™ N NH; HOOC, OH = (R-AML.(RR)-TA.(CH3),NCOCH;
(S)-AML - crystalline
>+
HO™ “COOH _ HyC"S"CHg
ol N~ (S)-AML.(R,R)-TA.CH3SOCH;
H;COOC COOC,Hs (RR)-TA crystalline
e <
HaC™ "N " NH,

(R)-AML
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3.2.2.4.2 Presence of achiral compound

It is well known separation of diastereomers when the enantiomeric purity reachable using
a resolving agent may be significantly improved if the crystallization of diastereomeric salt
is promoted by crystallization of an achiral compound having analogue molecular structure
with a part of the resolving agent molecules.

This phenomenon was observed at the resolution of racemic a-phenylethylamine (PEA)
using (R)-N-(1-phenyl-ethyl)-glutaric acid ((R)-PEGA) as resolvong agent. From acetone was
crystallized diastereomeric salt containing (S)-PEA with ee: 58%. If is added an equivalent of
carbamide to the mixture the enantiomeric excess of the isolated (S)-PEA was 90%.58

CHs
“NH, )
1
y 22~ (S)-PEA.(R)-PEGA
(S)-PEA ' 0 ee: 58% F: 0.36
N Il ’ o
>~ + HOOC
CHs /\/\[g CH NN
3 ;. (S)-PEA.(R)-PEGA
NH acetone
2 (R)-PEGA ee: 90% F:0.49
4
(R)-PEA

3.2.3 Resolving agents forming diastereomer complexes

The difference betwee, solubility of diastereomeric salts, their solvent deppendence justify that
although the ions of salt estabilish strong interactions, neverthless the formation of secondary
interactions between the compounds containing these ions (formation of diastereomeric
molecular complexes) is the reason of differential solubility of diastereomeric salts in the
respective solvent. Naturally, it is not by chance that the diastereomeric salt of dibenzoyl-
tartaric acid (DBTA) are well separable and it is a very suitable resolving agent for a wide
range of racemic basis. It means that the enantiomers of racemic compounds which do not
contain either acidic or basic functional groups form diastereomerically releted molecular
complexes with DBTA. These complexes can be separeted by fractionated crystallization. Such
several alcohols with various molecular structures could be resolved, e.g. the resolution of
racemic menthol (MEN) was carried out with (R,R)-DBTA in solution, too. In hexane insoluble
reagent contacting the dissolved racemic menthol forms crystalline diastereomeric molecular
complex.? (as was shown earlier at the crystallization of diastereomers from melt).

~
(1S,2R,5S)-M HOOC/,, OCOPh
> . : —Lhexane, (4g 55,5R)-MEN.(R,R)-DBTA + (1S,2R,55)-MEN
2.crystallization i . .
:: PhOCO ll"COOH 3 filtration crystalline in solution
(R,R)-DBTA
/\

(1R,2S,5R)- MEN
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From the crystalline diastereomer could be isolated the L-MEN with a good enantiomeric
purity (ee: 83%).

The widely applied TADDOL (TAD) was also a suitable reagent of several diastereomeric
molecular complex, for example enantiomers of phospholene oxides (PHO) could be
obtained with high optical purity after the fractionated crystallization and decomposition of
the precipiated diastereomers.8

N
Ph

0 h 1.dissolution
> + >< PO (S)-PPHO.(R,R)-TAD + (S)-PPHO
o .. _-Ph

OH

2.crystallization

P
Ph "3 fitrati i i i
— ,< filtration crystalline in solution
Ph OH

N
@ 0 (R.R)-TAD
Y,

(S)-PPHO

3.2.4 Resolving agents forming coordinative complexes

It is well known that the coordanative complex of several metal is well crystallize. The
calcium salt of dibenzoyltartaric acid (DBTAC), was used be quite a few for separation of
diastereomeric coordinative complex by fractionated crystallization. For example the
separation of derivatives of phospholene oxides (previously mentioned) was carried out
using (DBTAC).?

R
<0
(R)}-PPHO HOOC,,_ocoph
> 4 dissolution, (5).PPHO.(R,R)-DBTAC + (S)-PPHO
__ ., 2.crystallization . . .
PhOCO™ “coOCay, 3filtration crystalline in solution
R
70 ) (R,R)-DBTAC
(S)-PPHO

3.2.5 Time of crystallization

Although the methods based on fractionated crystallization suggest that during
crystallization the less soluble diastereomer is crystallized, but at the enantiomeric
separations realized by fractionated crystallization, or precipitation, respectively, was
observed in some cases that instead of expected racemate behaviour was crystallized the
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enantiomeric excess (conglomerate like behaviour), namely its faster crystallization
determines the separation (kinetic conglomerate).

3.2.5.1 Thermodinamic control

In general, at the fractionated precipitation if is expected a conglomerate like behaviour on
base of binary phase diagram of diasteroemeric mixture, the filtration is efffectuated when
the quantity of crystalline precipitate is constant. However if the difference between the
crystallization rate of diastereomers is not large enough, can be occured that both
diastereomers are crystallized in near similar quantity. In this case we cold not talk about
enantiomeric enrichment. If instead of quick filtration is given time for stabilition of
thermodynamic equilibrium, in turn is obtain a separation with good result. This can be
demonstrate via resolution of tamsulosin intermediate (TAI) using as resolving agent DBTA
in the mixture of water and ethanol, when at the end of crystallization was not carried out
enantiomweric enrichment, but if the crystalline mixture was allowe to stand for 2 days, was
reached a very high enantiomeric excess.60

H2NOZS:©/YCH3 N
0 NHCH,Ph
— H00G,  ocoPh 2DOUrS, (R)-TAL(R R)-DBTA +V (S)-TAL(RR)-DBTA
> 4 - crystalline mixture
H2N023:©/Y0H3 PhocO” “coon  NABNOUTS o TAI(RR)-DBTA
CH30O NHCH,Ph (RR)-DBTA crystalline
(S)-TAI p,

Similar phenomenon was also observed at the resolution of racemic oxirane derivatives,
containing two terciary aminogroups.!

3.2.5.2 Kinetic controlled crystallization

Accordingly to the previously examples would appear to be advantageous that the time of
crystallization to be more longer but if one of the diastereomers crystallizes quickly and the
other is wrong solvable, then neverthless its opposite is also favourable.

Thus in the resolution of the intermediate of flumequine (FTHQ) in ethyl acetate with di-
paratoluyl-tartaric acid (R,R)-DPTTA, after a crystallizing of 5 minutes the (R)-FTHQ.(R,R)-
DPTTA salt predominates, but on standing 3 weeks its antipode (S)-FTHQ.(R,R)-DPTTA
will be in excess in the crystals.48

F

T )
N O Smin. _ (R)-FTHQ.(R,R)-DBTA

HOOC, 0COCgHsMe il
(S)-FTHQ - . 1.solvent crystalline

F. 2.crystallization

m MeCgHsOCO” “COOH \3weeks (s).FTHQ.(R R)-DBTA
H CHs (R,R)-DPTTA crystalline

/
(R)-FTHQ
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In the most cases it is not necessary to effectuate so quickly the filtration of crystalls, because
the stabilition of thermodinamic equilibrium need a longer period. This is so even if the
racemic compound of resolving agent is resolved using one of enantiomers of racemic
compound.62

The resolution of N-formyl-phenylalanine (FoPA) with (S)-phenylethylamine (PEA) in water
after 2 hours gave diastereomeric salt with high purity, but this enantiomeric excess
diminished when the filtration of the precipitated salt was carried out after a longer
standing (1 week).

©/\/COOH ~N
NHCHO CH,

(R)-FoPA . 1.dissolution

>+ NHz — (S)-FoPA.(S)-PEA + (R)-FOPA.(S)-PEA
COOH 2.crystallization . . .
o crystalline in solution
3 filtration
NHCHO (S)-PEA 2 hours ee: 90.8%
(S)-FoPA D, 1week ee:65.1%

If the reolution of racemic PEA is accomplished with (S)-FoPA (reciprocal resolution), in
function of crystallization time practically the same thing was happened as expected on
basis of the foregoing, but the results were not identical because at the normal and the
reciprocal resolutions the systems are in diastereoisomeric relationship.

CHj
., N
'NH,
(S)-PEA cooH
> . dissolution i i i _
CHs ¥ NHCHO 2. crystallization (S)-PEA.(S)-FPA + (R)-PEA.(S)-FPA
3. filtration crystalline in solution
NH2 (S)-FPA 0.5 hour ee: 78.6%
(R)-PEA - 3 weeks ee: 43.3%

4. Conclusions

The behaviour of the enantiomeric mixtures can be interpretated by formation of their
homo- and heterochiaral aggregates having diastereomeric property. Due to spontaneous
formation of these aggregates the non-racemic mixtures of enantiomers can be enriched by
processes required some selective crystallization. The running of biner
meltingpoint/composition phase diagrams (conglomerate or racemate), and the kinetic
controlled crystallizations (kinetic conglomerates), respectively, determine the fact, that the
crystalline phase contains the enantiomer or the racemic proportion. These regularities are
also reflected by the running of curves where the enantiomeric purity of the product
obtained (ee) during the selective crystallizations and precipitations were plotted against the
initial composition (eey).

At the separation of racemic compounds using another chiral material (namely resolution)
the behaviour of enantiomeric mixture forming the racemate determines the efficiency of
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resolution. If the racemic compound and resolving agent have similar molecule structure,
the diastereomers form quasi-racemate, and quasi-conglomerate respectively.

If the structures of racemic compound and resolving agent are not considered structurally
related compounds, at separation of the diasteremers also exist the complementarity
between compounds form the diastereomer, which is in advanced insured in case of
structurally similar compounds. In all probability the results of separation of diastereomers
are also determined by the behaviour of enantiomeric mixtures of racemic compound and
resolving agent.

The probability of this statement is underlined near the experimental data, the fact that the
conditions, separation methods, typical behaviours observed at the separation of
diastereomers based on the fractionated crystallization were similar to the experienced one
at the separation of mixtures containing only enantiomers.

The rulings of chiral-chiral recognitions are valid even if the aim is to isolate by
crystallization a chiral compound, having a higher purity than the initial one (ee>eep), from a
mixture containing more than two chiral component.

5. Acknowledgements

The authors thank the financial support of the Hungarian OTKA Fundation (T 75236) for E.
Fogassy)

This work is connected to the scientific program of the "Development of quality-oriented
and harmonized R+D+] strategy and functional model at BME" project. This project is
supported by the New Hungary Development Plan (Project ID: TAMOP-4.2.1/B-
09/1/KMR-2010-0002).

6. Abbreviations

A phenylisopropylamine
AC aminocaprolactam

AcPA acetyl-phenylalanine
AcPG acetyl-phenylglycine

AD aminodiol

AML amlodipine

AN aminonitrile

BA benzylamine

BAB benzylaminobutanol
BPA benzoyl-d-phenylalanine
CHD cyclohexane-diol

CHRA chrysanthemic acid

CPA permetric acid

CPH chloro-phenyl substituent
CSA camphorsulfonic acid
DBTA dibenzoyltartaric acid
DBTAC calcium salt of dibenzoyltartaric acid
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DCA dicarboxylic acid

DIL diltiazem

DMAD dimethlyamino-1,3-propanediol
DPTTA di-para-toluoyl-tartaric acid
EPh ephedrine

FoPA formyl-phenylalanine
FTHQ flumequine

IBU Ibuprofen

IC Iodo-cyclohexanol

MA methyl-phenylizopropylamine
MEN menthol

MePA phenylalanine methyl ester
MePG phenylglycine methyl ester
PA phenylalanine

PEA Phenylethylamine

PEGA phenyl-ethyl-glutaric acid
PG phenylglycine

PGA phenylglycine amide

PGL Prostaglandine

PHO phospholene oxides

POAA phenooxy-acetic acid

PPA propionyl-phenylalanine
PPEA phthaloyl-phenylethylamine
PPG propionyl-phenylglycine

Q Quinotoxine

TA Tartaric acid

TAD Taddol.

TAI tamsulosin intermediate
TIS Tisercine

TOF Tofizopam

TPA tosylphenylalanine
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1. Introduction

Over the past two decades, self assembled monolayers (SAMs) (Love et al., 2005; Smith et al.,
2004; Ulman, 1996) have been extensively studied due to their many applications in various
fields such as electrochemistry (Eckerman ef al.,, 2010), biosensors (Nyquist et al., 2000),
protein separation (Chun and Stroeve, 2002) and enantiomer separation (Mastai, 2009).
SAMs are organic assemblies formed by the adsorption of molecules from solution or from
the gas phase onto the surfaces of solids. These molecules spontaneously organize into
highly ordered, crystalline (or semicrystalline) two dimensional films. The molecules
composing the SAMs adsorb to the surface through a “headgroup”, a functional group with
a high affinity for the solid surfaces. Two of the most widely studied systems of SAMs are
alkanethiols adsorbed on metals, including gold, silver and platinum and alkylsilane chains
formed on silicon dioxide surfaces, including glass and mica. In these cases, the
“headgroups” are thiols, which have a high affinity for metal surfaces and silanes, which
have a high affinity for silicon-dioxide surfaces. SAMs have become so popular since they
offer a unique combination of physical properties that allow fundamental studies of
interfacial chemistry, solvent molecule interactions and self-organization. Their well-
ordered arrays and ease of functionalization make them ideal model systems in many fields.

One of the important advantages of SAMs is that they can be prepared in the laboratory by
dipping the desired substrate in the required solution for a specified time followed by
thorough washing with the same solvent and drying, often using a jet of dry nitrogen. Gas-
phase evaporation of the adsorbate can also form good monolayers, although structural
control is difficult. Several factors affect the formation and packing density of the self
assembled monolayers including the solvent, temperature, nature of adsorbate, adsorbate
concentration and the nature and roughness of the substrate. SAM substrates range from
planar surfaces to highly curved surfaces (which will not be discussed here). The most
common planar substrates for alkanethiol SAMs are thin films of metals supported on flat
surfaces, such as glass, silica wafers and mica. These substrates can be easily prepared using
methods like physical vapor deposition (PVD) and chemical vapor deposition (CVD). In
some cases, an additional layer of titanium or chromium between the solid and the metal is
needed in order to improve the adhesion between them. The composition of the thin films
(grain size, etc.) is affected by the properties of the metal used (for example, melting point),
the solid surface roughness and the experimental conditions. This, in turn, affects the
organization and density of the SAM. The most common alkylsilane substrates are silicon
dioxide surfaces such as glass, which are usually pre-treated with sulfuric acid.
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The self assembled adsorbate has a great influence on the SAM outcome and can be tailored
according to the desired SAM properties. The molecule used can possess a number of
functional groups in addition to the molecule’s headgroup. These functional groups can be
distributed within the monolayer interior and located at the terminus of the molecule.
Manipulation of the monolayer interior affects its degree of order and how easily electrons
are conducted through it. For example, the molecular chain length and the steric crowding
of the organic groups affect the density of the organic layer and the tilt angle of the molecule
away from the surface normal. In general, longer chains and less robust organic groups
yield denser, more organized SAMs, allowing high degrees of van der Vaals interactions
(and in some cases, hydrogen bonds) with the neighboring molecules. The molecular
constituent exposed at the SAM surface is critical to the SAM’s interfacial properties. It
affects the surface’s general hydrophobic/hydrophilic character, adhesive properties and
reactivity. In addition, it determines the surface interaction with other molecular species that
come in contact when placed on the surface of the SAM.

SAMs are of prime technological interest, as the presence of molecules chemically bound to
the surface renders the properties of the modified interface (i.e.,, wetting, conductivity,
adhesion, and chemistry) to be entirely different than those of the bare substrate. The
incorporation of functional moieties such as chromophores, electroactive groups, or
molecules that can bond within the SAM (i.e.,, covalent cross-linking between adjacent
molecules or non-covalent hydrogen bonding) enable capabilities in sensing, electron
transfer, molecular recognition, and other areas (Smith et al., 2004).

This review will focus on the use of SAMs in crystallization processes. We will begin with a
short introduction on crystallization on SAMs. Then, we will review the latest advances in
crystallization on patterned SAM's and effects of SAMs on crystal morphology and crystal
polymorphism. This chapter will also include a description of chiral SAMs and their role in
enantioselective crystallization.

2. Crystallization on SAMs

Crystallization refers to the formation of solid crystals from a solution, melt or more rarely,
directly from gas. Crystallization consists of two processes - nucleation and crystal growth.
Nucleation is the formation of small clusters of molecules. These clusters may re-dissolve in
the crystallizing solution or go on to become a crystal, depending on their size. Beyond a
critical size, they are stable and form crystal nuclei. Crystal growth refers to the subsequent
addition of molecules to the formed nuclei. The nucleation can be homogenous, occurring
spontaneously or heterogenous, induced by foreign particles such as dust particles or vessel
walls. Primary nucleation occurs in the absence of crystals in solution whereas secondary
nucleation occurs on seeds or existing crystals present in the crystallizing solution.

The ability to control crystallization is a critical requirement in many technologies such as in
the food, pharmaceutical and chemical industries. Crystallization parameters such as
particle size, particle shape, particle morphology and polymorph selectivity determine the
crystal properties and uses. The solution concentration, crystallization time, crystallization
temperature, solvent and crystallization vessel all have an effect on the crystal parameters.
In the past few decades, researchers have been busy searching for new ways to control
crystallization. Self assembled monolayers are showing great promise in this field. The
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SAMs interact with the crystallizing molecules and thus, affect their organization, ultimately
affecting the crystallization outcome. SAMs have been reported to affect crystal orientation,
morphology, polymorphism and crystal size. The interaction between SAMs and molecules
in solution has usually been rationalized on the basis of hydrogen bonding and/or strong
ionic interactions.

2.1 Effects on crystal orientation

During crystallization, the SAM constituent exposed at the SAM surface interacts with
molecules present in the crystallizing solution. These interactions are specific and in turn,
can cause the stabilization of specific crystal faces. When this happens, the crystals grow in a
specific orientation, causing changes in crystal morphology. Many researchers have
reported specific crystal orientation on SAMs, brought about by interactions of the
crystallizing molecules with SAMs.

For example, Lee et al. employed SAMs of rigid thiols on gold surfaces in order to
investigate the effects of interfacial molecular recognition on nucleation and growth of L-
Alanine and DL-Valine crystals (Lee et al., 2002). L-alanine crystallizes from water in the
orthorhombic space group P212;2 (a=6.025A, b=12.324A and c=5.783A), with bipyramidal
morphology, dominated by the {020}, {120}, {110} and {011} growth forms (Figure 1).
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Fig. 1. L alanine crystal grown from aqueous solution. (Lee ef al., 2002)

In order to examine the effect of the SAMs on L-Alanine crystallization, L-Alanine was
crystallized from solutions and also onto a variety of rigid SAMs of thiols: 4’-methyl-4-
mercaptobiphenyl, 4’-hydroxy-4-mercaptobiphenyl and 4-(4-mercaptophenyl) pyridine.
Powder X-ray diffraction patterns and interfacial angle measurements of the L-alanine
crystals are shown in Figure 2. In methyl-terminated SAMs, L-alanine selectively
nucleated on the (020) plane on the SAM surface while on the OH-terminated SAMs, L-
alanine nucleated on an unobserved (200) side face. In both cases, the area of each crystal
face was substantially larger than the other faces on the crystal. Crystallization of L-
alanine on 4-(4-mercaptophenyl) pyridine resulted in the (011) face as the plane
corresponding to nucleation. The preferential interaction was explained on the basis of
hydrogen bonding between the pyridine surface and the amino and methyl groups
protruding out of the (011) plane. Figure 2 reveals that L-alanine crystals nucleating on
SAM surfaces crystallize in an orthorhombic space group with similar unit cell
dimensions. However, the functionalized SAMs have an effect on the nucleating plane
and ultimately, on L-alanine crystal growth.
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Fig. 2. X-ray diffraction spectra of L alanine nucleated on functional SAMs compared with L
alanine crystallized from aqueous solution (left) and crystallographic images and
morphology of L-alanine crystallized on (a,b) 4’-methyl-4-mercaptobiphenyl SAMs, (c,d) 4'-
hydroxy-4-mercaptobiphenyl SAMs and (e,f) 4-(4-mercaptophenyl) pyridine SAMs - (right).
(Lee et al., 2002)

DL-Valine crystallizes in the monoclinic space group P2;/c with unit cell dimensions
(a=5.21A, b=22.10A, c=5.41A and =109.2°). In aqueous solution, DL-valine crystallizes as
hexagonal platelets dominated by a slow-growing (020) flat face with (100), (002) and (202)
side faces. DL-valine was crystallized on 4’-methyl-4-mercaptobiphenyl, 4’-hydroxy-4-
mercaptobiphenyl and 4-(4-mercaptophenyl) pyridine. On the pyridine and OH-terminated
thiols, DL-valine crystals nucleated from the flat (020) plane, whereas in methyl terminated
SAMs, the fast growing (100) face was the nucleating plane and the hexagonal platelet
crystals were oriented perpendicular to the SAM surface (Figure 3). Again, the surface
chemistry of the SAMs led to different interfacial interactions and thus oriented the
crystallization of amino acids. In both cases, hydrogen bonding was responsible for the
epitaxial crystallization of the amino acid on the monolayer substrates. Molecular modelling
studies were also undertaken to examine the molecular recognition between the monolayer
and the crystallographic planes and were in good agreement with the experimental results.
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Fig. 3. X-ray diffraction spectra of DL valine nucleated on functional SAMs compared with
DL valine crystallized from aqueous solution (top) and crystallographic images and
morphology of DL valine crystallized on (a,b) 4-(4-mercaptophenyl) pyridine SAMs, (c,d)
4’-hydroxy-4-mercaptobiphenyl SAMs and (e,f) 4’-methyl-4-mercaptobiphenyl SAMs -
(bottom). (Lee et al., 2002)

An additional example for the effect of SAMs on crystallization can be demonstrated in the
work of Aizenberg and co-workers, who studied the growth of oriented calcium carbonate
crystals on X-terminated alkanethiol SAMs (HS(CH2)nX) (Aizenberg et al., 1999). The SAMs
were terminated with a variety of functional groups (X=COy, SOs, POs>, OH,
N(CHs)3+,CHs) and two different metal support films were used - Ag and Au. The calcium
carbonate crystals were characterized by a variety of techniques - optical microscopy, SEM
with image analysis and X-ray diffraction. Their results showed that SAMs terminated in
acidic functionalities were found to induce nucleation more effectively than control surfaces
of bare metal films, whereas SAMs terminated in CHj or slightly basic N(CHs)s actually
inhibited their nucleation. The orientation of the crystals was highly homogeneous for each
surface and depended on the functional group exposed at the SAM surface. The authors
achieved a very high level of control over the orientations of the crystals. They were able to
selectively nucleate calcite from six crystallographic planes. This was the first time that
calcite had been grown in such a variety of orientations in an artificially controlled system.

2.2 Effects on polymorphism

Polymorphism is the ability of a molecule to crystallize in more than one packing
arrangement. Polymorphs (Chieng et al., 2011) may possess significantly different structural
and physical properties and therefore polymorphism has broad practical implications in
solid state chemistry, materials science and pharmacology. Many methods have been
developed to control polymorphism including tailor made additives (Yokota et al., 2006),
surfactants (Garti and Zour, 1997) and varying solvents and temperature (Weissbuch et al.,
2005). Recently, self assembled monolayers have also been shown to control crystal
polymorphism.

Hiremath et al. applied SAM templates in order to control the polymorphism of 1,3-bis(m-
nitrophenyl) urea (MNPU - Figure 4). (Hiremath et al., 2005) Previously studied, MNPU was
found to have at least three different polymorphs - a,  and y. The polymorphs are visually
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distinguishable, but often crystallize concomitantly from aqueous ethanol solutions. The
crystal structures of the a and P polymorphs were first reported by Etter et al (Etter etf. al,
1988, 1990, as cited in Hiremath et al., 2005). Bernstein et al. (Bernstein et al., 2005, as cited in
Hiremath et al., 2005) obtained the crystal structure of the y phase and also discovered a
previously unknown anhydrous & phase.

g O O Q O O O HN)L‘NH
S e e

Fig. 4. MNPU (right) and biphenyl thiol molecules used in the biphenyl thiol SAMs
(1-7) - (left). (Hiremath et al., 2005)

NO,

Initially, Hiremath et al. obtained the pure polymorph phases by varying solvents and
temperature. The a-MNPU was obtained from crystallization in ethanol at 60°C, B-MNPU
was obtained from crystallization in ethyl acetate at room temperature. The y form was
obtained by re-crystallization of the a or B forms in 95% ethanol. Then, MNPU was
crystallized on a variety of biphenyl thiol SAMs (Figure 4) and two types of control surfaces:
bare gold substrates and 1-pentanethiol, 1-octanethiol and 1-dodecanethiol SAMs. The
biphenyl thiols were chosen for two reasons - their close packing affords a more
perpendicular molecular alignment at the surface (smaller tilt angles) and the slightly larger
size of the 2D lattice dimensions makes them potentially more compatible with typical unit
cell dimensions. The crystallizations were conducted in saturated ethanol or ethyl acetate
solutions of MNPU at room temperature or 60°C. The results obtained from the
crystallizations are summarized in Table 1. Crystals of MNPU only appeared on SAMs 1-3.
No crystallization of MNPU was observed on SAMs 4-7 or on the control surfaces. SAMs of
1, 2 and 3 were each found to serve as selective nucleating templates for a single MNPU
phase. Crystals of a-MNPU formed on monolayers of 1, B-MNPU grew selectively on 2 and
y-MNPU grew on 3. The crystallizations were repeated numerous times and the results
were always consistent. The resultant crystal form obtained was independent of the solvent
or temperature conditions explored. In addition, the crystals grown on SAMs 1-3 all adopted
preferred orientations with respect to the SAM templates, illustrating the importance of the
interface in the nucleation process. The observed orientations were rationalized on the basis
of two-dimensional lattice matching, complementary functional group interactions and
dipole moments across the SAM/ crystal interface.

The work of Dressler and Mastai provides an additional example of polymorphism control
by SAMs. Dressler and Mastai crystallized the metastable a-L-Glutamic acid on
L-Phenylalanine SAMs (L-AAPP, Figure 5) (Dressler and Mastai, 2007). L-Glutamic acid is
known to form two polymorphs - the metastable a-form and the stable p-form. It was
previously shown that the stable f-form emerges from the metastable a-crystals through a
kinetic process. It was also shown that the a-polymorph converts rapidly to the 3-form at
45°C, but at ca. 15°C, the conversion process is very slow and almost nonexistent, so that the
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a-polymorph is obtained exclusively. Dressler and Mastai demonstrated that the a-form can
be obtained at room temperature, without the need for crystallization at low temperatures.

nitial solule phase sobvent lemp (*C growth

1 i, 4. or ¥ or any cthanol o 250060 o
combination of phases  ethyl acetate
. o, 3, or y or any ¢thanol or 250r60 2

combination of phases

3 i, f, 3 or any cthanol o 2% or 6

combination of phases  ethyl acetale
4. 56,7, @, {3, y or any clthanol or 25 or 60 none
bare gald, combination of phases  ethyl acetate

or alkanethiol
controls

Table 1. Crystal of MNPU grown on SAMs 1-7 including the initial solution phase, solvent
and temperature crystallization parameters. (Hiremath et al., 2005)
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Fig. 5. L-AAPP (Dressler and Mastai, 2007)

Substrates for SAM preparation were prepared by vacuum deposition of thin gold films
onto glass slides. The gold substrates were then immersed in 2mM L-AAPP ethanolic
solutions overnight in order to receive the L-AAPP SAMs. L-AAPP was chosen as the
molecule for self assembly since L-phenylalanine has already been shown to promote the
stabilization of the a-form of L-glutamic acid in solution. In order to examine the effect of
the SAMs on L-glutamic acid crystallization, a series of crystallization experiments were
performed on the surfaces and in solutions. The crystals were then identified using various
techniques (Figure 6 and Figure 7). The X-ray diffraction and Raman spectra reveal that the
crystals grown on the SAMs are of the a-form and those from solution are p-L-glutamic
acid. From X-ray diffraction, It is also evident that L-glutamic acid crystallizes on the
surfaces with preferential crystal growth along the <111> crystal plane. It is also clear from
the SEM images that the polymorphs possess very different crystal habits. Crystals grown
on the SAM surfaces reveal well-ordered large prismatic structures typical of a-L-glutamic
acid, whereas crystals from solution expose plate like structures characteristic of the f-form.
These results verify the stabilization of the a-polymorph of L-glutamic acid on the
L-phenylalanine terminated SAM. The stabilization is explained in the following manner:
B-L-glutamic acid emerges from the (011) plane of a-L-glutamic acid. L-Phenylalanine
attaches to the (011) plane of the a-crystals, thereby inhibiting and preventing the a to p
transformation.
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Fig. 6. X-ray diffraction of L glutamic acid crystals (A) grown on L-AAPP SAMs, (B) grown
on Au and (C) grown from solution - (left) and Raman spectroscopy of L glutamic acid
crystals (A) grown on L-AAPP SAMs (a-polymorph) and (B) grown from solution
(B-polymorph). (Dressler and Mastai, 2007)

Fig. 7. Scanning electron microscopy images of L glutamic acid crystals (scale bar=200pm):
(A) crystal morphology of crystals grown on the surface of L-AAPP SAMs and (B) crystal
morphology of crystals grown from solution. (Dressler and Mastai, 2007)

Recently, Ejgenberg and Mastai demonstrated that self assembled monolayers based on
S-leucine (Figure 8) can be used for polymorphism control of DL glutamic acid (Ejgenberg and
Mastai, 2011). It is known that DL-glutamic acid can crystallize in two forms: the conglomerate
form, known as anhydrous DL glutamic acid and the racemic compound, known as DL glutamic
acid monohydrate. Ejgenberg and Mastai were able to afford anhydrous DL glutamic acid under
conditions where the monohydrated DL glutamic acid is thermodynamically more stable.

B, S & ; >
W W W ¥ ¢

Fig. 8. S-leucine methyl ester covalently attached to 6-mercaptohexanoic acid (S-LMHA).
Red atoms = oxygen, blue =nitrogen, gray = carbon, yellow = sulfur, white = hydrogen.
(Ejgenberg and Mastai, 2011)

The chiral SAMs were prepared on ultra-flat gold surfaces. Gold films of 50 nm thickness
were deposited on mica substrates using a high vacuum sputtering technique. The chiral
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SAMs were then formed on the gold surfaces by immersing the gold substrates in 0.1M
solutions of S-LMHA in ethanol overnight. In order to examine the effect of the chiral SAMs
on the DL-glutamic acid crystallization, DL-glutamic acid was crystallized from aqueous
solution onto the S-LMHA chiral SAMs. DL-glutamic acid was also crystallized in solution,
under the same conditions. The crystals from solution and those grown on the chiral SAMs
were examined using X-ray diffraction (XRD), scanning electron microscopy (SEM), micro-
Raman and differential scanning calorimetry (DSC). It should be mentioned that
crystallization or crystal growth did not occur on the bare gold surfaces.

The X-ray diffraction spectrum of crystals from solution is shown in Figure 9 and
corresponds to monohydrated DL-glutamic acid, namely the racemic compound, as
reported in the literature. The monohydrate of DL-glutamic acid crystallizes in an
orthorhombic unit cell (space group Pbca) with the following parameters a=9.08, b = 15.40,
¢ =10.61 (A") and a = p = A = 90°. On the other hand, the X-ray diffraction patterns of
crystals grown on S-LMHA that were taken directly on the chiral surface show a typical X-
ray diffraction spectrum of the conglomerate, anhydrous DL-glutamic acid. The X-ray
diffraction spectrum of conglomerate DL-glutamic acid corresponds to that reported in the
literature with unit cell parameters (in A°): a=5.16, b=17.30, c=6.95, a = B = A = 90°
(orthorhombic unit cell, space group P212121).

The anhydrous and monohydrated forms of DL-glutamic acid have different crystal habits
and therefore their formation was also studied using SEM. Figure 9 displays SEM images of
crystals collected from solution and crystals grown on the S.SLMHA SAMs. The crystals

A

L]
(el

Bl
£
1

iy

4
n T

i Anhydrous =

"E :—]}I.ghjlmﬂi\' acid = == |
2] "

EL- S 5L LT

zt B

21 DL gletamic

;:’.' r acid monohydrate

2

0 12 14 16 I8 20 22 3 26 28 MU
28 degree

Fig. 9. X-Ray diffraction spectra of (A) DL-glutamic acid crystals grown on S-LMHA chiral
SAMs (anhydrous DL-glutamic acid) and (B) crystals grown in solution (DL-glutamic acid
monohydrate) and SEM images of (C) crystals grown in solution (scale bar =1 mm)
(DL-glutamic acid monohydrate) and (D) crystals grown on S-LMHA chiral SAMs

(scale bar = 500 mm) (anhydrous DL-glutamic acid). (Ejgenberg and Mastai, 2011)
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grown from solution reveal typical needle-like morphology, characteristic of monohydrated
DL-glutamic acid. The crystals are fairly large and non-uniform in size
(1-4 mm long and 0.2-0.5 mm wide). However, crystals grown on the S-LMHA SAMs
expose plate like morphology characteristic of anhydrous DL-glutamic acid. They are
uniform in size with approximately 250 X 250 um? and are much smaller than the crystals
from solution.

In order to further characterize the conglomerate and racemic compound DL-glutamic acid
crystals, micro-Raman measurements were carried out. The Raman spectrum of
DL-glutamic acid crystallized on the S-LMHA surface is shown in Figure 10 with main
peaks at 867, 1295, 1339 and 1405 cm-1. The Raman spectrum of DL-glutamic acid
crystallized from solution (Figure 10) displays main peaks at 855, 919 and 1314 cm-1. These
spectra correspond to the Raman spectra of conglomerate and racemic glutamic acid as
reported in the literature. The Raman measurements of DL-glutamic acid crystallized on the
chiral surface match those of the conglomerate form of DL-glutamic acid.
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Fig. 10. Raman spectra of (A) DL-glutamic acid crystals grown on S-LMHA chiral SAMs
(anhydrous DL-glutamic acid) and (B) crystals grown in solution (DL-glutamic acid
monohydrate). (Ejgenberg and Mastai, 2011)

Further evidence for the formation of the conglomerate DL-glutamic acid crystals on the
chiral SAM surfaces was obtained from differential scanning calorimetry (DSC) (Figure 11).
The DSC thermogram of the DL-glutamic crystals grown on the S-LMHA SAMs exhibits a
sharp melting point at 185.4 1C. The DSC thermogram of the crystals from solution shows
two endothermic peaks at 112.7 1C and 184.7 1C. These results can be explained in the
following manner. The crystals grown on the chiral SAMs are anhydrous DL-glutamic acid
and therefore exhibit one peak, while those from solution are monohydrated DL-glutamic
acid and therefore contain two peaks: the first endotherm is due to the loss of water

molecules and the second sharp endotherm is due to the melting of anhydrous DL-glutamic
acid.

In conclusion, S-LMHA SAMs were used to stabilize the conglomerate form of DL-glutamic
acid crystals. The results offer a powerful tool in the development of processes for
controlling chiral polymorphic systems and can further develop into a novel method for
chiral resolution by crystallization.
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Fig. 11. DSC thermograms of (A) DL-glutamic acid crystals grown in solution (DL-glutamic
acid monohydrate) and (B) crystals grown on S-LMHA chiral SAMs (anhydrous DL-
glutamic acid). (Ejgenberg and Mastai, 2011)

2.3 Crystallization on patterned SAMs

Patterned SAMs are composed of two or more SAMs which are deliberately distributed on
specific areas on the surface. They can be fabricated in different ways including micro-
contact printing and dip-pen nanolithography. Patterned SAMs have been used to attract
particular nanostructures like ribbons or wires to particular areas on the surface. They have
also been used in the functionalization of biosensors in which the localized SAMs have an
affinity for specific cells and proteins. Crystallization on patterned SAMs where the crystals
grow in localized areas has also been demonstrated.

In a fascinating study, Aizenberg ef al. demonstrated that crystallization could be restricted
to well-defined regions on micro-patterned SAMs (Aizenberg et al., 1999). The substrates
were used in order to control the crystallization of calcite. Calcite is a stable polymorph of
calcium carbonate, with space group R3c, a = 4.99A and c = 17.06A. Calcite has been
extensively studied and its crystallization is relatively easy to perform.

Self assembled monolayers having areas of different nucleating activity were patterned on
metal substrates. The self assembled monolayers were patterned by microcontact printing with
an elastomeric stamp that had a relief structure consisting of a square array of raised circles: as
inks, 10mM solutions of HS(CHz)nX (X=CO,H) in ethanol were used. The surface was then
washed with a 10mM solution of HS(CH»)15CHj3 in ethanol to passivate the areas that had not
contacted the stamp. The patterned substrates were supported upside down in the crystallizing
solutions to ensure that only particles grown on the SAM would be bound to the surface.

Figure 12 shows a low magnification image of calcite crystals formed on one of the patterned
SAMs. It is clear that crystallization is restricted to well defined, CO; - terminated regions and
does not occur on the CHj3 - terminated areas. Interestingly, by adjusting parameters such as the
density and size features on the stamp, Aizenberg et al. could control important crystallization
characteristics, including the location and density of nucleating regions on the surface, the
number of crystals nucleated in each region and the crystallographic orientation of the crystals
(Figure 13). The following mechanism was suggested: the rate of nucleation on SAMs
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terminated in polar groups is faster than on methyl-terminated SAMs. As soon as crystal
growth begins in a polar region, mass transport to the growing crystals depletes calcium and
carbonate ions over the local methyl-terminated region to the point of under saturation.

Fig. 12. Scanning electron micrograph of a patterned surface - calcite crystals appear on
circles of HS(CH2)15CO-H in a background of HS(CH>)15CHs. (Aizenberg et al., 1999)
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Fig. 13. Ordered two dimensional arrays of calcite crystals. (Aizenberg et al., 1999)

Recently, Lee ef al. investigated the concomitant crystallization of glycine polymorphs on
patterned self assembled monolayers (Lee, 1.S. ef al., 2008). Six distinct polymorphic forms of
glycine are known in the literature; three of them - a, p and y - are formed at ambient
environment. At room temperature, y-glycine is the thermodynamically most stable form.
However, in neutral aqueous solution, the a-form is normally obtained. The y-form is
typically obtained from acidic and basic solutions. B-glycine is the least stable of the three
forms. It can be obtained from ethanol-water mixtures, but readily converts to a-glycine in
the presence of water or upon heating.

Patterned subtrates were designed in the following manner: metallic gold islands were
formed by evaporating titanium followed by gold through brass meshes onto glass
substrates. The dimensions and patterns of the islands depended on the size and shape of
the holes on the mesh. Square shaped islands in a variety of sizes were prepared. 4-
Mercaptobenzoic acid (4-MBA) was self assembled onto the gold surface while
octadecyltrichlorosilane (OTS) was applied to the exposed glass surface.
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The crystallization experiments were conducted by immersing and withdrawing the
patterned substrates from aqueous glycine solutions of three different pHs (neutral, acidic
and basic) and concentrations. Solution droplets were created on the patterned surface and
each droplet served as an independent crystallization trial. More than 2000 islands per
substrate were analyzed to achieve the statistical accuracy of the polymorph distribution of
crystals formed on the substrate.
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Table 2. Polymorph distribution of glycine for different pHs and solution concentrations.
(Lee, LS. et al., 2008)

The polymorph distribution of glycine crystals formed on the patterned substrates with
respect to the solution concentration and pH are summarized in Table 2. For the neutral
aqueous glycine solution, the a-form was preferred at all concentrations, but its frequency
significantly decreased at acidic and basic solutions. Consequentially, the percentage of y-
glycine increased in the acidic and basic solutions, without any large difference in the
polymorph distribution of the f-polymorph. The increased percentage of the y-polymorph
in acidic and basic solutions was rationalized in the following way: the acidic and basic
glycine solutions contain charged glycine species which reduce the possibility of the
formation of a-glycine. Table 3 summarizes the polymorph outcome of glycine for different
pHs and island sizes. As shown in previous reports (Lee, A.Y. et al., 2005, 2006), metastable
forms (PB-glycine) were consistently more frequently observed with smaller islands.
However, using acidic and basic glycine solutions, the frequency of the thermodynamically
most stable y-glycine increased with decreasing island size. This can be attributed to the
increased proportion of the charged glycine species caused by the decrease/increase in the
pH of solution for acidic/basic solutions during evaporation.
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Table 3. The polymorph outcome of glycine for different pHs and island sizes.
(Lee, I.S. et al., 2008)

In similar studies, Lee et al. reported that the size of the glycine crystals is controlled by the
dimensions of the metallic gold islands or the concentration of the solution (Lee, A.Y. et al.,
2005). Moreover, it was observed that the high energy unstable p-form of glycine crystallizes
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on small metallic islands, in contrast to large islands, where the a-form is favoured. The
increased frequency of the high energy form (pB-glycine) with decreasing feature sizes is a
result of the high supersaturation that is generated from fast solvent evaporation. (Lee, A.Y.
et al., 2006)

3. Enantioselective crystallization

The crystallization of racemic molecules is very similar to the crystallization of achiral
molecules. However, because of their chirality, racemic molecules can form different types
of crystals with different compositions. If the crystal lattice contains equal left and right
handed molecules arranged in an ordered manner, the crystal is heterochiral and referred to
as a racemic compound. In the case where the crystal lattice is composed of only one
enantiomer (left or right), the crystal is homochiral and referred to as a conglomerate. In
nature, racemic compounds greatly outnumber conglomerates.

Chiral resolution is the process of the separation of racemates into their enantiomers. Many
methods have been developed for this purpose. The most common is the use of chiral
stationary phases in HPLC. However, large scale chiral separation is based on the classical
crystallization method, which incorporates diasteriomeric transformation and chiral
seeding. Even today, new methods of chiral crystallization are being designed. Lahav et al.
developed a method, called "tailor-made" additives, which has been exploited for the kinetic
resolution of conglomerates (Addadi, 1982). These additives have molecular structures
which are very similar to one of the enantiomorphs of the substrate crystals.
Consequentially, the inhibitors stereoselectively adsorb to the surfaces of one of the
enantiomorphs, delaying or preventing its growth. As a result, enantiomeric excess is
achieved. It is important to mention that in order to acheive chiral resolution by
crystallization, the racemate system must spontaneously resolve upon crystallization to a
conglomerate.

4. Chiral SAMs and enantioselective crystallization on chiral SAMs

As mentioned above, SAMs are organic assemblies formed by the adsorption of molecules
from solution or the gas phase onto the surface of solids. If the adsorbed molecules are
chiral, the self assembled monolayer is also rendered chiral. The chirality of the molecule
can be distributed within the monolayer interior or located at the terminus of the molecule.
However, the chirality is only expressed when the chiral constituent is exposed at the
monolayer surface. Chiral SAMs are used in chiral systems. The SAMs can be used to
specifically interact with chiral species, such as proteins or amino acids. Chiral SAMs have
been used in enantioselective crystallization. In this case, a racemic solution of a chiral
molecule is crystallized on a chiral SAM. The chiral SAM serves as a nucleating surface for
one of the enantiomers, thereby increasing its crystallization on the SAM. Thus,
enantioselective crystallization is achieved.

Dressler and Mastai studied the enantioselective crystallization of glutamic acid on self
assembled monolayers of cysteine (Dressler and Mastai, 2007). The chiral SAMs were
prepared by immersing gold covered glass slides in aqueous solutions of cysteine (10mM)
for 2 hours. These SAMs were then characterized by X-ray diffraction, micro-Raman
measurements, X-ray photoelectron spectroscopy, contact angle and ellipsometry.
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In order to study the interactions between the chiral crystals and the chiral SAMs, pure
enantiomers of glutamic acid were first crystallized on the L and D cysteine films.
Interestingly, enantiomers of glutamic acid with identical chirality to that of the cysteine SAMs
did not grow on the SAMs in a specific orientation and were unchanged from crystals grown
in solution (Table 4). On the other hand, enantiomers with chirality opposite to that of the
cysteine films grew in a preffered orientation. In either case, morphological differences
between crystals grown on the SAMs and those grown in solution were not very significant.
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Table 4. Crystal habits and crystal orientation of DL, D and L glutamic acid crystallized on
cysteine films and in pure solution. (Dressler and Mastai, 2007)

The chiral cysteine SAMs were then utilized for the enantioselective crystallization of
glutamic acid. For this purpose, L and D cysteine SAMs were immersed in supersaturated
solutions of DL-glutamic acid for ca. 2 hours. The crystals were then characterized using
various techniques. It is important to note here that glutamic acid grows as a monohydrate
crystal from water and therefore has a different structure from its enantiomers which were
discussed previously. Figure 14 presents SEM images of glutamic acid monohydrate crystals
grown on L and D cysteine surfaces and grown from solution. Crystals grown from solution
have a needle-like morphology with an average size of 300 pm whereas crystals grown on
the cysteine surfaces grow in well ordered arrays of rectangular/plate like shaped crystals
with a typical size of 10-30 pm. X-ray diffraction measurements of the crystals showed
preffered orientation of the glutamic acid crystals (Table 4).

A (scale bar=200um) B (scale bar=50pm) C (scale bar=20um)

Fig. 14. SEM images featuring the crystal morphology of rac-glutamic acid crystallized
(A) from solution, (B) on a chiral D-cysteine surface and (C) on a chiral L-cysteine surface.
(Dressler and Mastai, 2007)

The enantiomeric excess of the crystals grown on the chiral SAMs was investigated using
polarimetry. The crystals were gently removed from the chiral films, dissolved in 5N HCI
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solution and their optical activity was measured. The results show that the enantiomeric
excess of glutamic acid crystals collected from the L-cysteine films is about 31% e.e. enriched
with D-glutamic acid (Table 5). The crystallization on the D-cysteine films resulted in 27%
e.e. enriched with L-glutamic acid. The optical activity of the crystallization solution was
also measured (at different intervals). The optical activity results measured from the
solution and from the crystals are in good agreement with each other.
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C ry atal ay=Ehem tiral sairface (5) e in aolution (%) an chiral suface (%)

rac-gg lutamic acid 15 -L after 45 min 31 -0 12 -p aller 45 min =L

Table 5. Enantiomeric excess of crystals crystallized in solutions and on chiral cysteine
surfaces. (Dressler and Mastai, 2007)

Dressler and Mastai also studied the crystallization of histidine on the chiral cysteine films.
They demonstrated that the cysteine films induce a modification in histidine morphology and
lead to specific orientation of the histidine crystals. They also found that the L and D cysteine
surfaces were active in chiral discrimination. Again, the enantiomeric excess was ca. 30%.

Singh et al. used chiral self assembled monolayers (Figure 15) as resolving auxiliaries in the
crystallization of valine (Singh ef al., 2010). When starting with racemic solutions, the crystals
obtained on the chiral SAMs contained one of the valine enantiomers in excess. The
enantiomer obtained in excess was always of opposite chirality to the monolayer used. The
chiral resolution was enhanced as a result of decreasing supersaturation. In addition, Singh et.
al also monitored the crystallization of valine on chiral SAMs beginning with initial solutions
containing one of the enantiomers in excess. When starting with a solution containing 50% ee,
crystals of one pure enantiomer were obtained on the SAMs whereas mixtures of the pure
enantiomer and the racemic compound were obtained in control experiments, not containing
the chiral SAMs. The enantiomer obtained on the chiral SAMs was the enantiomer initially
present in excess, regardless of the chirality of the monolayer being used.
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Fig. 15. Chemical structures of the chiral self assembled monolayers. (Singh et al., 2010)
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Banno et al. studied the enantioselective crystal growth of leucine on self assembled
monolayers with covalently attached D or L-leucine molecules (Banno et al., 2004). The
monolayers were formed in the following way: gold substrates were prepared by vapour
deposition of gold on quartz crystals. The substrates were flame annealed and subsequently
immersed in 2 mM ethanolic solutions of 11-mercaptoundecanoic acid (MAU). Leucine was
then covalently attached to the MAU monolayer. The crystals on the SAM were grown by
immersing the substrates in saturated solutions of D, L or DL-leucine.

In order to identify the leucine crystals grown on the monolayers, X-ray diffraction and
QCM (quartz crystal microbalance) measurements were utilized. Figure 16 shows XRD
patterns of the leucine SAMs after immersion in a 175 mM D or L-leucine solution for 3 hrs.
For the D-leucine SAM, the diffraction peak was observed only after it was immersed in the
D-leucine solution, whereas no peak appeared when it was immersed in the L-leucine
solution. With the L-leucine SAM, exactly the opposite results were obtained. The
diffraction angles of the two observed peaks were identical to eachother and equal to 6.07°.
The above mentioned cross inversion between D and L-leucine strongly suggests that the
crystallization on the Leucine SAM is highly enantioselective. The enantioselectivity was
also confirmed by the increase in surface mass resulting from the grown leucine crystals on
the modified SAM, detected by QCM.
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Fig. 16. XRD patterns of (a) D and (b) L-leucine SAMs after immersion in pure enantiomeric
leucine solutions. (Banno et al., 2004)

The leucine monolayers were also immersed in saturated DL-leucine solutions. As shown in
Figure 17, a diffraction peak was observed at 6.34° for both D and L-leucine SAMs. This
happens because in the presence of equimolar amounts of D and L enantiomers of leucine,
the racemic crystal tends to form instead of either one of the two pure enantiomeric crystals.
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Fig. 17. XRD patterns of (a) D and (b) L-leucine SAMs after immersion in racemic leucine
solution. (Banno ef al., 2004)
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It should be noted that the primary interaction between the enantiomers attached on the
SAMs and prenucleation aggregates formed in solution is due to hydrophobic bonding or
Van der Waals interaction. It is assumed that crystal growth proceeds only when the
chirality of the prenucleation aggregate of pure enantiomers formed in solution is the same
as that of the attached enantiomer. In racemic solution, on the contrary, most of the
prenucleation aggregates are considered to be in DL-form, resulting in the growth of the
racemic crystalline phase on both D and L-leucine attached SAMs.

5. Conclusions

In this book chapter the preparation, structure, properties and applications of self-assembled
monolayers (SAMs) in crystallization processes have been briefly reviewed. We have
reviewed a variety of applications of SAMs in crystallization which can be catalogued into
either pure crystallization methods or through the expression of chiral molecular
interactions of SAMs.

Although two decades have passed since the discovery of SAMs, it is still a very active and
broad research area that is almost impossible to review comprehensively. The fundamental
questions of adsorption, structure, phases, and phase transitions have been thoroughly
studied in the past, but still several issues remain unresolved. A large part of present and
future work is aimed at the modification and fictionalization of surfaces by SAMs for
different applications, with molecular and biological recognition being the most dynamic.
Since SAMs are not so much a specific class of compounds, but rather a very flexible concept
with virtually unlimited potential for applications, we expect that the area of SAMs will
continue to prosper.
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1. Introduction

Organic crystals have been utilized by organic chemists to identify materials by comparing
melting point and mixed melting with known compounds, and to obtain pure materials by
recrystallization. Furthermore, many attractive aspects of the crystals have been discovered
since the latter half of the 1960's. For example, when organic molecules aggregate and form
a crystal, a new property such as the electric conductivity or nonlinear optics characteristic
develops by forming a peculiar arrangement style, and these crystals are used as electronic
and optical materials. In addition, chemistry using the key information recorded in the
molecule in the crystal has been developed. Molecular motion, which was cluttered with a
variety of conformations in solution, is considerably controlled in the crystal, and molecules
are arranged in a specific conformation depending on the closest-packing and molecular
interactions in many cases. Therefore, a different molecular conformation will often be
afforded in the crystal and in solution. In some cases, information for chirality recorded in
the crystal is particularly interesting.) Conglomerate crystals (racemic mixture) afforded
from racemic compounds are also chiral crystals, which are used for preferential
crystallization for optical resolution of racemate.? On the other hand, compounds with
unstable axial chirality, even in achiral in solution, may provide an axial chirality in a crystal
where the molecular arrangement and molecular conformation are controlled. Using the
chiral properties of the crystal, asymmetric synthesis without an external chiral source from
achiral substrates has been studied by many research groups. This approach is also broadly
recognized as an absolute asymmetric synthesis.

Since the 1970's, the combination of chiral crystallization and the solid-state photoreaction
has provided many successful examples of absolute asymmetric synthesis.3) In these
reactions, achiral materials adopted chiral arrangement only by spontaneous crystallization,
and optically active products are obtained from the topochemically controlled reaction with
high enantiomeric excesses (Figure 1).49 This method incurs a problem in the crystallization
of achiral molecules in chiral space groups, albeit rare and unpredictable. However, in
recent years, crystal engineering and the solid-state reaction to a variety of new systems has
progressed to such an extent that it can now be regarded as an important branch of organic
chemistry. Furthermore, some unique ideas involving solution chemistry utilizing the chiral
crytals have also been developed. The achievement of an asymmetric synthesis starting from
an achiral reagent and in the absence of any external chiral agent has long been an
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intriguing challenge to chemists and is also central to the problem of the origin of optical
activity on Earth.

We have designed many molecules suitable for intramolecular photochemical processes,
and have reported the asymmetric photochemical reaction in the solid-state. Please refer to
the literature because many reviews are provided about this reaction example.5

spontaneous topochemical
crystallization reaction
achiral optically active
materials ——*| chiralcrystals materials with
permanent chirality

non-topochemical
reaction

Fig. 1. Absolute asymmetric synthesis using chiral crystals

However, this asymmetric synthesis has yet to be recognized as the peculiar example, and
there are many issues to be resolved that play a part in synthetic organic chemistry. The
greatest problem is the small ratio of substrates forming a chiral crystal, and its inability to
adapt to all crystalline organic compounds. Another problem is only applicable to this
technique for topochemical reaction. If the crystalline state is broken according to the
progress of the reaction, molecular chirality in the crystal would disappear in an instant.
Exceptionally, an asymmetric amplification reaction using a chiral crystal surface
dialkylzinc developed by Soai yielded product of high optical purity.

Soai et al. reported the catalytic asymmetric automultiplication in the addition of the
dialkylzinc reagents to pyrimidine aldehydes without decrease in the optical purity of the
product. The 1,2-addition in the presence of a small amount of optically active material
resulted in enhancement of the ee value in the product formation.% The asymmetric reaction
was widely spread to the use of chiral crystals as a chiral trigger. The reaction promoted on
the surface of the crystal of quartz gave optically active carbonyl addition product in 97% ee.
Furthermore, the reaction with chiral crystals of NaClOs, benzoylglycine, and cocrystals
resulted in the formation of product with high ee value.

Hakansson ef al. reported that two six-coordinate Grignard reagents crystallized as
conglomerates and racemized rapidly in solution. Enantiopure Grignard reagents were
reacted with butanal to give alcohol in up to 22% ee.”)

As the first example of asymmetric synthesis using chiral crystals involving solid-gas
reaction,3) some other interesting examples of solid-gas reaction using chiral crystals were
reported. Reaction of chiral crystals of chalcone derivative with bromine in connection with
rearrangement gave optically active dibromide in 8% ee.)

Gerdil et al. reported two examples involving the solid-gas reactions of inclusion complexes
of tri-o-thymonide with alkene or epoxycyclopentanone. The complex crystallized in a chiral
fashion, and the reaction with singlet oxygen or hydrogen chloride gave products up to
22% ee.9)

The optical purity of the product was not satisfactory even in the reduced conversion rate of
the reaction. To solve this problem, we explored a new methodology using molecular
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chirality in crystals as a source of chiral memory in solution (Figure 2).10) The provisional
molecular chirality derived from chiral crystals can be effectively transferred to optically
active products with various asymmetric reactions in fluid media. Two requirements must
be met for asymmetric synthesis to become possible: chiral crystallization of the starting
materials and slow racemization at a controlled temperature.

If we can effectively use the chirality of the molecules expressed by spontaneous
crystallization, asymmetric synthesis using chiral crystals, which has been restricted to the
topochemical solid-state photoreaction, becomes a general synthetic method playing the
part of organic synthesis.!?) In this review, a general method of chiral crystallization and a
new advanced asymmetric synthesis using the chiral crystals in a non-topochemical process
will be described.

racemization

Y

A

Achiral in solution

spontaneous
crystallization

(R)-crystal or (S)-crystal

dissolved in solvent >

at low temperature

(S)-enantiomer
chiral memory

(R)-enantiomer

chiral memory

Chiral memory

@ chemical reaction
in fluid media

optically active enantiomeric
product product

Optically active materials

Fig. 2. Non-topochemical Asymmetric synthesis using chiral memory derived from the
chiral conformation in the crystal.
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2. Generation and amplification of chirality by crystallization

Optically active molecules must crystallize into chiral space groups, but a racemic mixture
in solution may either aggregate to form a nonchiral racemic crystal or undergo a
spontaneous resolution where the two enantiomers segregate into a conglomerate of
enantiopure crystals. Achiral molecules may crystallize into either a nonchiral or a chiral
space group. If they crystallize into a chiral space group, the achiral molecules reside in a
chiral environment imposed by the lattice. Most achiral molecules are known to adopt
interconverting chiral conformations in fluid media, which could lead to a unique
conformation upon crystallization. Crystals that have chiral space groups are characterized
by being enantiomorphous. They exist in right-handed and left-handed forms that may or
may not be visually distinguishable. In spite of impressive work on crystal engineering,
predictions on a correlation between crystal symmetry and molecular structures are still
hard to make.12)

Chiral crystals, like any other asymmetric object, exist in two enantiomorphous
equienergetic forms, but careful crystallization of the material can induce the entire
ensemble of molecules to aggregate into one crystal, of one-handedness, presumably
starting from a single nucleus (Figure 3). However, it is not uncommon to find both
enantiomorphs present in a given batch of crystals from the same recrystallization.

For achieving asymmetric synthesis, we should begin with a compound crystallizing in any
one of the chiral space groups. Of the 230 distinct space groups, the most commonly occurring
are P21/c, P-1, P212121, P21, C2/c, and Pbca, the chiral ones being P212:2;, P23, P; and C.13)

The asymmetric crystallization of achiral compounds is stimulated by autoseeding with the
first crystal formed. Although the chiral sense of the spontaneously formed chiral crystals
cannot be predicted, seed crystals of the preferred chirality can be added in a more practical
procedure to obtain one enantiomorph of a crystal.

fast enantiomerization
in solution
R = > (S
spontaneous
crystallization
chiral crystal chiral crystal
100% (R) 100% (S)

Fig. 3. Chiral crystallization with fast enantiomerization

3. Chiral memory effects of molecular conformation

When we start the study for chiral memory and select a molecule with the ability to hold for
a certain amount of time the molecular conformation in the crystal lattice, we are focused on
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the molecules with the aromatic amide scaffold; this is because they can be synthesized
many derivatives with variety substituents, and show considerable stability for the
subsequent reaction. Molecules 1-4, as shown in Figure 4, were designed to consider the
development of subsequent asymmetric reactions. Imide 2 has an axial chirality based on
the C-N bond; on the contrary, in compounds other than 2, there is C-C bond axial chirality
between the aromatic ring and amide groups. The racemization is inhibited to some extent
by the steric repulsion between the aromatic ring and substituent on the amide nitrogen
atoms of the planar structure. However, depending on the substituents on the aromatic ring
and nitrogen atom, the rotational barrier of the N-C(=O) bond, except in special cases, is 20
~ 24 kcal mol?, and the bond can rotate slowly even at room temperature.l¥) In these
substrates, when N-C(=0) bond rotation occurs, the racemization spontaneously proceeds
depending on the Ar-(C=0) bond rotation; therefore, the maximum free energy of activation
for racemization is also controllable. By changing the size and electronic property of the
substituents, we can finely tune the energy of racemization of the aromatic amide.

Azumaya ef al. also reported an example of retention of the molecular chirality when the
chiral crystal of 1,2-bis(N-benzoyl-N-methylamino)benzene 5 was dissolved in cold
CDCl3.29 The BIPHOS ligand 6 crystallizes as a conglomerate, and a single crystal in CH>Cl»
at -78°C reacts with [PdCl(CH3CN),] to give the enantiomerically pure complex
[PdCly(biphos)]. Tissot et al. reported an example of catalytic asymmetric synthesis where
the enantiomerically pure complex was used in the catalytic asymmetric allylic substitution
of 1,3-diphenylprop-2-enyl acetate with the anion of dimethyl malonate to give product in
93% yield and with 80% ee.16)
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Fig. 4. Achiral molecules with chiral memory effect

4. Asymmetric reactions using chiral memory derived from chiral crystals

4.1 Asymmetric nucleophilic addition to carbonyl group using chiral crystals of
2-benzoylbenzamides

When 2-benzoyl benzamides 1a-d with various sizes of substituents on the nitrogen atom
were synthesized and the crystal structure was analyzed by X-ray crystallographic analysis,
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it was revealed that three substrates 1a-c afforded chiral crystals (Figure 5).1) As mentioned,
achiral materials generally yield chiral crystals in about 10%; however, the designed
molecules with the polarity and their round shapes crystallized in the chiral space group in
very high proportion.1¥) In these substrates, the two carbonyl groups are unable to form a
planar conformation, but formed a twisted up and down structure, and chiral crystals were
obtained by forming crystals of either enantiomer. If the substrate had a relatively fast rate
of racemization, the same enantiomeric crystals were obtained in the flask by the usual
recrystallization from a solution. It is easy to obtain large quantities of the desired
enantiomer crystals by adding seed crystals of one enantiomer during crystallization.

RZ _R! 2 i
N Ar-C(=0) bond RNk
0 rotaion o 1a:R'=R%=Me (P2,242¢)
o = — o 1b: R"=R?=Et (P24242)
racemization 1c:R"=Et, R?=Bn (P2,2:2/)
Ph Ph 1d: R'=R2=Bn (Pbca)
(S)1 (R)-1

Fig. 5. Achiral 2-benzolybenzamides studied for chiral crystallization and asymmetric
synthesis.

When the chiral crystals were dissolved in a solvent at room temperature, the molecular
chirality disappeared in an instant. How long chiral molecular conformation is retained after
the crystals were dissolved in a cold solvent? There are several techniques to measure the
rate of racemization, and it can be obtained from the decay of optical rotation or CD spectra
by longer life to some extent. However, these substrates have very fast rates of racemization,
and the Cotton effect was not observed by the CD spectra immediately after dissolving the
crystals in a solvent of -80°C by using a cryostat apparatus. Therefore, the rate of
racemization for 1b was determined using VT-NMR techniques. Methylene protons of the
diethyl group on the nitrogen atom of 1b are observed at the two different positions of anti
and syn at room temperature; however, the protons in the diastereomeric relationship will
be observed as four peaks at low temperatures. Activation free energy of racemization was
calculated from the chemical shift, the coalescence temperature was 10.3 kcal mol! in
toluene at -60°C, and the half-life could be reached in 2.2 x 103 sec. The half-life is very
short; however, asymmetric synthesis of a sufficiently high stereoselectivity was expected to
be achieved by selecting a stereospecific reaction faster than racemization.

Nucleophilic addition reactions to the carbonyl group were examined. When the chiral
crystals of 1 were added to a cooled toluene solution containing butyllithium, the adduct 7
was obtained in high yield. Optical purity of the product was determined after induction to
phthalide 8 by treatment with acetic acid (Table 1). The product from 1a showed optical
activity of 17% ee because of the significantly faster rate of racemization of 1a having small
steric hindrance of dimethyl groups on the nitrogen atom. On the other hand, when using
the chiral crystals of 1b and 1¢, the product could be obtained with optical purity of more
than 80% ee. As a matter of course, when using the crystals of racemic 1d, 7d and 8d were
obtained as racemates. Whereas compound 1 showed short-lived chiral memory, it was
enough to react with butyllithium. These results prepared unprecedented asymmetric
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synthesis involving nucleophilic reaction of carbonyl groups using chiral memory with C-C
axial chirality.

@)
HQ Bu  AcOH Q +Ph
1 A\
Ph toluene Bu
Crystal heat
8
. 1 5 space yield (%) ee (%)
amide R R group of 8 of 8
1a Me Me P2,2424 82 17
1b Et Et P242424 82 82
1c Et Bn P242424 83 80
1d Bn Bn Pbca 87 0

Table 1. Reaction using the crystal of 2-benzoylbenzamides with n-BuLi

4.2 Asymmetric reactions using chiral memory derived from asymmetric imides

We reported the asymmetric reaction using chiral memory owing to the C-N axial chrality
derived from the chiral crystal of acyclic imide (Figure 6).19 The imide nitrogen atom has a
planar structure, similar to the sp2-hybridized amide nitrogen atom, and can form multiple
structures of EE, EZ, ZE, and ZZ.9 In imide 2, the tetrahydronaphthyl group (TENAP) on
the nitrogen atom exhibited almost perpendicular conformation to the plane of the imide.
Depending on the direction of the TENAP group, each conformation enters an enantiomeric
relationship. Racemization rate of the substrate could be determined by measuring the
decay of the CD spectra using a cryostat apparatus by dissolved chiral crystals in a cold
solvent. Activation free energy of racemization of this imide was 18.4 kcal mol! in THF at
-20°C, which indicates that the chiral molecular conformation could be retained long enough
after the chiral crystals were dissolved in a solvent. We tried the reaction of butyllithium
with chiral molecules using this chiral memory. The reaction site is the benzoyl group of the
side of the imide plane, and was reacted at -80°C; 9 and 10 were obtained as optically active
forms of 83% and 81% ee, respectively. Furthermore, when provisional chiral molecule was
irradiated in THF at -60°C, optically active oxetanes 11 and 12 were isolated.19)

4.3 Development of chiral crystallization and asymmetric reactions using the chiral
crystal of naphthamides

To perform this asymmetric synthesis, 2-alkoxy-1-naphthamides 3 were chosen because the
bond rotation between the naphthalene ring and the amide carbonyl corresponds to
enantiomerization of 3, and the rate is considerably affected by the substituent of both the
naphthalene ring and the amide group (Figure 7).20 Naphthamides with a bulky group such
as the N,N-diisopropyl amide group have stable axial chirality, which is utilized in many
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asymmetric synthesis.?) Therefore, achiral naphthamides possessing a relatively compact-
size amide group derived from pyrrolidine and piperidine, 3a and 3b, were prepared for
our purpose. The X-ray single crystallographic analyses of the crystals revealed that both
amides tend to have almost the same molecular conformation; remarkably, each carbonyl
group twists almost orthogonally to the naphthalene plane.

Q_/<O AG¥ 555 = 18.4 keal mol™ O
N-Ar bond rotaticn <:>_<

0 N - > 0 N

Ph O Ph: 0

Racemization

(aS)-2 (aR)-2
-BuLi HO_ Bu HO_ H
(+)(ar)y2 DUt/ TMEDA | Ph>,%( NH(TENAP) + %(NH(TENAP)
-80°C, in THF
0 0
-9 (-)-10
46% yield, 83% ee 24% yield, 81% ee
hv
(+)-(aR)-2 >
-60°C, in THF
1
81% vield, 87% ee 19% yield, >79% ee

Fig. 6. Chiral crystallization of achiral acyclic imide and asymmetric synthesis using the
chiral memory

Fortunately, both 3a and 3b crystallized in a chiral space group, P2:12:2;, and the constituent
molecules adopted a chiral and helical conformation in the crystal lattice. The rate of
racemization of 3 after dissolving the chiral crystals in a solvent was measured based on the
changes in the CD spectra. The activation free energy (4G*) was calculated from the
temperature dependence of the kinetic constant between 5 and 15°C as 21.2 + 0.2 kcal mol-!
in THF. These facts indicate that the racemization of 3b is too fast to be resolved in the usual
manner. The lifetime can be lengthened by lowering the temperature so that the
racemization is sufficiently slow and the reaction can be used to accomplish asymmetric
synthesis.

The crystals of naphthamide 3 used for the asymmetric reaction were prepared by stirred
crystallization from the melt.22 The samples were completely melted at 120°C, which greatly
exceeds their melting points (mp of 3b: 110-112°C), cooled and solidified by lowering the
temperature by stirring to 100°C. High reproducibility of both the chiral crystallization and
asymmetric reaction was achieved by this method; however, the direction of the optical
rotation of the photoproduct was inconsistent and appeared randomly. Of course, the
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desired crystals of 3 could be selectively prepared in large quantities by the addition of a
corresponding seed crystal during the crystallization process.

0 N/Qn racemization 0 NQn

AGT = 21~23 kcalmol™

OMe OO OMe
OO B room temp

3an=1
(R-3 3b:n=2 (S)-3

Fig. 7. Racemization of 2-alkoxy-1-naphthamides by Ar-(C=0) bond rotation

We examined the asymmetric reaction using the provisional molecular chirality of
naphthamide 3b (Figure 8).23) After chiral crystals of 3b were dissolved in a toluene solution
containing diene (0.10 M) at -20°C, the solution was irradiated at the same temperature.
Cyclobutane 13 was obtained in an optically active form of 76% ee at a 10% conversion of 3b.
Furthermore, with the increase of the conversion of 3b, the ee value of 13 decreased rapidly.
The rate of racemization of 3 at -20°C is very slow, and chirality was retained during
irradiation. Why did the ee values decrease during the progress of the reaction? The amide
directly racemized on irradiation via the twisted intramolecular charge transfer (TICT)
mechanism from the singlet excited state.

hv (>290 nm)
chiral crystals . X
amide 3b A i
in Toluene

at rt or -20°C

Y

13: R =—N_)

up to 76% ee
Fig. 8. Photochemical cycloaddition of naphthamide 3b with 2,5-dimethylhexa-2,4-diene

We also reported the 4+4 cycloaddition of excited 9-cyanonaphthalene with the ground state
of 3, leading to an optically active 4+4 adduct with high enantioselectivity (Table 2).20) Chiral
crystals of 3b was dissolved in a cooled THF solution of -20°C including 9-CNAN, and the
solution was irradiated with an ultra-high pressure mercury lamp for 30 min. Only one
cycloadduct 14 was obtained in 100% chemical yield, and the adduct showed optical activity of
95% ee. When we used a mixed solvent of MeOH and THF, almost the same ee value (94% ee)
was obtained. Even at 20°C, we were able to obtain 29% ee of the adduct from the reaction in
THF, in which the enantiomerization occurs competitively with the photocycloaddition. The
rate of enantiomerization in alcoholic solvent is more suppressed than in THF, and the half-life
is still 62.6 min. at 20°C. Surprisingly, we could obtain 88% ee of the product at 20°C.

For the stereochemistry of the reaction pathway, the (S)-proline derivatives were
synthesized. The comparison of the absolute structure of the starting naphthamide and the
adduct was studied, and it can be estimated that 9-CNNAP approaches from the vacant site
of the carbonyl group to avoid the bulky substituents on the nitrogen atom (Figure 9).24)
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®
. hv )
amide (S)-3b 4+ OO OMe
(chiral ~ solvent %

crystal) CN
9-CNAN NC :
14
temp  conc (mol L conv of o
entry solvent (deg) ( ) s of 14 (%)
1 THF -20 0.05 52 95
2 THF 20 0.05 45 29
3  MeOH/THF -20 0.025 54 94
4 MeOH/THF 20 0.025 40 88

Table 2. Asymmetric photochemical cycloaddition reaction of 3b with 9-cyanoanthracene
using the provisional axial chirality

Fig. 9. Reaction course of the photocycloaddition of chiral conformation of (S)-3b with
excited state of 9-CNAN

4.4 Chiral lock of the provisional chiral memory of naphthamides

Next, we examined how to lock the bond rotation affecting racemization of the amides 3.2
The racemization should be suppressed by substitution of the methoxy group at the 2-
position of the naphthalene ring with the more bulky group.

A THEF solution containing 3.0 eq. of f-BuLi was cooled to -80°C and was followed by the
addition of chiral crystals of 3a. After reaction for 1 h at the same temperature, the reaction
mixture was treated in the usual manner. Analysis of the reaction product showed the
formation of 2-t-butyl derivatives 15a in a 97% yield and in an optically active form of 85%
ee. When the chiral crystal of 3b was used for the SyAr reaction, nearly similar results were
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obtained. When the crystals of (+)-3a or 3b were used for the SyAr reaction, (+)-15a,b were
obtained. Both amides 15a and 15b have stable axial chirality and did not racemize at room

temperature for several months.
o N_Dh
amide 3 tBulli . Bu!

(chiral THF, -80°C, 1h
crystal)
15

15a (n = 1) : 97% (85% ee)
15b (n = 2) : 72% (85% ee)

Fig. 10. Asymmetric SnAr reaction of 3 with ¢-butyllithium using the provisional axial
chirality

4.5 Kinetic resolution of racemic amines using provisional molecular chirality

We found that the kinetic resolution of racemic piperidines alkylated at the 2- or 3-position
was performed using the provisional enantiomeric conformation of naphthamide 3a derived
from chiral crystals.26) Chiral crystals of naphthamide 3a were added to a THF solution of
racemic lithium amides prepared by the reaction of substituted piperidines with n-BuLi at
-80°C; the reaction mixture was stirred for 5 hours at -20°C because the substitution
reaction did not proceed below -20°C.

When a 2.0 equimolar amount of 2-methylpiperidine was used, 30% of naphthamide 3a was
consumed, and 30% of 16a was isolated. The reaction conversion was low; however, the
reaction was very clean, and 70% of unreacted naphthamide was recovered. Fortunately, 16a
was obtained as the optically active form in 94% ee. Based on an increase of the amount of
lithium amide to 5 eq. all naphthamide 3a was consumed and converted to 16a
quantitatively with 81% ee. These results indicate that the 2.0 equimolar amounts of lithium
amide form a stable intermediacy complex with naphthamide 3a, and an extra amount of
piperidine must be necessary to obtain product 16 in good yield. The intermediacy
enantiomeric complex reacts preferentially with one enantiomer of the racemic peridine.

We diminished the amount of piperidines using such additives as diisopropylamine, TMEDA,
and HMPA by displacing the complex ligand. When 3.0 eq. of LDA was added to the 2.0 eq. of
the piperidine lithium amide, the substitution reaction occurred in a 100% conversion, and 3a
was isolated almost quantitatively in 73% ee. The addition of 1.0 eq. of TMEDA was also
effective, and 80% of product was obtained with 80% ee. When 3.0 eq. of HMPA was used for
the additives, all naphthamide was consumed, and 16a was obtained in 90% with 69% ee.

When racemic 2-ethylpiperidine was reacted with the provisional chiral conformation of 3a,
similar results were obtained as the reaction with 2-methylpiperidine. However, when
racemic 3-methylpiperidine was used as a nucleophile, the substitution reaction occurred
quantitatively; however, the ee value resulted in 17%. The methyl group at the 3-position of
the piperidine ring was insufficient to control the stereoselectivity because of the distance
between the reacting nitrogen atom and the substituent. On the contrary, the substituent at
the 2-positions worked sufficiently as strong chiral flags to control the stereoselectivity.
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(RS)-alkylated piperidine O N .
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Fig. 11. Kinetic resolution of racemic piperidines by provisional molecular chirality of
naphthamide 3a.

4.6 Photosensitized 2+2 cycloaddition reaction using chiral memory

Achiral N,N,4-triethylcoumarin-3-carboxamide 4 crystallized in a chiral space group, P21212;
(Figure 12).2) The X-ray single crystallographic analysis of the crystals revealed that the
amides 12 tend to have a twisted conformation, of which the amide carbonyl group twists
almost orthogonally to the coumarin chromophore. There are two enantiomeric
conformations as shown in Figure 12 caused by the C-(C=0) bond rotation in fluid media;
however, the chiral crystal is composed of a single enantiomer.

The rate of racemization was measured according to the changes in the CD spectra using a
cryostat apparatus, and the activation free energy and the half-life were calculated. The
racemization of 4 in THF was too fast at room temperature to determine the rate. On the
other hand, when the crystals of 4 were dissolved in THF at 5°C, the half-life of
racemization was 11.9 min. The half-life increased as the temperature was lowered, and
ti72 was 30.5 and 82.0 min at the temperatures of 0°C and -5°C, respectively. The
activation free energy (4G*) was calculated as the temperature dependence of the kinetic
constant (5°C: 4.85 x 104, 0°C: 1.89 x 104, -5°C: 7.04 x 10-5) to be 20.5-20.7 kcal mol-L. In the
case of the racemization in MeOH or DMF, the rate showed a considerably low activation
free energy of 22.3-22.4 kcal mol-, and exhibited 20.2 and 23.6 min of half-life at 25°C, in
MeOH and DMF, respectively. These facts indicate that the racemization of 4 is too fast to
resolve in the usual manner; however, it can be controlled by lowering the temperature
and with the selection of the solvent, and the lifetime becomes long enough for utilization
in asymmetric synthesis.

Et O . : Et O
AGT = 21~22 kcal mol
N N’Et - . N\ l}l’Et
o X0 Et room temp o0” Yo Et
racemization
(S)-4 (R)-4

Fig. 12. Racemization of coumarinecarboxamide 4 owing to the rotation of the Ar-(C=0)
bond
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Alkenes
Ph,CO hv (365 nm)
(R)-4 > >
MeOH 3h
-20°C
alkene conv.of4  yield of 17 P ee of 17 (%)
(%) (%) endo-17 - exo-17 endo-17 exo-17
Z 0Kt 96 99 3:1 98 97
Me
/\OM 74 98 100: 0 99 -
e

Reaction conditions; 4 (0.02 mol/L), alkene (0.2 mol/L), BP (0.1 mol/L)

Table 3. Asymmetric photosensitized cycloaddition reaction of 4 with alkenes using the
provisional axial chirality

When powdered crystals of 4 (0.02 mol L) were dissolved in a cooled MeOH solution
(-20°C) containing ethyl vinyl ether (0.1 mol L!) and irradiated at -20°C with a 365 nm line,
optically active adducts 17 were obtained as would be expected. However, the ee values
were affected by the conversion. High ee values of products (82% ee of endo-17 and 86% ee of
ex0-17) were obtained by suppressing the conversion of 18%; however, the ee value
decreased as the conversion increased. We measured the changes of the CD spectral of an
MeOH solution of 4 using a cryostat apparatus by irradiating at -20°C, and it was confirmed
that racemization of the starting amide 4 in the singlet-excited state had occurred. Therefore,
we examined the triplet-sensitized photocycloaddition of 4 using benzophenone (BP) as a
triplet sensitizer to avoid photoracemization from the singlet-excited state. When powdered
crystals of 4 were dissolved to a cooled MeOH solution (-20°C) containing ethyl vinyl ether
and benzophenone (0.01 mol L-1) and were irradiated at -20°C for 3 h, high optical yields of
adducts, 94% ee of both endo- and exo-17, were obtained. The use of 0.02 mol L1 of
benzophenone resulted in 100% conversion and a 98% chemical yield of adducts;
furthermore, surprisingly high ee values of products, 96% ee of endo-17 and exo-17, were
obtained. Finally, 98% ee of endo-17 and 97% ee of exo-17 were isolated by increasing the
concentration of benzophenone to 0.1 mol/L.

The asymmetric cycloaddition using the homochirality in the crystal was also performed by
the use of 2-methoxypropene. In this case, only endo-17 was obtained in an almost
quantitative yield, and asymmetric synthesis with high ee, up to 99%, was performed.

This reaction provided the first example of photosensitized intermolecular cycloaddition
with high enantiomeric excess using the homochirality in the crystal generated by
spontaneous crystallization.
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5. Diastereoselective reaction using memory effect of molecular chirality
controlled by crystallization

Asymmetric chiral transfer techniques using chiral memory derived from chiral crystals can
be applied to diastereoselective reaction (Figures. 13, 14). We used the aromatic amides 18-
20 with an optically active proline goup as the chiral source to give the chiral memory
capabilities. Four diastereomers are possible in these compounds owing to the rotational
isomer of C(=O)-N and C-(C=0O) bonds. When we used diastereomeric mixture in
asymmetric reactions, we obtained the mixture of products reflecting the ratio of starting
diastereomers, and high stereoselective reaction could not be achieved. However, when
diastereomixture of amides were crystallized, epimerization owing to the bond rotation was
promoted, and the mixture automatically converged to a single diastereomer by
Crystallization-Induced Diastereomer Transformation (CIDT) (Figure 13).

5.1 Diastereoselective reaction using memory effect of naphthamides

In the NMR spectrum of naphthamide 18, several peak pairs were observed derived from
diastereomixtures, which suggested that this amide existed as a mixture of diastereomers in
the solution.2 After evaporating the solution to solidify the amide, NMR spectrum
measured immediately after dissolving the solid to CDCl3; showed only peaks derived from
single diastereomers. This fact indicated that diastereomixture crystallized by converging to
single crystalline diastereomer by simple solidification (Figure 15). Conformation in the
crystal was determined as (5,aR)-18-A by single crystal X-ray crystallographic analysis.
Moreover, this chiral molecular conformation in solution was also retained at low
temperature for long enough time to be used as a chiral memory.

Mixture of Several Single
Diastereomers Diastereomer
Chiral materials with crystallization
dinamic axial chirality . ~| crystal of
A<= B<== C<=D CIDT A isomer

dissolved in solvent
at low temp

chiral memory of
A Conformer

chemical reaction
T T fudmeda ——
\

[ Low-selectivity] [ High-selectivity]

Fig. 13. Asymmetric synthesis using chiral memory derived from CIDT
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Diastereoselective photocycloaddition reaction with 9-CNAN was examined. Irradiation of
amides 18a-b before solidification in the presence of 9-CNAN gave adducts 21a and 21b
with the de values of 63% and 53%, respectively. On the other hand, when the crystals of
amides obtained by CIDT were dissolved in THF at -20°C, 96% de of adduct 21a and 100% de
of 21b were obtained. The molecular conformation of 18 was retained in a cold solution after
dissoving the crystals, and could act as a chiral molecular memory; 9-CNNAP approached
selectively from the less hindered site of carbonyl group of naphthamide.

MeO,C,

O NO Ry O
OR @/gu\@ X Me
g ‘ [OJNO) N~ O
18 19 20

Fig. 14. Aromatic amides with chiral memory effect derived from CIDT
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Fig. 15. CIDT of naphthamide with proline group

5.2 Diastereoselective reaction using memory effect of coumarinecarboxamides

We found that coumarin carboxamide 19 also existed as a mixture of diastereomers in
solution, and could be converged to (S,aR)-conformer by solidification.?8) When the crystals of
19 were dissolved in MeOH at -20°C and irradiated in the presence of electron-rich alkenes,
perfectly stereo-controlled 1:1 photoadduct 22 was obtained in 100% de (Figures 16, 17).
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<:)‘Cozlwe

18-A + 9-CNAN v, W
Crystal _?I'(I)-TIS
v oD
21

amide 18-A  solidification conv. of 18 (%) yield of 21 (%) de of 21 (%)

18a (R = Me) before 77 >99 63
18b (R = Et) before 70 >99 53
18a (R = Me) after 62 >99 96

18b (R = Et) after 70 >99 100

Table 4. Diastereoselective photocycloaddition using chiral memory derived from CIDT

Me O CO,Me =COzMe
@\)TLN ~ eplmerlzatlon MQ

0" "0
L (S,aS)-19 (S,aR)-19 4

Fig. 16. Epimerization of coumarinecarboxamide with chiral handle

MeO \\\\\Me

Alkene, Ph,CQ,
hv (365 nm)

(S,aR)-19
MeOH, -20°C

22 : 98% de
Fig. 17. Stereoselective photocycloaddition using chiral memory derived from CIDT

5.3 Diastereoselective reaction using memory effect of quinolonecarboxamides

2-Quinolone-4-carboxamide 20 possessing (S)-proline methyl ester as a chiral handle was
chosen for the purpose.??) Amide 20 exists as a mixture of two diastereomers in the ratio of
aR:aS = 40:60 (diastereomeric excess, de = -20%) before crystallization (Figure 18). When the
mixture was crystallized from a THF solution by evaporating solvent at 70°C, the minor
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isomer was easier to crystallize than the major isomer, and they converged to almost a single
diastereomer in a ratio of aR:aS = 95:5 (de = 90%). Furthermore, recrystallization of the
crystals once from ether easily gave 99% de of amide 20. Axial chirality was stable for several
days at room temperature; however, heating the chloroform solution of (5,aR)-20 at 55°C for
12 hrs gave the exact same diastereomixture as before crystallization.

Next, the homochiral crystals were utilized for subsequent diastereoselective reactions.
Diastereoselective 2+2 photocycloaddition reaction of amide 20 with methacrylonitrile was
examined. The reaction with methacrylonitrile proceeded effectively, stereo-, and
regiospecifically. The amide 20 before crystallization was irradiated in the presence of
methacrylonitrile with a high-pressure mercury lamp at 20°C until most of the starting amide
was consumed (2 hrs). The photochemical reaction occurred effectively, and 2 + 2
cycloadducts were obtained in 100% chemical yields; both diastereomers were endo isomers,
minor (15,2aR,8bR)-23, major (1R,2aS,8bS)-23, and the de value was -25%. Since epimerization
was not observed at 20°C, it seems that the de value of the photoproducts should be attributed
to the ratio of the diastereomers of the amide 20 before crystallization (-20% de).

MeOzC,,,/ MeOzC,@,
0 NO 0 NQ
epimerization
N Me P AN Me

-
NSo V"o
Me Me
40% 60%
(S,aR)-20 (S,aS)-20

crystallization

CH,=CMe(CN)
hv (> 290 nm)

(S,aR)-20 >
THF, rt ~ -80°C

(1S,2aR,8bR)-23
89 ~ 98% de

Fig. 18. Epimerization of quinolonecarboxamide with chiral handle and stereoselective
photoaddition using chiral memory.

Furthermore, we examined a photocycloaddition reaction using the homochiral molecular
conformation converged by CIDT. The crystals were expected to be composed of a single
diastereomer of (S,aR)-conformation, and the epimerization in the solution caused by the
bond rotation between the quinolone and the carbonyl group was restricted at room
temperature. In other words, conformation in the crystals may be retained as frozen after
dissolving them in the solvent at room temperature, and molecular homochirality can be
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effectively transferred to the products. The THF solution of (S,aR)-20 containing
methacrylonitrile was irradiated with a high-pressure mercury lamp for 2 hrs until the
starting amide was consumed. When the reaction was performed at 20°C, two 2 + 2 adducts,
major (15,2aR,8bR)-23 and minor (1R,2aS,8bS)-23 were obtained in 99% yield. As expected,
epimerization was strongly controlled at this temperature, and a high de of 89% was
achieved. Even at low temperature, the reaction proceeded effectively, and after decreasing
the temperature, the de values improved; the best de of 98% was obtained in the reaction at
-80°C. The axial chirality evoked by crystallization directed the course of the approach of the
reacting molecules, and a fully controlled diastereoselective intermolecular
photocycloaddition reaction was performed.

6. Prospects for new asymmetric reaction using crystal

New aspects of chemistry are deployed by effectively utilizing the unique nature of crystals.
In this chapter, a new approach to asymmetric chemistry using chiral crystals found in our
research groups is introduced. We succeeded in transferring the chirality expressed by chiral
crystallization of achiral substrate to products in a variety of reactions in homogeneous
systems. Stereoselective reaction using chiral crystals was limited to the topochemical solid-
state photoreaction, and the reactions expanded in a homogeneous system were able to
achieve the highly stereoselective asymmetric reaction. Some readers may think that chiral
molecules possessing memory effects introduced in this chapter are like acrobats using a
very narrow energy band. Figure 19 shows an energy diagram for racemization of chiral
molecules that express chirality by spontaneous crystallization or by Crystallization-
Induced Enantiomer Transformation (CIET). We can effectively use molecules with

Available for total resolution by CIET

achiral

*-—

Available for absolute asymmetric synthesis using chiral memory effect

Fig. 19. Energy diagram for racemization of axially chiral and achiral materials available for
asymmetric synthesis via spontaneous chiral crystallization
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activation free energy of racemization from 10 to 30 kcal mol-! for chiral memory. It is not an
unusual technique, but a rather typical approach that can be widely utilized in asymmetric
reactions. We have found many more applications to this method using chiral memory; we
will present them in future work. In addition, this method could be applied to the
diastereoselective reaction using chiral memory derived from CIDT. These findings suggest
that the molecular information in the crystal can be widely applied to a variety of chemistry,
in addition to organic asymmetric reaction.
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1. Introduction

The use of glass-making processing is favorable for the fabrication of Na* conducting
electrolyte tubes, which has been the key to the technological development of 1 MW Na/S
secondary battery plants. However, the processing technique cannot be applied to well-
known {3- and B"-aluminas (e. g., NaAl;1O17 and NaAlsOs) and Nasicons (Nai+xZr2P3..5ixO12)
because their high inclusion of Al;O; or ZrO, brings about the inhomogeneous melting or
crystallization from glasses. Alternatively, Nasicon-like glass-ceramics were synthesized
using the composition with lower content of ZrO; (mNaxO xZrO; yP2Os (100-m-x-1)SiO
[m=20, 30 mol%]), however, the conductivities (o) attained were, at most, as high as
0300=2x102 S/cm at 300°C with the activation energies (E,) of ca. 30 kJ/mol. These low
conductivities were attributed to the crystallization of the poorly conductive rhombohedral
phase in these Nasicon-like materials. NasYSisO2 (N5), which comprises 12-(SiO4)%-
tetrahedra membered skeleton structure (Fig. 1), is another Na*-superionic conductor with
0300=1%101 S/cm and E.=25 kJ/mol. A pioneering work on N5-type glass-ceramics has been
performed by Banks ef al. on the family of N5-type materials by substituting Y with Er, Gd
or Sm. However, their results were not completely satisfactory because of the relatively
lower conductivities of 0300<2x102 S/cm than the reported values of N5. This discrepancy
may possibly have arisen from the occurrence of a less conductive metastable phase during
crystallization, as is discussed below.

Contrary to the results of Banks et al., the present authors have produced glass-ceramics
with 0300=1x10-1 S/cm and E,=20 kJ/mol, which were based on the phosphorus-containing
N5-type materials discovered in the Na;O-Y203-P205-5i0 system. These N5-type materials
have been obtained, as well as NasYSi3O9 (N3)-type materials, with the composition formula
originally derived for N3-type solid solutions and expressed as follows,

Nag3:yY1.P,Siz,Oo (x<0.6, y<0.5) (1)

With the aim of searching for more conductive glass-ceramic N5-type materials, the
verification of the validity of the generalized composition formula

Nass3:.yR1.PySiz,Oo 2)

for the synthesis of other kinds of rare earth N5-type glass-ceramics was studied first.
Formula 2 is rewritten with formula 3 according to the formula N5.
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Nay(3+3x-y)/3 Y 4(1-2)/3P1/3514(34)) /3012 (3)

In relation to previous works, formula 2 was employed in this work, and formula 3 is
referred to in the results. The trivalent ions employed here for R3* were Sc3*, In3+, Er3+, Gd3+,
Sm3+, Eud*, Nd3* and La3* as well as Y3*. These results are to be interpreted in terms of the
effect of the rare earth ions on the crystallization of N5-type phase in glasses.

@ Na(1), Na(2)
Na(3)
® Na4)
© Na(5), Na(6)

Fig. 1. Crystal Structure of NasYSisO12. Projection of the NasYSisOr» Structure on (100).

In the course of the fundamental studies on glass-ceramic Naszs.,R1.,P,Sis.,O9, we have
interestingly found the crystallization of those N3- and NagYSisO1s (N9)-type phases as the
precursors in the glasses. These are the analogues to the silicates N3 and N9 and therefore
are the same members of the family of Nans3.Y,Si1203 as N5. Although we had also
successfully synthesized those materials by the solid-state reactions of powders with the
above composition of various sets of the parameters x and y, the metastability of those
precursor phases had not been noticed in the synthesis. It has been observed that such
precursor phases were transformed to the Na*-superionic conducting phase on specimens
with appropriate sets of x and y. The present paper will deal with the thermodynamic and
kinetic study on the phase transformation of metastable phases to the stable phase with Na*-
superionic conductivity. The superiority of our present materials to the other silicate N5 will
also be detailed based on the kinetic results.

The microstructure of a glass-ceramic, including neck growth among grains as well as grain
size, is generally affected by the crystallization process. As the above mentioned devices
utilize dc conduction properties of Na*-superionic conductors, another aim was to study the
microstructural effects on the conduction properties of a whole glass-ceramic. Special
attention was paid to the analysis of grain boundary properties using the NaxO-Y>03-P2O0s-
SiO; system. For the analysis of grain boundary properties, as will be discussed below,
composition dependences of the conductivity of sodium silico-phosphate glasses containing
Y>0; were also studied in the NayO-Y>03-P,Os-S5i0; system. For convenience, the present
materials are abbreviated as NaRPSi taken from the initials of the NayO-R;O3-P>05-SiO»
system.
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2. Materials
2.1 Preparation of glasses and glass-ceramics

Precursor glasses were prepared from reagent-grade oxides of anhydrous Na>COs, R;O3
(R=Y, Sc, In, Er, Gd, Sm, Eu, Nd, La), NHsH2PO4 and SiO»; the mechanically mixed powders
according to formula 2 or appropriate compositions shown below were melted at 1350°C for
1 h after calcinations at 900°C for 1 h. The melts were quickly poured into a cylindrical
graphite, then annealed at 500°C for 3 h, giving NaRPSi glasses. The composition
parameters studied were in the range of 0.2<x<0.6 and 0<y<0.5 of formula 2. As shown
below, grain boundary conduction properties are discussed in relation to the properties of
glasses. For the evaluation of the composition dependence of conductivity in Na*
conducting glasses, various sodium yttrium silico-phosphate glass specimens with different
atomic ratios of [Na]/[P+Si] and [Na]/[Y] were also prepared.

Crystallization was carried out according to the previous report; bulk glasses were heated
with an increasing rate of 75°C/h to a temperature above ca. 50°C of the glass transition
point, which had been determined in advance by differential thermal analysis (DTA). This
pretreatment was done in order to obtain homogeneous nucleation. After the annealing for 1
h, specimens were heated at temperatures of 800 to 1100°C, depending on the composition,
for 0.5 to 72 h, thereafter slowly cooled in a furnace with a decreasing rate of 150°C/h to
room temperature. These quenched glasses or glass-ceramic specimens were polished down
with 0.5 pm diamond paste, thereafter subjected to the conductivity measurements.

2.2 Measurements and characterization

Ionic conductivities were measured by the complex impedance method on cylindrical
glasses or glass-ceramics of typically 15 mm in diameter and 2 mm in thickness. Electrodes
were prepared by sputtering of gold on polished surfaces. The applied ac field ranged from
5 to 10 MHz in frequency. The temperature dependence of the conductivity was measured
in a similar way at several temperatures ranging from room temperature to 350°C. The
complex impedance or admittance loci of glass and glass-ceramics were analyzed by an
equivalent circuit (Fig. 2), which was experimentally found to comprise one and two
semicircles in NaRPSi glasses and glass-ceramics, respectively. The two intercepting points
on the real axis are interpreted as the resistance of crystallized grains (Rg()) and the total
resistance of grains and remaining glassy grain boundaries (Rgpgy)). Assume the complex
admittance diagram shown in Fig. 3, where the parameters L; and L, are set here as the radii
of the two arcs 1 and 2. Those parameters are related to one another as the following;:

Lie<1/ (Re+Ras(g) )
and
Lae<(1/Rc)-1/ (Raw@tRes(g) ©)
Then,
La/L1=Ras(g)/ R (6)

Therefore, in an ideal grass-ceramic where residual glass would have negligible influence on
the total, arc 2 would be much smaller than arc 1, since L,/ L;—0.
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Crystalline phases of glass-ceramic specimens were identified by X-ray diffraction (XRD)
method. The lattice parameters of the N5-type hexagonal unit cell were calculated by a least-
squares method using the XRD peaks of (054), (044), (134), (440) and (024). Glass-ceramics of
Y3*-contained NaRPSi were subjected to scanning (SEM) and transmission electron
microscope (TEM) for microstructural analysis. Electron diffraction and compositional
analyses were also performed to characterize the structure of the grain boundary.

For the description of a specific NaRPSi, R of the term will be replaced, respectively, with Y,
Sc, In, Er, Gd, Sm, Eu, Nd and La as NaYPSi, NaScPSi, NaInPSi, NaErPSi, NaGdPSi,
NaSmPSi, NaEuPSi, NaNdPSi and NaLaPSi for Y»>03, Sc20s, InoOs, ErOs, GdyOs, SmyOs.,
EuZOQ,, Nd203 and La203.

3. Thermodynamic and kinetic study on the phase transformation
3.1 Composition dependence of precursor and high temperature stable phases

Fig. 4 shows the composition dependence of both the precursor phases and the high
temperature stable phases of glass-ceramic NaYPSi on the maps of phosphorus-yttrium (P-
Y, Fig. 4(a)), yttrium-sodium (Y-Na, Fig. 4(b)) and phosphorus-sodium (P-Na, Fig. 4(c)),
where the variables on the abscissas and ordinals are expressed with the composition
parameters 1-x, y and 3+3x-y for yttrium, phosphorus and sodium, respectively. As reported
before, N3- and N9-type NaYPSi glass-ceramics can be crystallized as the high-temperature
stable phases at the regions of higher [Y] (1-x>ca. 0.8) and rather lower [Y] (1-x<ca. 0.55),
respectively, in the [Y]-[P] relation.

Ry R,

|_

G

Fig. 2. Equivalent circuit employed for the admittance analysis.

E-B INT, GB, and G represent the electrode-bulk interface, grain-boundaries and grains,
respectively, and (R, C1), (Rz, C2), and R3 are their resistances and capacitances.

Concerning the precursor phases, only either N3- or N9-type NaYPSi was found in any
composition, while N5-type NaYPSi was difficult to crystallize from glasses at low
temperatures. It is also seen in the [P]-[Y] map (Fig. 4(a)) that, under a given phosphorus
content ([P]<0.6) a composition with higher content of yttrium gives N3-type NaYPSi (©) as
the precursor phase, while lower [Y] content results in N9-type phase (open square). The
values of [Y] dividing the regions allowed for N3- and N9-type NaYPSi glass-ceramics
decreased with increasing [P], and the boundary seems to locate slightly apart from the
deduced line of [Y]=0.75-0.5[P] shown with the solid line. Around the boundary region N5-
type NaYPSi can be obtained as the stable phase at high temperatures (solid marks of circle
or square). In the [Y]-[Na] or [P]-[Na] relations (Figs. 4(b) and 4(c)), the region where
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¥
Fig. 3. An idealized diagram of complex admittance for glass-ceramics, in which arc 1
(ARC1) and arc 2 (ARC 2) are related to the crystallized grains (G(c)) and remaining glasses
(GB(g)). L1, L2, Rg, and Rcpg) are, respectively, the radii of arcs 1 and 2, the resistances of
G(c) and GB(g).
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Fig. 4. Composition dependence of precursor (pp) and high temperature-stable phases (sp) of
glass-ceramic NaRPSi on P-Y (a), Y-Na (b) and P-Na (c) maps, where precursor phases N3
and N9 are shown with circles and squares, respectively. High temperature-stable phases are
shown in such a way that solid marks means that N5-NaRSi is the stable, while open marks
indicate that the precursor phases are also stable even at high temperatures. Mixed phases
are also shown: open circle pp = sp = N3; filled circle pp = N3, sp = N5; open square pp = sp =
N©9; filled circle pp = N9, sp = N5; open split square pp = N9, sp = N9 + N5
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N5-type NaYPSi can be found as the high-temperature stable phase is found under ca.
3.6<[Na]<4.3. The effect of sodium content seems insignificant, because the value of [Na] is
subordinately determined as [Na]=6-3[Y]-[P] (=3+3x-y) depending on the contents of both
yttrium and phosphorus.

The above results may suggest that the [P]-[Y] relation dominates the region which is
allowed for each NaYPSi at high temperatures. Considering this inference, we calculated
the products of [P]x[Y] for all of the specimens. The values of [P]x[Y] were as follows
(shown in Fig. 5); 0.16-0.25 for single phase N3-type NaYPSi, 0.14 for mixed phases of N3-
and N5-type NaYPSi, 0.12-0.20 for single phase N5-type NaYPSi, 0-0.14 for the mixed
phases of N5- and NO9-type NaYPSi, and 0-0.17 for single phase N9-type NaYPSi,
respectively. It was therefore deduced (Fig. 5) that the free energy of formation (AG¢) of
NO9-type NaYPSi would be the lowest in a lower region of [P]x[Y], N5-type NaYPSi may
have the lowest AG¢ in a medium [P]*[Y] region, and higher [P]x[Y] would lower AG: of
N3-type NaYPSi.

For a specimen in which N5-type NaYPSi is the stable phase at high temperatures, the
aspect such as Fig. 6a would be illustrated in that AG of N3- or N9-type NaYPSi would be
much smaller than that of N5-type NaYPSi near the crystallization temperature (T¢), and the
value of N5-type NaYPSi would be lowered much less than of the two. Fig. 6b indicates the
aspect that AG or N3- or N9-type NaYPSi stable.

Free energy —

} 1 ]
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Fig. 5. Schematic figure of composition ([Y]*[P]) dependence of free energy of N5-, N3- and
NO9-type NaYPSi.
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Fig. 6. Schematic figures of temperature dependence of free energy change of N5- and N3-
or N9- type NaYPSi in the cases assuming N5- (a) and N3- (b) or N9-type (b) NaYPSi as the
high temperature-stable phase, where Tc is the crystallization temperature.

1.0

L[R]3

[(X 3

Uy

1 1 1
R0 000 1000 1100
Annealing temperature / °C

Fig. 7. Comparison of phase transformation rate (c) between specimens Nas9Y.6P03512709
(1h-annealing: (o); 3h-annealing: (e)) and Na375Y0.65P0.35i2709 (lh-annealing: (o), 3h-
annealing: (m)).

3.2 Kinetic effects of composition on the phase transformation

The kinetic effects of composition on the phase transformation are shown in Fig. 7, which
compares the phase transformation rates of specimens NazoYoeP03Si2709 and
Nas375Y0.65P0.3512709. The transformation rate (ay) of a precursor phase to the stable N5 phase
was determined as the weight ratio of N5-type NaYPSi in a glass-ceramic specimen. The
value of ay was experimentally obtained from the relationship of weight ratio to XRD
intensity ratio, which relationship had been made previously by XRD intensity
measurement on specimens with given weight ratio of N5-type NaYPSi to metastable
phases. It is seen that the composition Naz9Y06P035i2709 is superior to the other, for the N5
single phase NaYPSi was difficult to obtain in the latter specimen. In specimen
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Nas9Y06P03Si2709 a glass-ceramic of N5 single phase NaYPSi was easily obtained at a
temperature higher than 900°C for only three hours. The composition Nas75Y07551309 (or
NasYSi;O12) was inferior in the same meaning.

0 1 1 1 1 1

0 s 10 L5 0 L5 30
Amnealing time / h

Fig. 8. Phase transformation rate (ay) of N3- to N5-type NaYPSi on the specimen
Nas 9Y0,6P0.3512700.

Fig. 8 shows the kinetic characteristics of phase transformation of the metastable phase of
N3- to Nb5-type NaYPSi of specimen NasoYosP03Sia7O9 at various temperatures. The
transition rates, ay, of the silicophosphate NaYPSi were much higher than those of the
Na3.75Y 07551309 silicate material.

The results shown were analyzed with the Avrami empirical equation, ay=1-exp(-k#"), where
k is the rate constant, and n is a constant. The data on a, obtained at the initial and
intermediate stages gave a linear relationship between In(In(1-ay)?1) and In(f) with a
correlation coefficient of more than 0.99. The Avrami parameter and rate constants obtained
are summarized in Table 1. Based on the Arrhenius relationship (Fig. 9), k=Aexp(-E./RT)
with Ey as the activation energy and constants A and R, on those k values which increased
with increasing temperature, we obtained an activation energy of 1.2x103 kJ/mol,
suggesting that the phase transformation can be rather difficult to take place. An addition of
phosphorus and the excess sodium seem effective to the promotion of the phase
transformation.

4. Microstructural effects on conduction properties
4.1 Crystallization and phase diagram

As expected from the previously reported results on NaYPSi, the crystallization of the
superionic conducting N5-type phase took place, depending both on the contents of [R] and
[P], at temperatures of 800 to 1000°C in most NaRPSi glasses of Er to Sm except for
scandium and lanthanum NaRPSi glasses. The N5 single phase region was wider for
NaRPSi of smaller R, but was limited at the [P]=0 region. The effect of phosphorus
substitution for Si is important in the crystallization of N5-type phase. The composition 7
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Na3 9Ro.6P0.3512709 @)

was experimentally shown as the most appropriate composition for the crystallization of
N5-type phase.

Anneling Avrami
temp. modulus Ink
) n
1073 2.61 -20.7
1123 1.94 -14.6
1173 1.39 -9.54
1223 0.75 -4.41

Table 1. Kinetic parameters of phase-transformation of N3- to N5-type NaYPSi of
Na3 9R0,6512700.
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Fig. 9. Arrhenius-type plot of In k with 1000/ T of specimen Na39Y0.65i2.70o.

The relationship between the ionic radius of R3* (rr) and the hexagonal lattice parameters of
Nb5-type single phase is consistent with the previous report on NasRSisO12 (R=5c-Sm) in the
tendency that both lattice parameters increased with increasing rr. The elongation of these
lattice axes is attributed to the octahedral coordination of R3* with the O of SiOs- or POy-
tetrahedra of the 12-membered rings. The local structure around R3* ions is to be further
discussed below in relation to conduction properties. On the formation of N5-type single
phase, the incorporation of excess sodium ions [4(3+3x-y)/3-5=(12x-4y-3)/3 in composition
3] and substitution of rare earth ions [1-4(1-x)/3=(4x-1)/3] must be accounted for in view of
Nb5-type crystal structure.

Banks et al. have reported the values of o3 as 5%103 to 1x102 S/cm for glass-ceramic
NasRSisO12 (R=Er, Y, Gd, Sm), which are as low as those of the mixed phase NaRPSi
specimens. The single phase N5-type glass-ceramic was not obtained in the present work.
Based on the above crystallization analysis, their glass-ceramic specimens are reasonably
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considered to suffer from phase inhomogeneity brought about by insufficient annealing.
The formation of N5-type structure from the precursor glasses is a matter of crystallization
kinetics, since single-phase N5 has been synthesized in single crystal or polycrystalline form
based on the composition of N5. It is noted here that the precursor phases identified were
N3- or N9-type. Both N3 and N9 are considered to form iso-structural with CazAl,Og to be
comprised of the skeleton structure of 6-membered SiOs-tetrahedra rings. It is generally
known that phosphorus pentoxide acts as nucleating agent in the formation of glass-
ceramics. It is therefore presumed at present that the substitution of an asymmetric POy-
tetrahedron has the weakening effect on the bonding of the skeleton structure of 6-
membered SiO,-tetrahedra rings, resulting in the tendency to form the stable 12-membered
structure.

InoT (SK/cm)
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Fig. 10. The Arrhenius plots of the conductivities of grains (G), grain boundaries (GB) and
the total bulk (T) of the glass-ceramic Na39Y06P035i2709 (A) and Nas9Po3Smg6Siz 709 (B).
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'['th{msl liJi:l:mI L““d“i::::?' () Crystalline phase
5 353 32 x00 NE-type + unknown
In 39.8 3.0 %10 Na-type + unknown
Er 26.9 3 10 Ni-type
Y 26.6 6.6 % 102 N -type
Gd 3.0 1.3 3 10! N3-type
Eu 244 5.2% 10 Ni-type
Sm 20.9 6.3 % 102 NE-type
Nd 55.1 2.2 % 10 Unknown
La 57.8 L % 10- Unknown

Table 2. Conduction properties of various NaRPSi glass-ceramics with composition
Na3 9R65i270s.

4.2 Conduction properties of crystalline grains

The complex impedances and admittances of the measured NaRPSi glass-ceramics consisted
of two semicircles below 300°C. The two intercepting points on the real axis are interpreted
as the resistance of crystallized grains (Rg) and the total resistance of grains and remaining
glassy grain boundaries (Rgp). Shown in Fig. 10 are examples of the temperature
dependence Arrhenius plots made on the basis of the calculated conductivity values of
grains and grain boundaries of the glass-ceramic NaYPSi (Na3z9Y0.6P035i2709) and NaSmPSi
(Naz 9Smo 6Po3Si2709), in which the geometrical ratios of thickness to surface area for grains
were also used for convenience for those of grain boundaries because of their undefinable
shapes. Table 2 summarizes the measured conductivities (0300) and the calculated activation
energies (E,) assigned for grains of the glass-ceramics with composition 7 of Sc to La,
regardless of whether their crystalline phases are N5-type or not. The conductivities, o3, of
single-phase NaRPSi specimens of Er to Sc range from 4x102 to 1x101 S/cm; in accordance
the E, falls in the range of 23 to 27 k] /mol. In contrast, the mixed phase NaRPSi of Sc and In
showed much smaller o3 of 3x10- with an E, of 35 to 40 k] /mol, while non-NaRPSi glass-
ceramics with unknown or mixed phases showed much lower conductivities of 1x10% to
1x104S/cm with an E, of 55 to 58 kJ/mol.

The tendency of the conduction properties in single-phase NaRPSi specimens is consistent
with the reported result measured on the corresponding polycrystalline NasRSisOr; 0
increased with increasing rr. The previous works have proposed a mechanism that rare
earth ions, octahedrally coordinated with the non-bridging oxide ions of the 12-membered
rings of silica tetrahedra, work to expand the conduction paths for Na* ions along the c-axis,
which can explain the observed dependence of E; on rr in this work.

4.3 Structure and conduction properties of grain boundaries

As Rgp decreases rapidly with increasing temperature because of high (E.)gp to a comparable
value with Rg at 300°C (Fig. 10), the total conductivities (Rg+Rgs) are dominated by grain
boundary conductivity. The grain size-dependence of o3y is therefore explained by the
decrease in the number of poorly conductive grain boundaries with increasing grain size.



94 Advances in Crystallization Processes

The conduction properties of grain boundaries were strongly dependent on the annealing
conditions, although those of the grains were little changed by annealing temperature and
time. Glass-ceramics are generally composites consisting of crystallized grains and small
amounts of residual glass (<1%). To compare the properties of grain boundaries with those
of glasses, the conduction properties of sodium yttrium silicophosphate glasses with various
compositions were measured. Unlike glass-ceramics the impedance loci of glasses were
comprised of one arc, which indicates that there is no polarization arising from
microstructural inhomogeneity. Based on the intercepting points on the horizontal axis, the
composition dependence of conduction properties of o3 and E, were evaluated. The value
of 0300 ranged from 1x104 to 5x103 S/cm and E, increased from 53 to 67 k] /mol with [Na] or
[Na]/[Y]. These results are also in good agreement with those reported for the glasses in the
NayO-Y203-5i0; system. The values of (Ez)cs of the specimens annealed below 950°C for
shorter times correspond to those in the range of glasses, strongly suggesting that their grain
boundaries are a glassy matrix. The above mentioned dependence of (E.)cs on [NaxO] is
explained by the well-known tendency that the conduction properties of glasses are
improved by increasing [Na>O], which provides the increase of carrier Na* ions. The ratio of
[Na]/[Y] is also an important parameter for the conduction properties, showing an effect on
the conduction properties similar to [NaO].

In order to identify the structure of the grain boundaries of the specimen (Na39Y0.6P035i2700)
annealed at 800°C for 0.5 h, TEM analysis was performed both on grains and grain
boundaries. The results show clear electron diffraction on grains, while not on grain
boundaries. This fact confirms that the grain boundaries are amorphous. Compositional
analyses were also performed, however, [Na] was difficult to determine because of the
evaporation by electron ablation. It was also observed that the glassy phase was condensed
at triple points enclosed by grains, and that neck growth among the grains was well
developed. Thus, it is reasonable to consider that the grain boundaries annealed at lower
temperatures are amorphous, while those annealed at higher temperatures for longer
periods of time are poorly conductive crystalline compounds in the specimens.

5. Recent research on conductive improvement and structural control of
glass-ceramic Na' superionic conductors

5.1 Preparation of crack free NasYSisO12-type glass-ceramics containing the largest
Sm®* ions: Crystallization condition and ionic conductivity

Glass-ceramics of the phosphorus containing N5-type Na* superionic conductors have been
developed by crystallization of glasses with the composition formula 2. The R elements have
a significant effect on the crystallization of glasses, as well as on the conduction properties.
To date, polycrystalline N5-type NaRPSi has been obtained with Sc, Y, Gd or Sm as the R
element. The ionic radius of R (sixfold oxygen coordinated R) has been expected to have a
significant effect on the crystallization of the phase. The reported results on the silicate
ceramics show that the conductivity of the N5-type NaRPSi increases with increasing ionic
radius of R, giving the order NaSmPSi>NaGdPSi>NaYPSi>NaScPSi. It can be expected that
NaSmPSi is the most conductive. However, this order was not always true in glass-ceramics.
Although most of the NaRPSi compounds were obtained as crack free bulky glass-ceramics
(15 mm in diameter, 5 mm in thickness), NaSmPSi was difficult to prevent from cracking
during crystallization. It was found that crack free NaGdPSi with larger Gd3* ions was the
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most conductive; however, NaSmPSi with the largest Sm3* ions was less conductive than
NaYPSi with medium Y3+ ions. In the present study, the N5-type NaSmPSi ionic conductors
were prepared by crystallization of glasses. The optimum conditions for crystallization were
discussed with reference to the conduction properties and the preparation of crack free N5-
type glass-ceramic NaSmPSi.
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Fig. 11. Program of temperature and time for the production of NaSmPSi glass-ceramics.

Samples were prepared according to the chemical formula mentioned above of Naz.3,.,Smi.
+PySi3.,/09. The temperatures employed for nucleation and crystallization of glass specimens
were also determined by the results of DTA analysis. Fig. 11 shows the program of
temperature and time for the production of glass-ceramic NaSmPSi employed in the present
work. The N5-type NaSmPSi ionic conductors were successfully produced by crystallization
of glasses. Although the glass samples heated by the program pattern (A) shown in Fig. 11
broke during crystallization and the glass-ceramic NaSmPSi obtained by the pattern (B) was
difficult to prevent from cracking during crystallization, most of the NaSmPSi compounds
by the pattern (C) were obtained as crack free bulky glass-ceramics (the glass samples broke
during crystallization when heating time for crystallization was over 5 h). Fig. 12 shows the
phase-composition diagram of samples crystallized at 900°C by the pattern (C). The
crystallization of the N5 single-phase glass-ceramic NaSmPSi was dependent strongly on
the concentrations of both [R] and [P] (or x and y in the composition parameters) and the
temperature for crystallization of glass specimens. Fig. 13 shows SEM photograph of
microstructure of specimen with the Nas 9Smg ¢P035i2709 composition heated at 900°C by the
pattern (C). The grain size of the specimen was about 3-5 pm. The state of grain growth is
promoted with increase of heating temperature and heating time for crystallization.
Although grain growth may cause high conductivity, it was difficult to prevent the sample
heated for a long time from cracking during crystallization. Studies are underway to
produce a crack free sample. Conduction properties were measured by the ac two-probe
method on cylindrical glass-ceramics of typically 15 mm in diameter and 2 mm in thickness
with an LF impedance analyzer. Electrodes were prepared by sputtering of gold on polished
surfaces. The applied ac field ranged from 5 to 10 MHz in frequency. The temperature
dependence of the conductivity was measured in a similar way at several temperatures
ranging from room temperature to 350°C. Table 3 summarizes the conduction properties of
the N5-type glass-ceramic NaSmPSi specimens. It was found that NaSmPSi containing the
largest Sm3* ions was less conductive than NaYPSi with medium Y3+ ions as the grain sizes
of the presented specimens were very small.
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Fig. 12. The diagram of phase-composition of NaSmPSi glass-ceramics crystallized at 900°C.
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Fig. 13. SEM photograph of the specimen with NassSmgPo35i2709 composition heated at
900°C by the pattern (C).
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x ¥ £ 10" Segmy! T G G 1.
A0 030 0238 7.6 17.9 514
045 .40 0408 304 18.5% 95.7
050 0.35 0.352 19.5 15.%

.50 .40 0478 9.3 o6

Dot conductivity at 300
E, : activation energy (T : total G : grain G, B. : grain boundary)

Table 3. Conduction properties of N5-type NaSmPSi glass-ceramics.
Heat-treatment: 900°C, 5 h
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5.2 Composition control of silico-phosphate glass-ceramics

5.2.1 lonic conductivities of Nasicon-type glass-ceramic superionic conductors in the
system Na;0-Y,03-X0,-SiO, (X=Ti, Ge, Te)

Our phosphorus containing compositions have been confirmed superior to the mother
composition of NasRSi4O1, especially in the production of the single-phase glass-ceramics.
Considering the inference, our main work has recently been focused on the synthesis of
various glass-ceramics with single-phase NasRSi;Opp. In the present study, the glass-
ceramics of the titanium-, germanium- or tellurium-containing NasRSi;O1-type (R=Y) Na*-
superionic conductors (N5YXS) from the glasses with the composition Naz+sxY1.xXySiz-yOo
(X=Ti; NYTiS, Ge; NYGeS, X=Te; NYTeS) were prepared, and the effects of X elements on
the separation of the phase and the microstructural effects on the conduction properties of
glass-ceramics were discussed.

The glass-ceramics have been obtained under the appropriate sets of the parameters x and y of
the composition formula NassxY1.XSizyO9 ranging in x=0.1~0.55 and y=0.1~0.45. The
precursor glasses were made by melting stoichiometric mixtures of reagent-grade powders of
anhydrous NaxCOs, Y203, (TiO2, GeO; or TeOs) and SiO; at 1300~1400°C for 1 h, followed by
annealing for several hours at an optimum temperature. The N5YXS ionic conductors were
successfully produced by crystallization of glasses. Figs. 14, 15 and 16 show the diagrams of
phase-composition-crystallization temperature of NYTiS, NYGeS and NYTeS glass-ceramics,
respectively. The phase formed was dependent on composition and crystallization temperature.
N5YTiS, N5YGeS and N5YTeS are obtained as a stable phase at high-temperatures. The
crystallization of N5 single phase is strongly dependent both on the contents of yttrium and
(titanium, germanium or tellurium) ions (or the values x and y correspond to the composition
parameters in Naz+sxY1xXySizyOo). N3 and N9 phases can be crystallized as the high-
temperature stable phases at the regions of higher [Y] and rather lower [Y], respectively. The
combination of x and y was most varied in N5YGeS and more limited in the order of
N5YTeS>N5YTiS. Table 4 summarizes the conduction properties of the N5 glass-ceramics with
Na3,6Yo,sTio_QSizA809, Na4,2Yo,6Geo,3Si2,709 and Na4,2Yo,6Teg,3Si2709 compositions. Their
conductivities and activation energies are of the order of 102 S/cm at 300°C and of 15 to 24
kJ/mol, respectively. The conductivity decreases giving the order N5YGeS>N5YTeS>N5YTiS. It
is considered that this order corresponds to the N5 single phase region.
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Fig. 14. The diagrams of phase-composition of NYTiS glass-ceramics heated at 900°C (a) and
1000°C (b) for 5 h. @ NasRSi4;O1» (N5) V¥ NayRSigO1s (N9) © N5+N9 <> N3+N9
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Fig. 15. The diagrams of phase-composition of NYGeS glass-ceramics heated at 900°C
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Fig. 16. The diagrams of phase-composition of NYTeS glass-ceramics heated at 900°C
(a) and 1000°C (b) for 5 h. @ NasRSisO12 (N5) ¥ NaogRSicO1s (N9) © N5+N9

Heat-treatment Tyjg E, kJ*mol!
Specimen
Temp.  Time MrSeem! T G GE
NYTis 1004 5 2.5 155 198 10,0
Q00 5 4.0 21,1 173 440
NYGeS 104 5 4.5 4.1 193 56.6
1000 24 6.7 229 0.6 67.2
S0 5 3.2 19.8 187 43.7
NYTeS
1000 5 4.6 21.8 20,5 56.6

gy ¢ conductivity at 300°C

E, : activation energy (T:total Geigrain GB:grain boundary)
Table 4. Conduction properties of the N5 glass-ceramics with Naz ¢Y08Ti0.2512809,
Na4_2Yo,6Geo,3Si2‘709 and Na4,2Yo_6TE(),3Si2_709 COII‘IpOSitiOI‘lS.
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5.2.2 Effect of substitution of Si with V and Mo on ionic conductivity of NasYSi4O12-
type glass-ceramics

Glass-ceramics of the vanadium- or molybdenum-containing N5-type Nat*-superionic
conductors were prepared by crystallization of glasses with the compositions Naz+sy.yY1.
xVySizyOg (NYVS) or Naz+sx.2y Y1-xM0ySizyOg (NYMS), and the effects of V or Mo elements on
the separation of the phase and the microstructural effects on the conduction properties of
glass-ceramics were discussed.

The glass-ceramics have been obtained under the appropriate sets of the parameters x and y
of the composition formulas Naz+sxyY1xVySizyOg or Naz+sx.2yY1.xM0ySizyOg ranging in
x=0.3~0.5 and y=0.1~0.4. The precursor glasses were made by melting stoichiometric
mixtures of reagent-grade powders of anhydrous Na,CO;, Y203, V205, MoO; and SiO; at
1400°C for 1 h, followed by annealing for several hours at an optimum temperature. Shown
in Fig. 17 are the diagrams of phase-composition-crystallization temperature of the glass-
ceramic specimens with the Nasz 9Y0,6V035i2709 (A) and Naz7Y07Mo00.1Si2909 (B) compositions.
N5-type NYVS and NYMS are obtained as a stable phase at high-temperatures. The
crystallization of N5 single phase is strongly dependent both on the contents of yttrium and
(vanadium or molybdenum) ions (or the values x and y correspond to the composition
parameters in Naz+sxyY1xVySizyOg or Naz+sx2yY1xM0ySisyOg). N3 and N9 phases can be

.64
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Q00°C
0

a00°C

[x]

Fig. 17. The diagrams of phase-composition-crystallization temperature of NYVS
(a) and NYMS (b) glass-ceramics crystallized at 800~1100°C.
@ NasRSi;01, (N5) [ NasRSizOy (N3) A NasRSicOns (N9) HI N5+ N3 A N5-+N9
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crystallized as the high-temperature stable phases at the regions of rather lower [Y] and
higher [Y], respectively. The total conductivities and the activation energies are summarizes
in Table 1. The total conductivities of the specimens (A) and (B) were 0.87x10-2 and 3.58%10-2
S/cm at 300°C, respectively, and the activation energies of those specimens were 38.1 and
21.8 kJ/mol, respectively. The combination of x and y was most varied in N5-type NYPS
and more limited in N5-type NYVS and NYMS. The conductivity decreases giving the order
NYPS>NYMS>NYVS. It is considered that this order corresponds to the N5 single phase
region. We assume that the effect of the substitution of Si with V or Mo should be to bring
about the difference of homogeneity in the N5 ring structure. The total and electronic
conductivities and the Na* ionic transport numbers of the specimen (A) determined by
Wagner polarization method are summarizes in Table 5. The ionic transport numbers of the
specimen (A) were nearly 0.9, while those of the specimen (B) were nearly 1. It is considered
that about 10% of total conduction is electronic conduction (hopping conduction by
transition metal vanadium) in the specimen (A). This result can explain following facts; the
conductivity of the specimen (A) are lower than other N5 conductors.

A)
Temp. g (10 Swem? E, ! klxmol?
*C G GB T G B T
150 043 0.1% 013
200 044 0.73 0.28 10.5 47.1 1.5
50 0.62 1.97 047 | meommsmsssssssssssssssseoes
304 1.24 2.93 .87 4.5 31.7 ELA|
350 .33 538 L.63
o Conductivity E, = Activation Energy G: Grain GB: Grain Boundary 1t Total
()
Temp. a (107 Swem? E, ! kI'mol*
"c G G T G B T
150 1.24 1.27 063
200 L1 4.68 1.45 41.1 29.2
50 3.33 945 L6 LN i
300 4.81 13.91 158 19.1 1.8
350 6.4% 1595 4.61
& 1 Conduclivity E, : Activation Encrgy G: Grain GB: Grain Boundary 13 Total

Table 5. Total conductivities and activation energies of the glass-ceramic specimens

Naz9Y06V03512709 (A) and Nas7Y07Mo00.15i2909 (B).

5.3 Structure and conduction properties of NasYSisO12-type glass-ceramics
synthesized by bias crystallization of glass

Glass-ceramics of the phosphorus containing N5-type Na* superionic conductors were
prepared by bias crystallization of glasses with the composition Nay5Y055P035i2709 in an
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electric field. The conditions for bias crystallization are discussed with respect to the
microstructure and the conduction properties.

The precursor glasses were made by melting stoichiometric mixtures of reagent-grade
powders of anhydrous NaxCOs, Y203, SiO, and NH4H>PO4 at 1350°C for 1h, followed by
annealing for several hours at an optimum temperature. The annealed specimens were heated
up to 900°C in an electric field for bias crystallization. The thermostable heating holder was
produced in order to do the crystallization in a direct current electric field. This holder is made
of alumina and platinum. Glass samples (5 mm x 5 mm x 8 mm) were held between the
platinum plates, and crystallized in the electrical field using 1 V/mm. The thermal treatment
was the same as that used in conventional crystallization in nonelectric field.

The microstructure was investigated with SEM. The grain length of the cross section which
is parallel with the electric field direction was 10~15 nm, and it was proven to be smaller
than the 15~30 nm grain length of the cross section which is perpendicular to the direction
and the specimen crystallized by the conventional method. It was possible to control shape
and orientation of crystal grain by the crystallization in the electrical field.

300
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Current / pA
o
=
|

Sl =
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0 200 404 600 00 1000

Temperature [ *C

Fig. 18. Current profile in relation to temperature during crystallization process in electric
field.

Due to the bias field an electric current in relation to temperature was measured during
crystallization process. Fig. 18 shows current profile in relation to temperature during
crystallization process in the electric field. The largest observed current was 250 pA. The
current profile exhibits three peaks at about 600°C, 700°C and 850°C. These temperatures
correspond to those of nucleation, phase transition from N3-phase to N5-phase, and
crystallization of glass specimens determined by DTA analysis, respectively. An electric
current in relation to temperature was measured newly by applying the bias voltage only in
two limited temperature range, because two main peaks were observed in Fig. 18. One
range is from right before of the first main peak (511°C to 652°C), and another range is from
right before of the second main peak (790°C to 865°C). The resulting current profile is shown
in Fig. 19. It was found that the mass transfer in the specimen is being generated even in the
condition that does not apply the voltage.
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Fig. 19. Current profile in relation to temperature measured by applying voltage in two
limited temperature ranges.
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Fig. 20. Temperature dependence Arrhenius plots of the conductivities of the bias
crystallized NaRPSi glasses. O Conventional /\ Parallel [ ] Perpendicular

Crystalline phases were identified on the sample after the crystallization in the electric
field by the X-ray diffraction (XRD) method in order to consider the possibility of
structural change by the movement of Na* ion which is a carrier. In the several cut
sections, no difference in the fundamental structure was observed. Judging from the

patterns, the N5 single phase ionic conductors were successfully produced by bias
crystallization of glasses.



Preparation of Na* Superionic Conductors by Crystallization of Glass 103

E, | kJsmol? g MScm’
Temperature

High Low
Q Conventional 330 99.9 0.9860
& Parallel .6 T3.5 0.0923
O Perpendicular T6.4 §1.1 0.1320

Table 6. Conduction properties of the bias-crystallized NaRPSi glasses.
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Fig. 21. Temperature dependence of conductivity of the bias crystallized NaRPSi glasses.

Fig. 20 shows the temperature dependence Arrhenius plots of the conductivities of various
specimens. The complex admittances of the measured glass-ceramics consisted of two
semicircles below 300°C. The two intercepting points on the real axis are interpreted as the
resistance of crystallized grains (Rg) and the total resistance of grains and remaining glassy
grain boundaries (Rcs). As Rgp decreases rapidly with increasing temperature because of
high (E.)cs to a comparable value with Rg at 300°C, the total conductivities (Rg+Rgs) are
dominated by grain boundary conductivity. The effect of the grain boundary is greatly seen
on the appearance at lower temperatures. Table 6 summarizes the conduction properties
obtained from Fig. 20. The cross sections which are parallel and perpendicular to the electric
field direction showed the ionic conductivities of 0.0923 and 0.132 mS/cm at 300°C,
respectively. It was found that the bias crystallized specimens were less conductive than that
crystallized by the conventional method. Fig. 21 shows the temperature dependence of
conductivity of the bias crystallized specimen. In the temperatures over 300°C, anisotropy in
the conductivity was observed. It was also found that the cross section which is
perpendicular to the electric field direction was more conductive than that in parallel with
the direction. The microstructure and the electric conductivity of the NaRPSi glass-ceramics
perpendicular to the electric field direction were significantly different from those in
parallel.
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6. Conclusion

The Na*-superionic conducting glass-ceramics with N5-type structure were successfully
produced using the sodium rare earth silicophosphate composition of Naz+sxR1P;Siz-,Oo,
in which the rare earth elements of Sc to Sm were applicable to R. The possible combinations
of x and y became more limited for the crystallization of the superionic conducting phase as
the ionic radius of R increased, while the Na* conduction properties were more enhanced in
the glass-ceramics of larger R. The meaning of the composition formula can be signified in
the thermodynamic and kinetic study of crystallization and phase transformation of
metastable to stable phase in the production of N5-type glass-ceramics. It was demonstrated
that the medium value of content product as [P]*[R] is important in the crystallization of N5
single phase. Conduction properties of these glass-ceramics were strongly dependent upon
the crystallization conditions as well as compositions. Not only complex impedance analysis
but also TEM observation confirmed that this dependence was attributed to the conduction
properties of grain boundaries which were glasses condensed at triple points enclosed by
grains.

Glass-ceramics of the N5-type superionic conductors in the system NayO-Sm;03-P>05-5i0;
were prepared by crystallization of glasses with the composition Nas3y.,Sm1.,P,Sis.,O9. The
optimum conditions for crystallization were discussed with reference to the conduction
properties and the preparation of crack free N5-type glass-ceramics. The crystallization of
the N5 single-phase glass-ceramics was dependent strongly on the concentrations of both
[R] and [P] (or x and y in the composition parameters) and the temperature for
crystallization of glass specimens. The ionic conductivity of the glass-ceramic
Nay1Smg 5P0.45Si2609 was 4.78%102 S/cm at 300°C. The grain size of the specimen was about
3-5 pm. The state of grain growth is promoted with increase of heating temperature and
heating time for crystallization. Although grain growth may cause high conductivity, it was
difficult to prevent the sample heated for a long time from cracking during crystallization.

Glass-ceramics of the titanium-, germanium- or tellurium-containing N5-type superionic
conductors were prepared by crystallization of glasses with the composition
Nas+3,Y1-:X,Si3-,O9 (X=Ti, Ge, Te), and the effects of X elements on the separation of the
phase and the microstructural effects on the conduction properties of glass-ceramics were
discussed. The combination of x and y was most varied in N5YGeS and more limited in the
order of N5YTeS>Nb5YTiS. Their conductivities and activation energies are of the order of
102 S/em at 300°C and of 15 to 24 kJ/mol, respectively. The conductivity of the glass-
ceramic N5YXS decreases giving the order N5YGeS>N5YTeS>N5YTiS. It is considered that
this order corresponds to the N5 single phase region. Large enhancement of electrical
conductivity was observed in the glass-ceramics as the grain growth was promoted with
increase of heating temperature and heating time for crystallization.

Glass-ceramics of the vanadium- or molybdenum-containing N5-type superionic conductors
were prepared by crystallization of glasses with the compositions Nag+3x-yY1-xV,Sis-,O9 or
Nas+3x-2yY1-xM0,Si3-,O9. The combination of x and y was most varied in N5-type NYPS and
more limited in N5-type NYVS and NYMS. The conductivities of the glass-ceramic
specimens with the Na39Y6V035i2709 (A) and Naz7Y07Mo0015i2909 (B) compositions were
0.87x1072 and 3.58%x10-2 S/cm at 300°C, respectively. The conductivity decreases giving the
order NYPS>NYMS>NYVS. It is considered that this order corresponds to the N5 single
phase region. We assume that the effect of the substitution of Si with V or Mo should be to
bring about the difference of homogeneity in the N5 ring structure. The Na* ionic transport



Preparation of Na* Superionic Conductors by Crystallization of Glass 105

numbers of these glass-ceramics determined by Wagner polarization method were nearly
0.9 for the specimen (A) and 1 for the specimen (B) at 300°C, respectively. It is considered
that about 10% of total conduction is electronic conduction in the specimen (A). This result
can explain following facts; the conductivity of the specimen (A) are lower than other N5
conductors, and it is seen in the temperature dependence Arrhenius plots for the specimen
(A) that the lines drawn from the conductivity of grains are bending upwards.

We have successfully produced the N5-type glass-ceramic conductors by bias crystallization of
the glasses with the composition NayosY055P035i2709 in an electric field. The microstructure
and the conduction properties were dependent on the current direction in the process of
crystallization. The cross sections which are parallel and perpendicular to the electric field
direction showed the ionic conductivities of 0.0923 and 0.132 mS/cm at 300°C, respectively.
The microstructure and the electric conductivity of the glass-ceramics perpendicular to the
electric field direction were significantly different from those in parallel.
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“Crystallization is still in many ways, more an art than a science.”
-David Oxtoby, Nature, August 3, 2000.

1. Introduction

Metallic glasses are kinetically metastable materials. Metallic glass is defined as “A liquid,
which has been cooled into a state of rigidity without crystallizing”. Properties of metallic
glasses differ form non metallic glasses. Ordinary glasses are made up of silica while
metallic glasses are made of alloy metals. Ordinary glasses are transparent whereas metallic
glasses are opaque. In ordinary glasses, covalent bond is observed while in metallic glasses
metallic bond is observed. On the basis of internal arrangement of atoms or molecules and
type of force acting between them, the material can be classified into the following two
categories:

i.  Crystalline solid: Those materials in which the constituent ions or atoms and molecules
are arranged in regular pattern are called crystalline solids. Besides, crystalline solids
have a definite external geometrical form.

e.g. Quartz, Calcite, Diamond, Sugar, and Mica

ii. Amorphous or glassy solid: Those materials do not have definite geometric pattern are
called amorphous solids. In amorphous solid atoms, ions or molecules are not arranged
in definite pattern.

e.g. Rubber, Glass, Plastic and Cement

Also, an amorphous solid is a solid in which there is no long range order of the positions of
the atoms. Solids in which there is long-range atomic order are called crystalline solids.

At high cooling rate, any liquid can be made into an amorphous solid. Cooling reduces
molecular mobility. If the cooling rate is faster, then molecules can not organize into a more
thermodynamically favourable crystalline state and an amorphous solid will be formed.
Materials in which such a disordered structure is produced directly from the liquid state
during cooling are called “Glasses” and such amorphous metals are commonly referred to
as “Metallic Glasses” or “Glassy Metals”. The metallic glasses have a combination of
amorphous structure and metallic bond. This combination provides a metallic glass a new
and unique quality, which cannot be found in either pure metals or regular glass.
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In the past, small batches of amorphous metals have been produced through a variety of
quick-cooling methods. For instance, amorphous metal wires have been produced by
sputtering molten metal onto a spinning metal disk. The rapid cooling, of the order of
millions of degrees a second, is too fast for crystals to form and the material is “locked in” a
glassy state. Now-a-days number of alloys with critical cooling rates low enough to allow
formation of amorphous structure in thick layers (over 1 millimetre) have been produced;
these are known as bulk metallic glasses (BMG).

However, there are various methods in which amorphous metals can be produced,
preventing the crystallization. Sputtering, glow discharge sputtering, chemical vapour
deposition (CVD), gel desiccation, electrolyte deposition, reaction amorphization, pressure-
induced amorphization, solid state diffusion amorphization, laser glazing, ion implantation,
thin-film deposition, melt quenching and melt spinning are some of them.

The study of the thermally-activated phase transformations is of great significance in the
field of materials science as the properties of materials change due to the change in the
composition and/or microstructure. The properties of fully or partly crystalline materials
are usually different from their amorphous counterparts. From the viewpoint of a materials
scientist, the crystallization of amorphous or non-crystalline materials involves the
nucleation and growth processes. The processes driven by nucleation and growth have
attracted a lot of interest for tailoring technological applications. For example, the
recrystallization of the deformed metals, controlling the nucleation and growth of islands on
terraces in order to get large scale arrays of nanostructures in the manufacturing of thin-film
transistors (Castro, 2003). Thus, the knowledge of the kinetics of crystallization would help
to attain products with the required crystallized fraction and microstructure (e.g.
nanocrystalline or quasicrystalline) or to avoid the degradation of materials at high
processing (& operating) temperatures.

The kinetics of the crystallization process can be studied with the help of thermo-analytical
techniques namely, differential scanning calorimetry (DSC) and differential thermal
analyzer (DTA). The DSC/DTA experiments can be carried out in isothermal as well as non-
isothermal (linear heating) conditions (Ligero et al., 1990; Moharram et al., 2001; Rysava et
al., 1987; Giridhar & Mahadevan, 1982; Afify, 1991). Efforts made by the researchers in this
field so far, to analyze the data obtained from DSC and hence to determine the kinetic
parameters of the crystallization processes (say, activation energy, rate constant etc.), raise
two important issues: (i) the selection of the mode of experiment (isothermal or non-
isothermal) and, (ii) the choice of a sound method for the analysis of the experimental data.
However, we are more concerned with the later issue due to the fact that several methods
for the kinetic analysis are available in the literature. These methods are generally based on
either the isokinetic hypothesis or the isoconversional principle and they can be accordingly
categorized as: (1) isokinetic methods where the transformation mechanism is assumed to be
the same throughout the temperature/time range of interest and, the kinetic parameters are
assumed to be constant with respect to time and temperature; (2) isoconversional methods,
which are generally used for non-isothermal analysis, assume that the reaction
(transformation) rate at a constant extent of conversion (degree of transformation) is only a
function of temperature (Lad et al, 2008; Patel & Pratap, 2012). The kinetic parameters, in
this case, are considered to be dependent on the degree of transformation at different
temperature and time. The use of isoconversional methods is widespread in the physical
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chemistry for the determination of the kinetics of the thermally activated solid-state
reactions. The physicochemical changes during an exothermic or endothermic event in DSC
(or DTA) are complex and involve multi-step (serial or parallel) processes occurring
simultaneously at different rates. Therefore, the activation energies for such processes can
logically not be same and it may vary with the degree of conversion. This is contrary to the
isokinetic view assuming all the constituents of the material to react simultaneously at the
same rate. The activation energy, in the isokinetic case, is thus constant and independent of
the degree of conversion. A strong difference of opinion persists among the researchers in
the field of thermal analysis about the concept of variable activation energy (Galwey, 2003;
Vyazovkin, 2003). In the metallurgical branch of materials science, most of the thermal
phase transformations (like crystallization, recovery) are morphological and are considered
to be governed by the nucleation and growth processes. The transformation mechanisms in
these processes are also complex e.g. interface-controlled, diffusion-controlled growth.
Notwithstanding this, the kinetic analysis of the transformation process like crystallization
is done according to isokinetic hypothesis. The isoconversional methods are scarcely used
for the study of the crystallization kinetics of metallic glasses.

2. Theory

To study the phase transformation, which involves nucleation and growth, many methods
are developed. Most of the methods depend on the transformation rate equation given by
Kolmogorov, Johnson, Mehl and Avrami (Lesz & Szewieczek, 2005; Szewieczek & Lesz,
2005; Szewieczek & Lesz, 2004; Jones et al., 1986; Minic & Adnadevic, 2008), popularly
known as KJMA equation, basically derived from experiments carried out under isothermal
conditions. The KJMA rate equation is given by

lfi_f:”k(l-a)[—ln(l—a)]("‘“/" ey
where, a — degree of transformation at a given time t,

n — Avrami (growth) exponent

k — the rate constant

The Arrhenius form of the rate constant is given by

E
k(T)=kyexp| —— 2
M)=tkoexp( ) ®
where, kg — pre-exponential factor

E — activation energy, and

R — universal gas constant

KJMA rate equation is based on some important assumptions and it has been suggested that
the KJMA kinetic equation is accurate for reactions with linear growth subject to several
conditions (Minic et al., 2009).

The isoconversional methods are also known as model-free methods. Therefore, the kinetic
analysis using these methods is more deterministic and gives reliable values of activation
energy E, which depends on degree of transformation, a. However, only activation energy



110 Advances in Crystallization Processes

will not give a perfect picture of crystallization kinetics. The microstructural information
(e.g. dimensionality of the growth) of the precipitating phase during the transformation is
also very important for understanding the whole kinetics of crystallization. Microstructural
information would be known to us when we take the isokinetic methods into account.
Therefore, the complementary use of both the methods is more useful for understanding the
kinetics of crystallization.

Differential Scanning Calorimetry (DSC) has become a convenient and widely used tool for
studying the kinetics of phase transformations. The volume fraction (x) of the sample
transformed in crystalline phase during the crystallization event has been obtained from the
DSC curve as a function of temperature (T). The volume fraction of precipitated crystal can
be obtained from the DSC curve by using

xzy
So

Exothermic
DSC (mW)

T T
600 650 700

T(K)

T
500 550

Where Sy is the total area under the crystallization curve i.e. the area under the curve
between the temperature at the onset of crystallization To, and the end-set temperature Tena
when the crystallization is completed. S is the area at any temperature T between To, and
T at which the fractional crystallization is required to be known.

There are three important modes of crystallization involving nucleation and growth processes,
depending on the composition of a particular alloy: primary crystallization, polymorphous
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crystallization and eutectic crystallization (Hsiao et al., 2002). In primary crystallization the
primary phase of the alloy constituents crystallizes first. The dispersed primary crystallized
phase coexists with the amorphous matrix and may serve as the nucleation site for
secondary or tertiary crystallization. In Fe-based alloys a-Fe crystallizes first, which is a kind
of primary crystallization. Polymorphous crystallization is a transition of the amorphous
phase to a crystalline one without any change in the composition of that phase. There is no
concentration difference across the reaction front because the concentration does not change.
Eutectic crystallization is simultaneous crystallization of two crystalline phases by a
discontinuous reaction. This reaction takes longer than polymorphous crystallization to
proceed because the two components have to separate by diffusion into two separate phases
within the crystallized region (Minic, 2006).

3. Results and discussion

The DSC thermograms at four different heating rates are shown in Fig.1. The thermograms
show three-stage crystallization. The first crystallization peak is evaluated for heating rates
4, 6, 8 and 10 deg/min. Glass transition becomes clear as we go for the higher heating rates,
but the third crystallization peak becomes less prominent as we go to the higher heating
rates. The onset and endset of first crystallization exotherms exhibit different levels of heat
flow i.e. the crystallization ends at slightly higher level followed by the second and third
crystallization peak. This difference of the level indicates that the phases at the start of
crystallization and at the end of it are not same. The analysis of DSC data to evaluate the
kinetic parameters can be obtained from non-isothermal rate laws by both isokinetic also
known as model fitting methods and isoconversional methods.
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Fig. 1. DSC thermograms of the metallic glass CoesSi12BisFesMo; at different heating rates
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3.1 Isoconversional analysis

The isoconversional methods require the knowledge of temperatures T,(f) at which an
equivalent stage of reaction occurs for various heating rates. The equivalent stage is defined
as the stage at which a fixed amount is transformed or at which a fixed fraction, & of the
total amount is transformed (Starink, 1997). These methods are further categorized as linear
and non-linear isoconversional methods. The linear integral isoconversional methods
(Kissinger, 1957; Ozawa, 1965; Augis & Bennett, 1978; Boswell, 1980; Flynn & Wall, 1966;
Akahira & Sunose, 1971; Li & Tang, 1999) depend on the approximation of the temperature
integral and require the data on T,(f). The differential isoconversional methods depend on
the rate of transformation at T (/) and the data on T, (Gupta et al., 1988; Friedman, 1964;
Gao & Wang, 1986). Vyazovkin (Vyazovkin & Wight, 1997) introduced a non-linear
isoconversional method to increase the accuracy of evaluating the activation energy. The
isoconversional methods are based on the basic kinetic equation (Paulik, 1995)

da 1
T)f(a)== -— 3
T3 KT)f(a)= ﬁexp( ]f( ) 3)
where k(T) is the rate constant, £ is the heating rate, ¢ is the conversion fraction and f{¢) is
the reaction model which in case of KJMA formalism gives the Eq. (1). Eq. (3) can also be
expressed in the integral form as

glar)= T[ fla)] M da = é}exp(—ide (4)
0 B RT

As mentioned earlier, exact solution of the temperature integral is not available and various
approximations made for this has resulted into different methods. We have selected a few
most commonly used methods. The accuracy of various isoconversional methods and, the
experimental and analytical errors associated with these methods are discussed in detail by
Starink (Starink, 2003). Roura and Farjas (Roura & Farjas, 2009) have proposed an analytical
solution for the Kissinger equation. Rotaru and Gosa (Rotaru & Gosa, 2009) describe their
recently developed software that implements a number of known techniques such as
various isoconversional methods, a method of invariant kinetic parameters, master plots
methods, etc. Cai and Chen (Cai & Chen, 2009) have proposed a new numerical routine for a
linear integral isoconversional method that allows one to obtain accurate values of the
activation energy in the cases when the latter varies strongly with the extent of conversion.
Criado et al. (Criado et al., 2008) provide a critical overview of isoconversional methods,
putting the focus on establishing whether the observed variations in the activation energy
are real or apparent (Vyazovkin, 2010).

Linear integral isoconversional methods
a. Ozawa-Flynn-Wall (OFW) method

In this method (Ozawa, 1965; Augis & Bennett, 1978; Boswell, 1980; Flynn & Wall, 1966) the
temperature integral in Eq. (4) is simplified by using the Doyle’s approximation (Doyle,
1961, 1962, 1965) and hence we obtain the following equation:
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n f=-1.05162%)
RT,

o

+ const )

The plot of Inf vs 1000/T, (Fig.2) gives the slope -1.0516 E(a)/R from which the activation
energy has been evaluated (Table 1). At T, = T}, (Ozawa method) the value of E determined
using Eq. (5) is given in Table 2.
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Fig. 2. OFW plot for peak-1

b. Kissinger-Akahira-Sunose (KAS) method

Kissinger, Akahira and Sunose (Kissinger, 1957, Ozawa, 1965; Augis & Bennett, 1978;
Boswell, 1980; Flynn & Wall, 1966, Akahira & Sunose, 1971) used the approximation given
by Coats & Redfern (Coats & Redfern, 1964) to evaluate the integral in the rate Eq. (4). KAS
method is based on the expression

ln[ﬁzj =In AR |_E (6)
T Eg(er)) RT

The activation energy can be evaluated from the slope of plot In(f/T2) vs 1000/T for constant
conversion, a (Fig. 3) Values of E are given in Table 1. The discussion given ahead describes

some of the methods available in the literature which are basically special cases of the KAS
equation (6).

i) Kissinger method: This well-known method assumes that the reaction rate is maximum at
the peak temperature (T,). This assumption also implies a constant degree of conversion (c)
at T,. The equation used by Kissinger is

B___E . [AR
ln[T—sz— RTp +ln( E j 7)

A plot of In(f /T,?) vs 1000/T, gives an approximate straight line and the activation energy E
is calculated using the slope (Table 2).
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ii) Augis & Bennett’s method: This method was suggested by Augis and Bennett (Augis &
Bennett, 1978) and is an extension of Kissinger method showing its applicability to
heterogeneous reaction described by Avrami expression. Apart from the peak crystallization
temperature it also incorporates the onset temperature of crystallization, T, and it is
supposed to be a very accurate method of determining E through the equation

m—L |- E A ®)
(Q—E) RT,

where T, and T, are the peak and the onset temperatures of crystallization respectively. The
values of E obtained from the plot (In(B /(T,-T.)) vs 1000/T, is given in Table 2.

Further,

2
TP

sr(f) "

n=25

where AT is the full width at half maximum of the DSC curve. n can be derived using Eq. (9).

iif) Boswell method: Boswell (Boswell, 1980) has found a limitation in the Augis & Bennett
method that if

then Augis & Bennett gives crude results. However, it may be noted that this condition may
not apply to the present case.
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Boswell method determines the activation energy at peak temperature (Table 2) using the
following equation

In b L + const (10)
T, RT,

c. Li-Tang Method

Li and Tang (Li & Tang, 1999) have developed an isoconversional integral method which
does not make any assumption about the kinetic model and involves no approximation in
the Eq. (3) as

I[lni—fjda = G(a) —%I(Tl]da (11)
0 0

o
Where G(a)=alnA+ I(ln f(a))da has the same value for a given reaction under study
0

o [21
and a given o irrespective of 5. A plot of J ln(il—(jjda vs I(%)da , for a set of f's at constant
0 0

conversion o will have the slope -E/R.
Linear differential isoconversional method

The method suggested by Friedman (Friedman, 1964) sometimes known as transformation
rate-isoconversional method, utilizes the differential of the transformed fraction and hence it
is called differential isoconversional method. Substituting value of k(T) in Eq. (3) and taking
logarithm, Friedman derived a linear differential isoconversional expression as

m[‘;—’fja =In ﬁ[j_(;ja =In(A f(a)) _RE_;; (12)

by taking logarithm on both sides of Eq.(3). For a constant a, the plot of ln(ﬂ Z—?jvs(%)

should be a straight line (Fig. 4) whose slope gives us the value of E (Table 1).

Since this method does not take any mathematical approximation for the temperature
integral, it is considered to give accurate estimate of E. Thus the method does not require
any assumption on f(e), i.e. it is a so-called model-free method. However, being a
differential method, its accuracy is limited by the signal noise (Dhurandhar et al, 2010).

A method suggested by Gao and Wang (Gao & Wang, 1986) is a special case of the Friedman
method. This method uses the following expression to determine the activation energy.

da E
I —— = t 13
n{ﬂ T, J RT, cons (13)
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K,=PE (14)

p 2
RT;

where,

K, =Aexp —t and(d—a) =0.37nK,
RT, dt ),
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Fig. 4. Friedman plot for peak-1
E (kJ/mol)
o KAS OFW Friedman
0.1 6022 584 +2 555+ 1
0.2 597 +1 580+1 626+ 1
0.3 6031 586 + 2 648 1
0.4 615+ 1 597 +1 687 1
0.5 635+ 1 6161 725+ 1
0.6 654 £ 1 634+1 702+3
0.7 648 £ 1 629+ 1 522+5
0.8 606 +1 589 +1 398 +5
0.9 549 +1 534 +1 318 +2

Table 1. Local Activation energy (E) at different conversion for different methods.

Method E (kJ/mol)
Kissinger 553 +2
Ozawa 546 +2
Augis & Bennett 532+2
Boswell 443 +£7

Table 2. Activation energy (E) using various methods.
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Non-linear isoconversional method

Vyazovkin and Wight (Vyazovkin & Wight, 1997) described an advanced isoconversional
method. Similar to other isoconversional methods, this method is also based on the
assumption that the reaction model, g(¢) is independent of the heating program. So, for any
two experiments conducted at different heating rates the ratio of the temperature integral I
(E, T,) to the heating rate Bis a constant. For a given conversion and a set of n experiments
performed under different heating rates, the activation energy can be determined at any
particular value of by finding the value of E, for which the function

S [ ﬁ;} 15
52[( )| "

is a minimum. The minimization procedure is repeated for each value of « to find the
dependence of activation energy on the extent of conversion.

3.2 Isokinetic methods

a. Matusita and Sakka method

Matusita and Sakkka (Matusita & Sakka, 1979) suggested the following equation specifically
for the non-isothermal data

In[-In(1 - &)] = —nInp - Z_? +Const (16)

where m is an integer depends on the dimensionality of the crystal and the Avarami
exponent n depends on the nucleation process. For a constant temperature, the plot of In[-
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In(1-a)] versus Inf gives a straight line (Fig.6) and the slope gives the value of 1, which come
out to be n = 1.33 and n = 1.36 for temperatures T = 775 K and T = 778 K respectively. The
plot of In[-In(1-a)] versus 1/T at constant heating rate should be a straight line and the value

of mE is obtained from the slope (Fig.7).
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a) Modified Kissinger method

The modified Kissinger equation (Matusita & Sakka, 1980) given below can be utilized to
derive the activation energy (E).
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n
In ﬂ—z =—m—E+Const (17)
T, RT,

P

Where E is the activation energy for crystallization, T} is the peak temperature and R is the
universal gas constant. m is known as the dimensionality of growth and here m = n. In order
to derive E from this equation, one must know the value of n. The n value can be obtained
from the slope of the plot of In[-In(1-0))] Vs. Inf at constant temperature. In order to evaluate

n
E, the values of n are substituted in Eq. (17). Then plots of ln[ﬂ—z] Vs. x (Fig. 8) gives the
Ty
p
values of activation energy E, and the average E obtained is 549.80 k] /mol.

156 =

-158 -

16.0 =

462

=164 =

(" ’)

166 4
-16.8 -
® =133 -

atod ¢ e -

L] T . T L] T J T v T L T L] T . T
1288 1290 13292 1284 1206 13298 1300 1302 1004
1000/T, (K)

Fig. 8. Mod. Kissinger plot for n =1.33 and n = 1.36

A general trend of decrease in the values of n with increasing heating rate can be observed.
Such trend has been also seen by Matusita and Sakka (Matusita & Sakka, 1979) and in other
Fe-based (Raval et al., 2005) metallic glasses.

Heating rate Matusita & Sakka
4 1.81
6 1.76
8 1.75
10 1.79

Table 3. Values of Avrami exponent (n)
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b. Coats & Redfern method

One of the most popular model-fitting methods is the Coats and Redfern method (Coats &
Redfern, 1964). This method is based on the equation

lwl[ﬁ[lﬂﬂi a8)
T BE; E; RT

_ AR B

- BE; RT

The graph of ln% Vs. % gives a straight line whose slope and intercept allow us to
calculate E and A for a particular reaction model. For the different kinetic models and for
0.120<0.9, the straight lines corresponding to CR method are characterized by correlation
coefficients (r). The general practice in this method to determine E is to look for the model
corresponding to maximum r. In some cases, the so-obtained value of E is significantly

different from those obtained from other methods.
c. The invariant kinetic parameter (IKP) method

It has been observed that the same experimental curve o=a(T) can be described by different
function of conversion (f(y)). Further, the values of the activation energy obtained for
various f(¢) for single non-isothermal curve are correlated through the compensation effect
(Galwey, 2003). These observations form the basis of the IKP method. In order to apply this
method, o= oT) curves are obtained at different heating rates (5, = 4, 6, 8, 10) using DSC.
For each heating rate the pairs (A, E,), where j corresponds to a particular degree of
conversion, are determined using the following equation:

ln%ﬂn%—R—ET (19)

g(a)

For constant B, a plot of In 2

Vs. % is a straight line whose slope allows the evaluation

of activation energy E, and intercept, pre-exponential factor, A, for different reaction models
g(0). The same procedure is repeated to obtain the pairs (E,, A,) for different heating rates.
Now, the calculation of invariant activation parameters is done using the compensation
relation (Budrugeac, 2007)

InA,=o" +B'E, (20)

The Eq. (20) represents a linear relationship between [nA and E; any increase in the
magnitude of one parameter is offset, or compensated, by appropriate increase of the other.
Plotting InA, Vs. E, for different heating rates, the compensation effect parameters o and *
are obtained. These parameters follow an equation

o' =InA-B'E (21)
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Fig. 9. Bright field TEM image of TixZr20Cuso metallic glass after annealing at 673 K for
4 hours

Fig. 10. SAD pattern of TixZr20Cus metallic glass after annealing at 673 K for 4 hours
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The plot of o and B gives the true values of E and A.

Nano-structures can be synthesized by controlled crystallization of metallic glasses also
known as de-vitrification method.

The selected area diffraction (SAD) pattern shows characteristic rings with discontinuity.
The phases can also be idetified as seen from fig.11.
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Fig. 11. Nano-phases present in TiZr0Cue metallic glass after annealing at 673 K for
4 hours

4. Conclusion

Based on the analysis of thermo-analytical data, the very obvious and straight forward
question is: which is better, iso-conversional or iso-kinetic?

Iso-conversional methods provide activation energy values, E as a function of conversion, .
The iso-kinetic methods, on the other hand, are used considering the crystallization
mechanism to be the same throughout the entire conversion (crystallization) and give single
constant value of activation energy. For metallic glasses, the thermally activated phase
transformations are more physical than chemical. In fact, crystallization is a complex process
involving nucleation and growth and on rigorous grounds, it can not be considered to be a
single-step process. The iso-kinetic analysis always leads to a single activation energy
(rather say, apparent activation energy) giving an overall picture of the crystallization
process. However, the difficulty (and hence uncertainty) in choosing the proper reaction
model persists in isokinetic analysis. Therefore, the isoconversional methods are definitely
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superior to the isokinetic methods as far as the determination of E is concerned (Pratap et al,
2007). Nonetheless, accurate determination of E is not the only issue in the kinetic analysis of
crystallization process in metallic glasses. The micro-structural evolution during the non-
isothermal heating of the metallic glasses is also important. For the determination of the
dimensionality of the growth and the grain size, one needs to know a precise reaction model
that closely follows the crystallization process. A reaction model independently proposed by
John-Mehl- Avrami-Kolmogorov (JMAK) is found to be the most suitable for describing the
nucleation and growth process during the non- isothermal crystallization of metallic glasses.
This model does help to determine of the kinetic parameters, like the dimensionality of
growth (apart from E and A). The model-free isoconversional methods are definitely
superior to the isokinetic methods for the accurate determination of kinetic parameters like
E and A. However, the knowledge of accurate E and A is not sufficient for the detailed
investigations of the dimensionality of the growth and the grain size using thermal analysis.
A precise reaction model accounting for the phase transformations during the crystallization
process is a prerequisite for deriving such micro-structural information. This could be a
valid proposition if it is explicitly related to the phase transformations involving significant
chemical changes. One can find numerous publications where JMAK formalism has been
found to be the most appropriate for the description of kinetics of nucleation and growth
processes in metallic glasses. Therefore, in our opinion, isokinetic methods (despite its
limited applicability) are important and useful for the analysis of non-isothermal
crystallization data. So, as far as the study of thermally activated phase transformation in
metallic glasses is concerned, both the types of methods are complementary and provide not
only useful data, but also pave way into the insight of the crystallization process.
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1. Introduction

Amorphous (non-crystalline) materials have no crystal structure where the atoms appear to
have a random distribution (Omar, 1993). There are different classes of amorphous
materials. Glasses, inorganic materials which have no long-range order (<10 A) and high
viscosity greater than 1013 Poise, are the most typical amorphous materials (Doremus, 1973;
Jackson, 2004; Park, 2009). The regular arrangement resulting from the distribution over
long distances of a repeating atomic arrangement, which is characteristic of a crystal, is
missing in glasses (see Fig. 1). However, there is often evidence of a short-range order in
glasses, which corresponds to the atomic arrangement in the immediate vicinity of any
selected atom (Carter & Norton, 2007).

(a) (b)
Fig. 1. Schematic two-dimensional illustration of the atomic arrangement in (a) crystal and
(b) glass (Carter & Norton, 2007)

Glass can be formed by cooling from a liquid state without a change in its specific volume,
which delays crystallization and assist to reach the glass transition temperature before the
crystallization occurs (Jackson, 2004; Park, 2009). This is why amorphous materials, such as
glasses, are sometimes referred to as supercooled liquids (Omar, 1993).

In a liquid, the atoms or molecules move around much more rapidly than in a crystal. They
are constantly in motion, jiggling around relative to each other, unlike in a crystal, where the
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atoms are bound to specific lattice sites. When a liquid is cooled, the space for the atoms to
move around decreases and on further cooling below the glass transition temperature, the
atoms can no longer move around with respect to each other, and so the material becomes a
solid. A measure of this is the specific volume, which can be measured as the difference
between the density of the crystal and of the liquid. As a glass-forming material cools, this
excess volume decreases, and finally the density of the glass approaches that of the crystal,
as illustrated in Fig. 2. In practice, the formation of an amorphous or crystalline solid
depends on how rapidly the liquid is cooled through the glass transition temperature
(Jackson, 2004). Upon cooling the liquid, if there is a discontinuity in volume change or in
rate of cooling the liquid crystallizes, however if the liquid passes into a supercooled state
the volume decreases and no crystallization occurs (Carter & Norton, 2007).

4
iG]
=
Liquid
Glass
a
Crysta
b rys
o
Tz
1 -
1 >
Temperature

Fig. 2. The specific volume in a liquid decreases more rapidly with temperature than the
crystal. The thermal expansion coefficient of glass is similar to that of the crystal. The final
specific volume of the glass depends on the cooling rate: (a) fast cooling, (b) normal cooling,
(c) slow cooling (Carter & Norton, 2007; Jackson, 2004)

It is believed that most materials can be prepared as glasses by sufficiently rapid quenching
but there is a notable exception: no pure metal has been prepared in an amorphous state
(Jackson, 2004). Materials which can form non-crystalline solids with the atomic
arrangement shown in Fig. 1b and at an appreciable size are found in glass systems in
oxides, halides, and chalcogenides. The three-dimensional random network of strong bonds
is developed by the constituent called the “network former”. In principle, glass formation is
possible for a system of any composition provided if it contains sufficient of the network
former. Network modifiers can also participate in glass formation by acting to modify the
glass properties. These components do not form networks but occupy thermodynamically
stable sites as illustrated schematically in Fig. 3 or act as a replacement for a part of network
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former. Among various oxides used in the industrial materials, SiO,, GeO,, B,Os, and P,Os
are known to be good network formers which can develop the three-dimensional random
network and can form a glass by themselves (Yamane & Ashara, 2000).

esi QO @Na

Fig. 3. Schematic two-dimensional illustration of the structure of a binary sodium silicate
glass (Yamane & Ashara, 2000)

The special glasses used as key components of various devices in the fields of optics,
electronics, and opto-electronics are not always silicates but are often non-silicate glasses of
the phosphate, borate, germanate, vanadate or tellurite systems. Although non-silicate
glasses are not generally applied to mass production due to the high cost of raw materials
and their rather inferior chemical durability, they do show unique properties that cannot be
obtained for silicate glasses (Yamane & Ashara, 2000). Comparing with silicate, borate and
phosphate glasses, tellurite glasses have drawn considerable attention because of their
various promising properties, such as relatively low-phonon energy, high linear and non-
linear refractive index, high dielectric constant, good infrared transmission, good corrosion
resistance, thermal and chemical stability, low crystallization ability and easy fabrication at
low temperatures. Therefore, tellurite glasses are of scientifically and technologically
important for their potential use in fiber optics, laser hosts, infrared and infrared to visible
upconversion applications in optical data storage, sensors, and spectroscopic applications.
TeO; is a conditional glass former which does not transform to the glassy state under
normal quenching conditions. Therefore, addition of a secondary component, such as heavy
metal oxides, alkalis or halogens increases its glass forming ability (Celikbilek et al., 2010,
2011a, 2011b; El-Mallawany, 2002; Ersundu et al., 2010a, 2010b, 2011; Karaduman et
al., 2011).

In order to use special glasses in the fields of opto-electronics at high optical intensities
without exposure to thermal damage it is important to recognize their physical and thermal
characteristics and also to control the crystallization processes. The investigation of
crystallization in terms of kinetics is an important informational tool for the audience and
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therefore this chapter “Crystallization Kinetics of Amorphous Materials” is crucial to have a
complete understanding of the crystallization phenomenon.

2. Crystallization

Crystallization of a liquid or an amorphous solid is a complex process involving
simultaneous nucleation and growth of crystallites (Yinnon & Uhlmann, 1983).
Crystallization is initiated by crystal nucleation. Nucleation may occur spontaneously or it
may be induced artificially. It is not always possible, however, to decide whether a system
has nucleated of its own accord or whether it has done so under the influence of some
external stimulus (Mullin, 2001). The nucleation either occurs without the involvement of a
foreign substance in the interior of the parent phase which is called “homogeneous or
primary nucleation” or with the contact of the parent phase with a foreign substance that
acts as a preferred nucleation site which is called “heterogeneous or secondary nucleation”.
The nucleation process is followed by the growth of the crystal nuclei to macroscopic
dimensions, which is called “crystal growth” (Kalb, 2009).

2.1 Homogeneous nucleation

Homogeneous nucleation occurs in the interior of the parent phase without the involvement
of a foreign substance. At temperatures below a material’s melting point (Tw), the driving
force for solidification is the difference in Gibbs free energy (AG) between the liquid and the
solid. If we assume that the heat capacities of the liquid and solid are equal, then the molar
enthalpy and molar entropy of solidification will each remain constant as a function of
temperature, and AG can be calculated as follows:

liquid — solid
AG = AH - TAS 1)

Note that AH = -L, where L is the latent heat of fusion.

_ L
AG=-L+T = ?)

m

AG= = (T-Ty,) 3)

m

When a spherical particle of solid of radius r is formed, the change in Gibbs free energy is
the volume of the particle multiplied by the volumetric Gibbs free energy change, AG,.
4
AGVOI = SHT?’AGV (4)

where AG, is the Gibbs free energy per unit volume,
1L
AGy = 1 (T-Tw) ®)

4 1L
AC‘Vol = gan Vﬁ (T - Tm) (6)
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But when the particle of radius r is formed, there is another energy term to be considered,
the surface energy. The surface energy of the particle is:

AG, = 4rir?y (7)
where y =y_, the surface energy between solid and liquid.

The sum of the two energy term is:

AG, = 4mir?y + §Hr3AGV 8

The first of these terms involves the increase in energy required to form a new surface. The
second term is negative and represents the decrease in Gibbs free energy upon solidification.
Because the first is a function of the second power of the radius, and the second a function of
the third power of the radius, the sum of the two increases, goes through a maximum, and
then decreases (Fig. 4).

'S
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Fig. 4. The free energy change associated with homogeneous nucleation of a sphere of radius r
(Ragone, 1994)

The radius at which the Gibbs free energy curve is at maximum is called the critical radius
r¥, for a nucleus of solid in liquid. The driving force of the Gibbs free energy will tend to
cause a particle with a smaller radius than r* to decrease in size. This is a particle of
subcritical size for nucleation. A viable nucleus is one with radius greater than or equal to r*.
The critical Gibbs free energy corresponding to the radius r* is AG*. These terms can be
shown to be:



132 Advances in Crystallization Processes

r* when (%)T =0 = 8nry + 4n’AG, )
- (10)

3
AG*= 3 15 (11)

In practice homogeneous nucleation is rarely encountered in solidification. Instead
heterogeneous nucleation occurs at crevices in mould walls, or at impurity particles
suspended in the liquid.

2.2 Heterogeneous nucleation

Usually, foreign phases like container walls and impurities aid in the nucleation process and
thereby increase the nucleation rate. In this case, nucleation is called heterogeneous (Kalb,
2009).

Under practical solidification conditions, supercooling of only a few degrees is observed
because nuclei of the solid can be formed on surfaces that catalyze solidification, such as
inclusions in the material being solidified, the walls of the container in which it is being
held, or the surfaces of the casting molds. To catalyze solidification, the nucleus of solid
must wet the catalyst to some extent. A nucleus catalyzed on a surface is shown
schematically in Fig. 5.

Catalyst
surface

¥ea

Fig. 5. Catalysis of a nucleus on a surface (Porter & Easterling, 1992)

The analysis of the energies involved in heterogeneous nucleation follows the same method
as the one used for homogeneous nucleation. In the case of a heterogeneous nucleus in the
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form of a spherical cap (Fig. 5), the surface energy term involves the surface energy of the
catalyst surface as it is coated by the nucleus.

The surface energy term is derived as follows:
solid-liquid surface = 2rr2(1 - cos6)
catalyst-solid surface = nr2(1 - cos20)

where r is the radius of the curvature of the nucleus. Then we write
AGgustace = 2117 (1-cosB)y_ +rr? (1-cos®0)(y_ .- V) (12)

where y_,= solid-liquid interfacial energy

Y, = solid-catalyst interfacial energy

Y.,= liquid-catalyst interfacial energy
The terms involving the interactions between the catalyst surface and the liquid and solid
can be expressed in terms of the solid-liquid interfacial energy by noting the relationships
among them.

Yei= YooV, (cosb) (13)

The volumetric Gibbs free energy change is the product of the volume of the cap and AG,,
the specific Gibbs free energy change. That volume, in terms of its radius of the curvature
and contact angle is:

2
V= %HVS {(2+c039{4(1-c059) } (14)
or
AGyo1 = 5P AG,f(0) (15)
where
2
£(0) = {w} (16)
re=-2 (17)
v 16 v
AG*= 5 S516) (18)

It is particularly important to note that the critical radius of curvature, *, does not change when
the nucleation becomes heterogeneous. The critical Gibbs free energy, AG*, however, is strongly
influenced by the wetting that occurs at the surface of the material that catalyzes the nucleation.
A lower values of AG* means a lower activation energy to be overcome in nucleation; that is,
nucleation takes place more easily. The magnitude of the effect can be appreciated by
considering values of f(0). f(0) is the ratio of the volume of the heterogeneous nucleus (the cap)
to the volume of the sphere with the same radius of curvature (Ragone, 1994).
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Fig. 6, a graph of AG as a function of radius of curvature of the nucleus, shows the effect of
wetting on the critical Gibbs free energy to be overcome for the nucleus to form.
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Fig. 6. Plot of AG versus r for homogeneous nucleation and an example of heterogeneous
nucleation (Ragone, 1994)

The critical Gibbs free energy for nucleation depends on the nucleus volume. This can be
demonstrated by considering a nucleus having the shape of spherical cap with radius of
curvature r. The Gibbs free energy of the nucleus depends on the interfacial energy and the
volumetric Gibbs free energy change as follows:

AG,=ar*y+ BrrAG, (19)

The parameters a and P are determined by the particular geometry of the nucleus. The
surface energy term, y, is an average surface energy for the nucleus determined according to
the geometrical factors.

The volume of the nucleus is $3. To determine r*,

NG\ _
(%), =0 (20)
2ayr + 3Br?AGy =0 (21)
* - 2 — SﬁAG *
r _'35A(:3VYOIQ__TVr (22)
Substituting in Equation 19, we have

AG;=- 2257 (724 AGyB(r)? (23)

* 1 *\ 3
AG; =-Lp()’aGy (24)

AG, = -3V AGy (25)
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where V*is the volume of the critical nucleus.

It is apparent that any factors that reduce the volume of the nucleus reduce the critical Gibbs
free energy of formation of that nucleus, making nucleation more probable (Ragone, 1994).

The activation energy barrier against heterogeneous nucleation (AG*.t) is smaller than
AG*hom by the shape factor f(0). In addition, the critical nucleus radius (r*) is unaffected by
the mould wall and only depends on the undercooling. This result was to be expected since
equilibrium across the curved interface is unaffected by the presence of the mould wall.

The effect of undercooling on AG*et and AG*hom is shown schematically in Fig. 7a. If there
are n atoms in contact with the mould wall the number of nuclei should be given by:

" AG;,
n'=n 1exp <~ ﬁ) (26)
&
AG"
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Fig. 7. (a) Variation of AG" with undercooling (AT) for homogeneous and heterogeneous
nucleation, (b) The corresponding nucleation rates assuming the same critical value of AG*
(Porter & Easterling, 1992)

Therefore, heterogeneous nucleation should become feasible when AG%e: becomes
sufficiently small. The critical value for AG".t should not be very different from the critical
value for homogeneous nucleation. It will mainly depend on the magnitude of nj, in
Equation 26. It can be seen from Fig. 7b that heterogeneous nucleation will be possible at
much lower undercoolings than are necessary for homogeneous nucleation.
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2.3 Growth

Nucleation is the birth of new crystal nuclei either spontaneously from solution or in the
presence of existing crystals. Crystal growth is the increase in size of crystals as solute is
deposited from solution. These often competing mechanisms ultimately determine the final
crystal size distribution. The rate of growth of a transformation product is determined by
the driving force for the transformation and the frequency with which molecules
successfully make the transition from the reactant phase to the product phase. To use
solidification as an example, the driving force is the negative of the AG of solidification:

AG=1= (T T) 27)

The jump frequency across the liquid-solid interface has a temperature dependence of the
form:

(229 e

where AGy is the activation energy for movement across the liquid-solid interface. The
product of the two is:

solidification rate = f exp (— A]?—TM) (TL) (T - T) (29)

As the temperature decreases, the driving force increases but the jump frequency decreases.
These two opposing dependencies can produce a maximum in the rate of growth as a
function of temperature, as illustrated in Fig. 8.

'

v

Solidification rate
Fig. 8. Solidification rate as a function of temperature (Ragone, 1994)

The temperature dependencies of both nucleation of a new phase and its rate of growth
result in a strong temperature dependence of transformation rate.
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2.4 Supersaturation

Supersaturation is the difference between the actual concentration and the solubility
concentration at a given temperature which is the driving force for all solution
crystallization processes. The figure below (Fig. 9) illustrates the concept of supersaturation
and introduces the metastable zone width (MSZW), the kinetic boundary at which
crystallization occurs (Porter & Easterling, 1992).

Mucleaton

MIZW Mg _ /
_‘ Coding ®

Conceniration

Solubility cure

¥

Termperature

Fig. 9. The excess free energy of solid clusters for homogeneous and heterogeneous
nucleation. Note r* is independent of nucleation site

Supersaturation is critical because it is the driving force for crystal nucleation and growth.
The relationship between supersaturation and nucleation and growth is defined by the
following equations.

G =k ACE (30)

B =k,AC (31)

where, G is growth rate, kg is growth constant, g is growth order, B is nucleation rate, k is
nucleation constant, b is nucleation order, AC is supersaturation.

At low supersaturation, crystals can grow faster than they nucleate resulting in a larger
crystal size distribution. However, at higher supersaturation, crystal nucleation dominates
crystal growth, ultimately resulting in smaller crystals. This diagram, relating
supersaturation to nucleation, growth and crystal size clearly illustrates how controlling
supersaturation is vitally important when it comes to creating crystals of the desired size
and specification (see Fig. 10) (Porter & Easterling, 1992).

The rate of crystal nucleation in glasses reaches its maximum at a temperature somewhat
higher than the glass transition temperature and then decreases rapidly with increasing
temperature, while the rate of crystal growth reaches its maximum at a temperature much
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higher than the temperature at which the nucleation rate is highest. Therefore, when a glass
is heated at a constant rate, crystal nuclei are formed at lower temperature and grow in size
at higher temperatures without any increase in number (Matusita & Sakka, 1981).

A crystal size (pm)

growth rate
(pm =)

nucleation rate {s*m~)

>
supersaturation (g/g)

Fig. 10. The relationship between supersaturation and nucleation and growth

3. Kinetic investigation of crystallization

The theory of crystallization in amorphous materials can be explained by considering the
structure and the kinetics of the crystallization. Therefore, the investigation of crystallization
kinetics is important since it quantifies the effect of the nucleation and growth rate of the
resulting crystallites (Carter & Norton, 2007; Kashchiev, 2000). In this chapter, crystallization
kinetics of amorphous materials was investigated by explaining the crystallization
mechanism and the crystallization activation energy in terms of isothermal and non-
isothermal methods with different approaches. Different thermal analysis techniques used
in crystallization kinetic studies were presented and a correlation between kinetic and
structural investigations was made to determine the crystallization mechanism (Aratjo &
Idalgo, 2009; Malek, 2000; Prasad & Varma, 2005).

The crystallization kinetics of amorphous materials can be investigated either isothermally
or non-isothermally by using thermal analysis techniques. In the isothermal method, the
sample is heated above the glass transition temperature and the heat absorbed during the
crystallization process is measured as a function of time. On the other hand, in the non-
isothermal method, the sample is heated at a fixed rate and then the change in enthalpy is
recorded as a function of temperature. Thermal analysis techniques such as differential
thermal analysis (DTA) and differential scanning calorimetry (DSC) are quite popular for
kinetic analysis of crystallization processes in amorphous solids (Aratjo & Idalgo, 2009;
Malek, 2000; Prasad & Varma, 2005).

Many of the reactions of interest to materials scientists involve transformations in the solid
state, reactions such as recrystallization of a cold-worked material, the precipitation of a
crystalline polymer from an amorphous phase, or the growth of an equilibrium phase from
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a non-equilibrium structure, the driving force for which is brought about by cooling from
one temperature to another. Consider the initial phase to be a and the resulting phase to be
(; the reaction is written:
a—p
The total volume of the sample is the sum of the volumes of a and :
V=Va+ VP (32)

The fraction transformed can be represented in the literature as x, a or F:

x= % (33)

Assume that the transformation from a to p is controlled by nucleation and growth, that is,
the nucleation of phase p within a and then the rate of growth of p.

If we consider N is the nucleation rate per unit volume and G is the growth rate in one
direction = dr/dt (assuming spherical form of ). Consider the time line from zero to a time,
t (see Fig. 11). We will consider another measure of time (t), which starts when a nucleus is
formed. The number of nuclei formed in differential time dt is equal to

NVa dr (34)

v| dt |

v

0 |—"'I' i

Time —

Fig. 11. Definition of t and T for derivation of solid state transformation equations
(Ragone, 1994)

Assuming that the particles nucleated in this time dt grow as spheres, the radius of the
particles formed during dt, after they have grown to time ¢, is:

Jydr = [[Gdt (35)

r=G(t-1) (36)

The volume of the particle nucleated during dt at time ¢ is:
dVP=2nG(t- 1)’ (NV)de (37)

dVP=2nGN(V - VP (¢ - 1)°dr (38)

Early in the transformations, when V8 is small, VP can be considered negligible with respect
to V. In this case, the fraction transformed may be calculated as follows:

p
Jy dvP=[2nGNV(t- 1) dr (39)
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VP=vIGENe (40)

VP

L PN
x= = IG'Nt (41)

To treat the regime beyond the early transformation the extended volume concept is
adopted. In this case, the nucleation and growth rates are separated from geometrical
considerations such as impingement. The extended volume (V.) is the volume that would
have been formed if the entire volume had participated in nucleation and growth, even that
portion transformed (VP). In this case,

dve = VinGN(t-7)° de (42)
4
Ve =inV [[G’N(t-7) dr (43)

But the total volume is equal to the sum of the volumes of a and f3:

V= Va+ VP (44)
LA 45
v oty (45)

where x = VB/V
The amount of  formed, dV#, is the fraction of a times d VE
VB
avP= (1- V) av? (46)
Integrating Equation 46,
Ve
VE=—Vln<1—7>=—VIn(1-x) 47)

Combining Equations 43 and 47 yields,

-In(1-2)=3uf{G’N(t-1)’ dr (48)

If G and N are constant,
-In (1-x) =3uGN [ (t-7)° du= 2G°N#* (49)
x=1-exp (—gG3Nt4) (50)

The resulting equation relating the fraction transformed to nucleation rate, growth rate and
time is called Johnson-Mehl equation.

A similar treatment of the subject is given by Avrami. In general he expresses the fraction
transformed as

x=1-exp (-kt") (51)
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where 7 is called “the Avrami n”. To determine the value of Avrami n from Equation 50, the
following mathematical manipulation is performed:

x=1-exp (k") (52)
1-x=exp (-kt") (33)
In(1 - x) = k" (54)
In[In(1-x)]=Ink-nlnt (55)

Thus the Avrami n is the slope of the plot of the logarithm of the logarithm of (1 - x) versus
the negative of the logarithm of ¢ (Ragone, 1994).

3.1 Thermal analysis techniques

The study of crystallization kinetics in glass-forming liquids has often been limited by the
elaborate nature of the experimental procedures which are employed. The increasing use of
thermoanalytical techniques such as differential thermal analysis (DTA) or differential
scanning calorimetry (DSC) has, however, offered the promise of obtaining useful data with
simple methods (Yinnon & Uhlmann, 1983).

When a reaction occurs in thermal analysis, the change in heat content and in the thermal
properties of the sample is indicated by a deflection (Kissinger, 1957). It is conventional to
represent an endothermic effect by a negative deflection and an exothermic effect by a
positive deflection (see Fig. 12). The deflections, whether positive or negative, are called
peaks (Kissinger, 1956). If the reaction proceeds at a rate varying with temperature,
possesses an activation energy the position of the peak varies with the heating rate if other
experimental conditions are maintained fixed. This variation in peak temperature could be
used to determine the energy of activation for first order reactions (Kissinger, 1957).

Texe

Endo. — Heat Flow — Exo.

Tends

Temperature [*C)

Fig. 12. A representative thermal analysis thermogram
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Differential thermal analysis (DTA) has been extensively used as a rapid and convenient
means for detecting the reaction process. The rate of chemical reaction was analyzed
quantitatively by DTA and the activation energies were obtained. Furthermore, this method
was used to obtain the activation energy for the crystallization of glass, assuming that the
process of crystallization is a first order reaction (Matusita & Sakka, 1981). DSC
measurements are useful in obtaining kinetic parameters related to the glass crystallization
process especially in non-isothermal method due to the rapidity of this thermoanalytical
technique (Aratjo & Idalgo, 2009; Cheng et al., 2007).

3.2 Thermal analysis methods
3.2.1 Isothermal method

In the isothermal method, kinetic parameters of amorphous materials crystallization are
obtained by monitoring the shift in the crystallization peak as a function of time (Prasad &
Varma, 2005). Crystallization peak temperatures, T, and crystallized volume fractions, x, are
determined from the thermal analysis curves with respect to time in isothermal method.

In isothermal analysis, the volume fraction crystallized, x, at any time ¢ is givenas x=S5;/ S
where S is the total area of the exothermic peak between the time #; at which the
crystallization begins and the time ¢ at which the crystallization is completed. S; is the area
between t; and ¢ (see Fig. 13) (Ray et al., 1991).

e

Endo. +— Heat Flow — Exo.
M

ki ! Time &
Fig. 13. Computation of the volume fraction crystallized, x, in isothermal method (Prasad &
Varma, 2005)

Isothermal investigation of crystallization in amorphous materials can be described by the
Johnson-Mehl-Avrami equation as given in Equation 55 (Aratjo & Idalgo, 2009; Avrami,
1939, 1940; Celikbilek et al., 2011; Prasad & Varma, 2005).

From the slopes of the linear fits to the experimental data from a plot of In[-In(1-x)] versus
Int, k and n values are calculated for different isothermal hold temperatures (see Fig. 14).
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slope=mn

In[-In{1-x)]

In £
Fig. 14. Plot of In[-In(1- x)] against Int for determining the Avrami parameter, n

The activation energy can be evaluated by the Arrhenius-type equation (Aratjo & Idalgo,
2009; Celikbilek et al., 2011; Prasad & Varma, 2005):

In (k) =Inky - E/RT (56)

where k is the reaction rate constant, ko is the frequency factor, E4 is the activation energy, R
is the gas constant. The activation energy for several isothermal temperatures is calculated
from the slopes of the linear fits to the experimental data from a plot of Ink versus 1/T (see

Fig. 15).

slope=-Ea/R

In E

1/T

Fig. 15. Plot of Ink against 1/T for determining the activation energy, Ea
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In crystallization kinetic studies, as-cast (non-nucleated) and pre-nucleated samples can be
used to recognize the effect of increasing and constant number of nuclei on the
crystallization mechanism, respectively (Celikbilek et al., 2011; Prasad & Varma, 2005). For
the as-cast (non-nucleated) samples, when the nucleation takes place during thermal
analysis, the number of nuclei of the as-cast sample is proportional to the heating rate. For
the pre-nucleated samples, the number of nuclei of the pre-nucleated sample does not
depend on the heating rate (Celikbilek et al., 2011).

Crystallization mechanism of amorphous materials can be detected regarding to the
following approaches; when the nucleation rate is zero during the thermal analysis
experiment, n = m, when nucleation takes place during thermal analysis, n = m + 1 and
when surface crystallization is the predominant mechanism, n = m = 1, where the
parameters of n and m represent the values of the growth morphology depending on the
crystallization mechanism (Celikbilek et al., 2011; Matusita & Sakka, 1981; Prasad & Varma,
2005). As seen in Table 1, different crystallization mechanisms appear for different
numerical factors, such as rod-like for one dimensional growth or surface crystallization (i
= 1), disk-like for two-dimensional growth (m = 2) and spherical for three-dimensional
growth (m = 3) (Celikbilek et al., 2011; Matusita & Sakka, 1981; Matusita et al., 1984; Prasad
& Varma, 2005; Ray et al. 1991).

Crystallization mechanism n m

Bulk crystallization with a constant number of nuclei
Three-dimensional growth of crystals 3 3

Two-dimensional growth of crystals 2 2
One-dimensional growth of crystals 1 1
Bulk crystallization with an increasing number of nuclei

Three-dimensional growth of crystals 4 3
Two-dimensional growth of crystals 3 2
One-dimensional growth of crystals 2 1
Surface crystallization 1 1

Table 1. Values of n and m for different crystallization mechanisms (Matusita & Sakka, 1981)

3.2.2 Non-isothermal method

Non-isothermal measurements offer some advantages if compared with isothermal studies.
The kinetics of crystallization of several amorphous materials has been extensively obtained
from thermal analysis techniques in isothermal mode. However, non-isothermal
measurements, using a constant heating rate until the complete crystallization, are usually
applied to study the devitrification on different glasses since the rapidity with which this
thermoanalytical technique can be performed (Aragjo & Idalgo, 2009). In the non-isothermal
method, crystallization peak temperatures, T, and crystallized volume fractions, x, are
determined from the thermal analysis curves with respect to temperature. The volume
fraction crystallized, x, at any temperature T is given as x = St/ S, where S is the total area
of the exothermic peak between the temperature, T;, at which the crystallization begins and
the temperature, Ty, at which the crystallization is completed and Sr is the partial area of the
exothermic peak up to the temperature T (see Fig. 16) (Ray et al., 1991).
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Fig. 16. Computation of the volume fraction crystallized, x, in non-isothermal method
(Celikbilek et al., 2011; Prasad & Varma, 2005)

Some authors have applied the Johnson-Mehl-Avrami equation to the non-isothermal
crystallization process, although it is not appropriate because the Johnson-Mehl-Avrami
equation was derived for isothermal crystallization. Table 2 shows different approaches for
the interpretation of the kinetic data obtained from thermal analysis measurements. The
Kissinger equation was basically developed for studying the variation of the peak
crystallization temperature with heating rate. According to Kissinger’s method, the
transformation under non-isothermal condition is represented by a first-order reaction.
Moreover, the concept of nucleation and growth has not been included in Kissinger
equation. Matusita et al. have developed a method on the basis of the fact that crystallization
does not advance by an nth-order reaction but by a nucleation and growth process. They
emphasized that crystallization mechanisms such as bulk crystallization or surface
crystallization should be taken into account for obtaining avtivation energy. In addition to
activation energy, Matusita’s method provides information about the Avrami exponent and

Method Approach
Ozawa In[-In(1-x) ] =-nInp + const (Equation 57)
2
Kissinger modified by T\ mEx .
Matusita et al. In <ﬁ_n “RT, + const (Equation 58)
ifi i E In[-In(1-
Ozawa modified by Matusita Inf = - 1.052 MEA \ n[-In(1-v)] +const  (Equation 59)
etal. nRT, n
Augis and Bennett In(g/ T,)=-Ex / RT, + Ink, (Equation 60)
Afif In (B/ TI%) =-(m/n) (Eo/RT,) + constant  (Equation 61)
Y In(8) = - (m/n) (E/RT,) + constant _ (Equation 62)

Table 2. Different methods for interpretation of non-isothermal kinetic data
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dimensionality of growth. Augis and Bennett method is helpful in obtaining kinetic
parameters such as frequency factor (ko), rate constant (k) along with activation energy of
crystallization and therefore preferred for the calculation of the kinetics over the other
models (Deepika et al., 2009).

Ozawa and Kissinger plots are the most commonly used equations to calculate non-
isothermal kinetic data, such as Avrami constant, n and crystallization activation energy, Ea,
respectively (Celikbilek et al., 2011; Kissinger, 1956, Ozawa, 1971; Prasad & Varma, 2005).

In the non-isothermal method, the values of the Avrami parameter, 1, are determined from
the Ozawa equation (Celikbilek et al., 2011; Ozawa, 1971; Prasad & Varma, 2005):

In[- ln(l—x) ] =-nlng + const (57)

where x is the crystallized volume fraction at T for the heating rate of f. From the slopes of
the linear fits to the experimental data from a plot of In[-In(1-x)] versus In §, n values are
calculated (see Fig. 17). Crystallization mechanism, m, of the glass samples can be detected
from Matusita et al.’s approach (Matusita & Sakka, 1981) as shown in Table 1.

slope =-n

In[-In{1-x)]

In f
Fig. 17. Plot of In[-In(1- x)] against Inf for determining the Avrami parameter, n

The activation energy can be evaluated by the modified Kissinger equation by Matusita et
al. (Aragjo & Idalgo, 2009; Celikbilek et al., 2011; Kissinger, 1956, Matusita & Sakka, 1981;
Prasad & Varma, 2005):

Tp) _ mEa
In (E) =&, +const (58)
where T, is the crystallization peak temperature for a given heating rate f, Ex is the
activation energy, R is the gas constant, n is the Avrami parameter and m is the numerical
factor of crystallization mechanism. The activation energy is calculated from the slopes of
the linear fits to the experimental data from a plot of In(T,2/ p) versus 1/ T, (see Fig. 18).
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slope = mE4/R

InfT32/"]

YTy
Fig. 18. Plot of In[T},2/ pn] against 1/ T}, for determining the activation energy, Ea

There exist also different approaches for the interpretation of the activation energy in the
literature, such as the modified Ozawa equation by Matusita et al. (Equation 59) (Matusita &
Sakka, 1981):

Inp =-1.052 (%) - {M} + const (59)

where x is the crystallized volume fraction, f is the heating rate, T}, is the peak temperature,
E4 is the activation energy, R is the gas constant, n is the Avrami parameter and m is the
crystallization mechanism.

The activation energy of crystallization can also be determined by an approximation
proposed by Augis and Bennett (Augis & Bennett, 1978). The relation used by them is of the
form:

In(B /T,)=—E, / RT, +Ink, (60)

where, k, is the frequency factor and R is gas constant. The plot of In (§/T,) against 1/T,
gives activation energy of crystallization (Ea).

This method has an extra advantage over the modifed Ozawa method employed in the
literature for the determination of activation energy of crystallization that the intercept of
In (8/Tp) against 1000/ T, gives the value of pre-exponential

factor k, of Arrhenius equation (Eq. 56), which is defined as the number of attempts made by
the nuclei per second to overcome the energy barrier. This also provides information for the
calculation of number of nucleation sites, present in the material for crystal growth (Deepika
et al., 2009).
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The value of activation energy can also be calculated also by using the variation of T}, with
the heating rate § for both crystallization phases (Afify, 1990; Afify et al., 1991). By using
similar relations to Kissinger equation, the relations can be written in the form:

In (8/Tp) = - (m/n) (Ea/RTy) + const (61)

In(B) = - (m/n) (EA/RT}) + const (62)

where, R is gas constant, T, is the peak temperature, n is the Avrami parameter and m is the
crystallization mechanism.

3.3 Crystallization kinetic studies in amorphous materials

Numerous studies exist on crytallization kinetics of amorphous materials, such as glasses
(Aratjo, & Idalgo, 2009; Aratjo, 2009; Cheng, 2007; Celikbilek, 2010; Celikbilek, 2011; El-
Mallawany, 1997; Idalgo, 2006; Jeong, 2007; Prasad & Varma 2005; Ray, C.S., Huang, W.H. &
Day, 1991; Shaaban, 2009; Yukimitu, 2005), amorphous alloys (Abu El-Oyoun, 2009; Afify,
1990; Afify, 1991; Al-Ghamdi, 2010; Al-Ghamdi, 2011; Aly, 2009; Dahshan, 2010; Deepika,
2009; Elabbar, 2008; Huang, 2008; Mehta, 2004; Yahia, 2011, Zhang, 2008), amorphous thin
films (Abdel-Wahaba, 2005; Bhargava, 2010; Chen & Wu, 1999; Hajiyev, 2009; Lei, 2010; Liu
& Duh, 2007; Seeger & Ryder, 1994), amorphous nanomaterials (Ahmadi, 2011; Gridnev,
2008; Qin, 2004; Tomasz, 2010), etc. In this section, selected studies reported in the literature
on crystallization kinetics of different types of amorphous materials were given to make the
theory of kinetics more understandable for the reader.

3.3.1 Glasses

Isothermal crystallization kinetic studies in the glass system (100-x) LiBO»-xNb,Os (55x<20,
in molar ratio) have been realized using differential thermal analyses by Prasad et al.
(Prasad & Varma, 2005). The isothermal experiments were carried out by heating the
samples to the desired temperature at a rate of 50 °C/min. After attaining the required
temperature, the run was held for a period of about 30 seconds to reach the equilibrium. The
temperature range of 527-547 °C with an interval of 5 °C was selected for isothermal
experiments because the glass shows reasonable peak shapes in this range, which is
recommended for accurate data analyses.

The crystallized fraction x as a function of time at all the holding temperatures is shown in
Fig. 19. It reveals that the time taken to complete the crystallization peak is indirectly
proportional to the isothermal holding temperature. A typical isothermal DTA trace
obtained at 537 °C (holding temperature) is shown in the inset of Fig. 19.

Plots of In[-In(1-x)] against In t are shown in Fig. 20. Values of Avrami exponent n and the
reaction rate constants k were determined by least square fits of the experimental data. The
average value of n is 2.62. Since n takes only integer values from 1 to 4, the n (close to 3)
value observed in the present study indicates the near three-dimensional growth of LiNbO;
(see Table 1). The values of In k are determined for all the temperatures from the plots of In[-
In(1-x)] against In ¢ (Fig. 20).
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Fig. 19. The crystallized fraction x as a function of isothermal time. Inset shows the
isothermal differential thermal analyses trace obtained at 537 °C (Prasad & Varma, 2005)
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Fig. 20. Plot of In[-In(1-x)] against In f for determining the #n (Prasad & Varma, 2005)
A plot of In k versus 1/T shown in Fig. 21 yielded the activation energy, Ea, to be 293
kJ/mol (Prasad & Varma, 2005).
Non-isothermal crystallization kinetics of the (1-x)TeO,-xWO3 (where x=0.10, 0.15 and 0.20
in molar ratio) glass system was studied by Celikbilek et al. and DSC curves of the as-cast

(non-nucleated) sample recorded at different heating rates, p, are shown in Fig. 22. The T
value for the calculation of the volume fraction crystallized of 0.90TeO,-0.10WO; glass was

determined at 420 °C (Celikbilek et al., 2011).
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Fig. 21. Plot of Ink versus 1/ T from which the values of crystallization activation energy are
obtained (Prasad & Varma, 2005)
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Fig. 22. DSC curves with heating rate § (5, 7.5, 10, 15, 20, 25, 30, 35 and 40 °C/min) for
0.90TeO,-0.10WO; sample (Celikbilek et al., 2011)
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The values of the Avrami parameter, 7,

were calculated from the linear fits to the

experimental data based on the Ozawa equation (Equation 57), as shown in Fig. 23. The n
value was determined as 1.14 for 0.90TeO,-0.10WOs glasses. On the basis of the

determination about the non-integer value

of the Avrami parameter, in this study the n

value was determined as 1, indicating the formation of surface crystallization during the

crystallization process (see Table 1).
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Fig. 23. The Ozawa plot for determining # associated with the first exotherm of the
0.90TeO,-0.10WO3 sample (Celikbilek et al., 2011)
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Fig. 24. The Kissinger plots for determining Ea associated with the first exotherm of the pre-
nucleated 0.90TeO,-0.10WO3 sample (Celikbilek et al., 2011)
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Using the modified Kissinger equation (Equation 58), activation energy, Es, for the first
crystallization reaction of 0.90TeO»-0.10WO; glass was determined from the linear fits of
In(T,2/pr) versus 1/ T, plots, as shown in Fig. 24. The activation energy of the first exotherm
was calculated as 379 k]J/mol. Comparing with this result, in another study realized by
Celikbilek et al., the E5 value was determined as 372 kJ/mol by applying the modified
Ozawa method from the slopes of the linear fits to the experimental data from a plot of In p
versus 1/ Ty, for 0.90TeO,-0.10WO3 sample.

To determine the crystallization mechanism of the glasses with fixed nuclei number,
0.90TeO,-0.10WO; sample was pre-nucleated by heat-treating for 2 hours at 350 °C. The pre-
nucleation temperature was determined by nucleating the as-cast glass sample for 2 hours at
three different temperatures between T, and T,. The nucleation temperature which
corresponds to the maximum peak temperature was selected as the pre-nucleation
temperature (350 °C) (Celikbilek et al., 2011).

The value of the Avrami constant of 0.90TeO,-0.10WOs3 glass pre-nucleated at 350 °C is
shown in Fig. 25. The n value of the pre-nucleated sample was calculated as 1 from the
Ozawa equation (Equation 57) and while the number of nuclei do not depend on the heating
rate for pre-nucleated samples, according to the approach n = m, the mechanism was
determined as one-dimensional growth of the crystals (see Table 1). The n value calculated
for the as-cast 0.90TeO,-0.10WO;3 glass was also calculated as 1, indicating the surface
crystallization.

The activation energy, Ea, of the first crystallization reaction of pre-nucleated 0.90TeO,-
0.10WOs glass was calculated using the Kissinger equation, as shown in Fig. 26. The E4
value of the pre-nucleated sample was determined as 382 kJ/mol, very close to the
calculated E4 value of the as-cast sample (379 kJ/mol) and from the obtained data it was
concluded that constant or increasing number of nuclei does not have a significant effect on
crystallization activation energy.

1

0,5 -
y = -1,0085x + 2,3519
R? = 0,9695
= 07
x
i
= 0,5
i
£ ] n=1.00
15 - LI |
-2 T T T T T
1 1,5 2 25 3 3.5 4

InB

Fig. 25. The Ozawa plot for determining n associated with the first exotherm of the
0.90TeO,-0.10WO3 sample pre-nucleated at 350 °C for 2 hours (Celikbilek et al., 2011)
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Fig. 26. The Kissinger plot for determining Ex associated with the first exotherm of the
0.90TeO,-0.10WO3 sample pre-nucleated at 350 °C for 2 hours (Celikbilek et al., 2011)

Fig. 27. SEM micrographs of the 0.90TeO,-0.10WO3 sample heat-treated at 410 °C (a) surface,
(b) cross-section (Celikbilek et al., 2011)

Fig. 27a-b represents the SEM micrographs taken from the surface and the cross-section of
the 0.90TeO,-0.10WO3 sample heat-treated at 410 °C, above the first crystallization onset
temperature, respectively. Fig. 27a exhibits the presence of dendritic leaf-like crystallites
differently oriented on the surface. However, in the cross-sectional micrograph (see Fig.
27b), a typical amorphous structure without any crystallization on bulk structure can be
clearly observed following the crystallites on the surface. Based on the SEM investigations, it
was determined that the crystallites formed on the surface and did not diffuse into the bulk
structure proving the surface crystallization mechanism (Celikbilek et al., 2011).
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3.3.2 Amorphous alloys

Non-isothermal crystallization kinetic investigation of SessGes.Pbx (x =9, 12) alloy studied
by Deepika et al. is given here as an example of the crystallization kinetics in amorphous
alloys. In their study, glassy alloys of SessGessPby and SessGesoPbi, were prepared by melt-
quenching technique and after realizing thermal analyses, the samples were annealed at 633
and 643 K, which lie between the first and second crystallization, respectively. The
activation energy of crystallization for the first and second crystallization stages of
SessGePby and SessGesoPbis glassy systems was derived using the approximation methods
developed by the Kissinger (Equation 58), Matusita (Equation 59), Augis and Bennett
(Equation 60). The values of activation energy of crystallization of as-prepared and annealed
samples using different theoretical models are given in Table 3 (Deepika et al., 2009).

Activation energy of crystallization (kJ/mol)

Models applied SessGessPby SessGesoPbi2
PP Before annealing After annealing Before annealing After annealing
I peak 1T peak I peak 1I peak

Kissinger Model 167.06 £0.88 16529 £0.45 144.97+0.88 171.46+1.19 146.15+2.03 139.71+1.13

I‘;‘;fﬁifeme” 155.65 +1.37 168204227 6635+077 195.66+0.53 18643 +3.12 13422 +2.94

Matusita Model 330.34+746 316.28+2.0 237.58+1.33 384.52+3.79 412.39+2.61 195.60+1.96

Table 3. Activation energy of crystallization of as-prepared and annealed samples of
SessGessPby and SessGesoPbis glassy systems using different theoritical models
(Deepika et al., 2009)

From Table 3, it is observed that activation energy of crystallization decreases after
annealing. This means that group of atoms in the glassy state requires less amount of energy
to jump to crystalline state hence, making the sample less stable and more prone to
crystallization. This is again an indication of the fact that annealing of glass leads it to a
quicker crystallization. The crystallization mechanism of crystals decreases to one
dimension from two and three dimensions after annealing, suggesting a decrease from bulk
nucleation to surface nucleation in annealed samples.

It is also observed that activation energies of amorphous alloys calculated by means of the
different theoretical models differ substantially from each other. This difference in the
activation energy as calculated with the different models may be attributed to the different
approximations used in the models.

3.3.3 Amorphous thin films

The crystallization kinetics in Nisos4Tis9.46 film was studied by Liu et al. using differeantial
scanning calorimetry through non-isothermal and isothermal techniques. Niso54Tis946 thin
films were prepared by a mixed NiTi target using DC magnetron sputtering. The NiTi thin
film was deposited on Si wafer and the substrate was unheated to achieve the amorphous
structure. For non-isothermal analyses, a set of DSC scans was recorded at heating rates
ranging from 5 to 50 °C/min. For isothermal analyses, the amorphous samples were first
heated to a fixed temperature with 250 °C/min (between 793 and 823 K), and then held for a
certain period of time until fully crystalline state was achieved.
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The activation energy for crystallization was determined to be 411 and 315 kJ/mol by
Kissinger (Equation 58) and Augis & Bennett (Equation 60) method, respectively (Fig. 28a-b)
(Liu & Duh, 2007). Comparing with this study, previous works on near equiatomic NiTi
films showed that the activation energy was 370-419 kJ/mol (Chen & Wu 1999; Seeger &
Ryder, 1994).
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Fig. 28. Plot of the (a) Kissinger and (b) Augis & Bennett equations for the crystallization in
Ni50_54Ti49'46 thin fllms (Liu &: Duh, 2007)

The isothermal crystallization kinetics of amorphous materials is described by the Johnson-
Mehl-Avrami (JMA) equation. The Avrami exponent n for different temperature ranges
from 2.63 to 3.12 between 793 and 823 K (Fig. 29a), which indicates that the isothermal
annealing was governed by diffusion-controlled three-dimensional growth for Nisos4Tis9.46
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Fig. 29. Plots of the (a) Avrami and (b) Arrhenius equations for the isothermal crystallization
of Nisos547T149 .46 thin films(Liu & Duh, 2007)
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thin films. The E4 value was calculated from the Arrhenius equation and activation energy
for crystallization was determined as 424 kJ/mol (Fig. 29b). This value is very similar to that
from non-isothermal method as determined by the Kissinger analysis (411 kJ/mol). It
isdemonstrated that the crystallization on both non-isothermal and isothermal methods
induces a similar phase transformation mechanism (Liu & Dubh, 2007).

3.3.4 Amorphous nanomaterials

The nanocrystallization kinetics of NigsTixsZrisSisPdi; alloy has been investigated using
differential scanning calorimetry by means of non-isothermal and isothermal techiques and
the products of crystallization have been analyzed by transmission electron microscopy and
X-ray diffraction. The bulk amorphous alloy has been prepared by copper mold casting. In
the non-isothermal experiments, a set of DSC scans were obtained at a heating rate ranging
from 10 to 40 K/min. For the isothermal analysis, the amorphous samples were first heated
to a fixed temperature between 820 and 835 K at a rate of 200 K/min, then maintained for a
certain period of time until the completion of exothermic process (Qin, 2004).

By using the values of glass transition, T, crystallization onset, T, and crystallization peak,
Tp, temperatures a Kissinger plot yields approximate straight lines as shown in Fig. 30. From
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Fig. 30. Kissinger plots of the NiysTiz3Zr;55i15Pd1, bulk amourphus alloy (Qin, 2004)
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the slopes of these lines the activation energies were determined as 373, 448 and 435 kJ/mol
for Ty, Tx, Tp, respectively. The apparent activation energy Ex deduced from the Kissinger
equation for onset crystallization is higher than that for crystallization peak, meaning that
nucleation process is more difficult than growth (Qin, 2004).

The bright field TEM image and a corresponding selected area diffraction pattern (SADP) of
the bulk specimen after annealing at 840 K for 900 seconds are shown in Fig. 31. The bright
field image shows crystalline nanoparticles embedded in the amorphous matrix. The SADP
consists of several ring patterns superimposed on a diffuse halo patterns, also indicating a
mixture of nanocrystalline and residual amorphous phase. All the continuous rings can be
analyzed into the ordered bcc structure phase with lattice parameter little larger than that of
NiTi, which is in agreement with the realized XRD results (Qin, 2004).

Fig. 31. Bright-field TEM image (a) and selected-are eletron diffraction pattern, (b) of the
NigsTinZr155isPd12 bulk amourphus alloy annealed for 900 seconds at 840K (Qin, 2004)

4. Conclusion

In conclusion, crystallization of an amorphous material is a complex phenomenon involving
nucleation and growth processes and it can be investigated by taking into account the
structure and the kinetics of the crystallization reaction. Crystallization kinetics is crucial
since it studies the effect of nucleation and growth rate of the resulting crystalline phase.
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Therefore, this chapter covers the investigation of the crystallization kinetics of amorphous
materials by studying the crystallization mechanism in terms of isothermal and non-
isothermal methods and describing different thermal analysis techniques used in
crystallization kinetic studies and explaining the structural characterization techniques used
to determine the crystallization mechanism.
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1. Introduction

The enthalpy relaxation of the glassy materials has been investigated rheologically for years
with a view to approaching the ideal glass! - 5. The imaginary liquid at Kauzmann
temperature? 3), Tk, at which the extrapolation line of enthalpy or entropy as a function of
temperature for the liquid intersected the enthalpy or entropy line of the crystal, had been
considered once to be the ideal glass. However because at T, the enthalpy or entropy for
the liquid was same as that of crystal, the liquid like this was hard to take
thermodynamically, bringing the entropy crisis. Fig. 1 depicts the change of the enthalpy
difference, AH, between the liquid and the crystal upon cooling for a polymer. For stable
liquids, AH should be almost constant from near T, upon cooling as described below.
Therefore, the liquid line can never intersect that of the crystal. The transition from liquid to
crystal or vice versa means the emission or absorption of the latent heat accompanying the
enthalpy jump. Thus for polymers, Tk is merely a temperature parameter.

—————— ; ".'
Liquid Crystal /i

v /

Enthalpy Relaxation

AH

Crystal /”

Fig. 1. The change of AH for a polymer liquid or liquid crystal (solid line) upon cooling. The
small arrow mark shows the direction of enthalpy relaxation. The base line is that of crystal.
The dashed lines are extrapolated to T and Tk, and the dot line is complementary.
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For the glass transition of polymeric or other matter glasses, whether it is the phase
transition or not is nowadays yet controversial¢ - 11). However for polymers, the criterion of
the glass transition temperature, Ty, presented by us is decisive, supporting the first order
hole phase transition!?-14) and the broad heat capacity jump at the glass transition without
the enthalpy relaxation has been understood successfully’®. The cooled polymers
unidentified by the criterion should belong to the liquid on the way of enthalpy relaxation
even if they were glassy. When without the enthalpy relaxation at temperatures below T,
the super-cooled liquid could be stable thermodynamically. Glassy pitch® might be the
stable liquid, which is flowing still at a drop per 9 years from 1927. Recently, for
poly(ethylene terephthalate) (PET) 16), polystyrene (PS), isotactic polypropylene (iPP),
polyethylene (PE) and nylon-6 (N6), it was predicted that during the enthalpy relaxation at
temperatures below Tg, the “ordered part / hole” pairs should generate and consequently,
bringing a reduction in the relaxation time to the goal of the ideal glass, e.g., the quasi-
crystals lacked periodicity but with symmetryl?), the alternative and stable glass parts
should be formed between their pairs. At Ty, the unfreezing of glass parts is caused by the
first order hole phase transition. Then the holes should play the free volume jump as an
affair of dynamic equilibrium in the disappearance and generation of “ordered part / hole”
pairs. The free volume jump at the glass transition, accompanying the enthalpy and entropy
jumps, is the characteristic of the first order hole phase transition. In this chapter,
introducing the constant volume heat capacity of photons to the holes!6.18,19), the generation
of “ordered part / hole” pairs during the enthalpy relaxation at temperatures below Ty and
the subsequent disappearance at the glass transition, accompanied by the jumps of free
volume, enthalpy and entropy, were discussed for PET, PS, iPP, PE and N6 on the basis of
thermodynamics. IPP, PE and N6 were investigated as the peculiar cases for the comparison
with PET and PS, which are the glassy polymers with the almost same values of the
constant, ¢z, of WLF equation?), i.e., 55.3 K21 and 56.6 K20), respectively. The holes taken in
the helix structure of iPP should hold the interaction of partnership with the helical ordered
parts. For PE, the glasses with Ty = 135 K and 237 K depending on the structure of the
ordered parts!® were discussed. It seems likely that from near 130 K, the growth of open
space in the PE glasses occurs?2). DSC (Differential Scanning Calorimetry) on PE films8)
revealed that ~38 % of the crystal lamella was constituted by the inter-grain aggregates
containing the glass with a secondary T;. The generation of “crystal / anti-crystal hole”
pairs from the secondary glass was discussed. For N6, the ordered parts were the stretched
sequences of -(CHy)s- between amido groups. The hole energy of “ordered part / hole” pairs
was concerned with the frequency of absorption bands in the infrared spectrum.

2. Enthalpy relaxation and hole formation of PET, PS, iPP, PE and N6 glasses
2.1 Thermodynamics of glass transition

The glass transition temperature, Ty, of polymer glasses could be identified as that of the
first order hole phase transition by satisfying the criterion consisted of Egs. (1) and (2), in
which £, has been added under the operational definition concluding that the stable glasses
could not be formed easily without the generation of “ordered part / hole” pairs during the
enthalpy relaxation at temperatures below T,!3):

fx = fow (= hfiow — Tgsﬂow) =0 (1)
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Sflow = 0 ( hﬂow = 0) (2)

where f; (= hy — Tgsy), he and sy are the free energy, enthalpy and entropy per molar
structural unit for ordered parts, faow, haow and sgow are the free energy, enthalpy and
entropy per molar structural unit for flow parts. The molar free energy of holes held
photons at the temperature, T, is generally given by fb = —RTIn(v¢/vo) and then the molar
entropy of holes, sh, at a constant pressure, p, is derived:

sh = —(afh/dT), = Rin(v¢/ vo) + RT{dIn(v¢/ vo)/ T}, 3)

where v¢ and vg are the molar free and core volumes of holes and R is the gas constant.
When vy is almost constant, from fh = hh — Tsh and Eq. (3), the molar enthalpy of holes, h", is
derived:

hh = RT2(dlnv¢/ dT), )

When the ordered parts at Ty are in equilibrium with the holes; f (= 0) = fb, from f, = 0 and
hyx = hg + Ah (see Eq. (13)), sx at Tg is derived:

sx (=hy/Ty) = Asg + Ah/ T, )

with Asg = hg/Tg, defining the entropy of unfreezing for the glass parts at Tg, where hg is the
molar glass transition enthalpy, Ah is the heat per molar structural unit required still to melt
ordered parts, relating to the jump of v¢ (see Eq. (8)). Further from Eq. (2), the h; and the
molar glass transition entropy, s, are derived?!3):

hg = RT2(3lnve/aT), ©)

Sg (= sgeonf + sgint) = RIn(ve/ vo) + RTg(dInve/ dT), (7)
with sgint = (3R/2)In(2nmkT/h2) — (1/x)(R/N)InN! + RInq — Rlnv

where sgeonf and sgint are the conformational and cohesive entropies per molar structural unit
for glass parts at T (see Eq. (16) for syenf), m is the mass of a structural unit, k is Boltzmann
constant, h is Planck constant, N is the number of chains, x is the degree of polymerization
and q (£ 1) is the packing factor. When v¢ = vy, from Eqs. (6) and (7), hy = 0 and s; = 0 are
derived. On the other hand, from fh = 0 (= £,) at T, hh is given as:

hh = RTg2(dlnve/ dT)p + RTIn(ve/ vo) 8)

In the case of RTgIn(v¢/vo) = Ah, the relation of h, = hh is derived from Eq. (8), because of
RTg2(dlnve/dT)p = hg. However, when the length distribution by lengthening of ordered
parts occurred during the enthalpy relaxation at temperatures below Tg, as longer the length
of ordered parts, the melting temperature, Ty, for ordered parts should be elevated from Ty
to the higher temperature?) (see Eq. (29)). Therefore the shortage of Ah (= RTgIn(ve/vo))
corresponding to the latent heat of disappearance for the holes at Ty is made up by the
supply of the heat required to melt all ordered parts:

Ah = [1,TAC,dT )
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where Ty is the end temperature of melting for ordered parts, AC;, is the difference between
the observed isobaric heat capacity, C,t, for the equilibrium liquid and Cps for the
hypothesized super-heated glass at the glass transition from T to Ti. In the equilibrium
liquid, the isobaric heat capacities of ordered parts and flow parts, Cpx and Cpflow, are equal
to Cpl, respectively??):

Cpl’ = Cpx = Cpﬂow (10)

In the flow parts, the tube-like space exists between a chain and the neighboring chains,
behaving as if it is the counterpart of a chain?4. Therefore when the hole energy at T (> Ty) is
given by € (= 3C,PhT), Cpflow is represented aslo):

Cpflow = 3C,ph(1 + TdIn]J/dT) D

where Cph (= 2.701R)6 18 19 is the constant volume heat capacity for photons, ] is the
number of holes lost by T and 3 is the degree of freedom for photons.

Fig. 2 shows the schematic curves of the molar entropy, s, and the vt around Tg upon cooling
and heating for polymers. Upon cooling in Fig. 2 (upper), the dashed line is the s curve for
the liquid glass frozen partially from the super-cooled liquid and the solid line upon heating

Fig. 2. The schematic curves of the entropy, s, and the free volume, v¢, around Ty, for
polymers. Upper; 1: the change of s for the liquid glass frozen partially from the super-
cooled liquid, shown by the dashed line, 2: the entropy relaxation and 3: the change of s
with a jump at T upon heating. Lower; The dashed line upon cooling is the v; curve for the
same liquid glass, the solid line upon heating after relaxation shows the v¢ curve with a
jump at T and the dashed line shows a reversible jump of v¢ between Tg and Tt.
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after relaxation shows the subsequent s curve with a jump at T,. Upon cooling in Fig. 2
(lower), the dashed line is the vt curve for the same liquid glass. Upon heating after
relaxation, the solid line shows the v; curve with a jump at Ty and the dashed line shows a
reversible jump of v between Ty and Tt.

2.2 “Ordered part / hole” pairs

Next whether h, agrees to hh at T, or not is investigated for PET, iPP, PS, PE and N6 glasses.
The agreement provides one of evidences for the generation of “ordered part / hole” pairs
during the enthalpy relaxation at T (< Tj). ht at T is given by?6):

hh = 3C,PhT, (12)

where C,ph = 2.701R. For PET with Ty = 342 K, hh = 23.0 k] /mol was derived. While hy at Ty
is given by13 25):

h, = hy+ Ah (13)

In Eq. (13), hg is given approximately by three expressions!3 29; (1) RTg2/c2 (c2 is the constant
of WLF equation?), (2) the molar enthalpy difference between the super-cooled liquid and
the crystal at Ty, Hg2 — Hge, and (3) the sum of the conformational and cohesive enthalpies
per molar structural unit at Tg, hgeonf + hgint. Ah is given by either Eq. (14) or (15)2 20):

Ah=AH-Q (14)

with AH = Hp@ — He2, where Hy is the enthalpy per molar structural unit for the liquid at
the equilibrium melting temperature, Tr,", He is the enthalpy per molar structural unit for
the super-cooled liquid at the onset temperature, T, of a DSC crystallization peak upon
cooling and Q is the heat per molar structural unit corresponding to the total area of the
DSC endothermic peak upon heating. Or, rewriting Eq. (13),

Ah = (hxconf —h gconf) + Ahint (15)

where hyconf is the conformational enthalpy per molar structural unit for ordered parts, Ahint
is the molar cohesive enthalpy difference between the ordered parts and the glass parts.
Thus when h,conf = hyeonf at Ty, Ah = Ahint = (RTgInZ;)/x (see Table 3 for N6) and when h,conf
hgeonf = () at Tg, the another Ah is derived?26 27,

Ah = Ty{sgeont — (RInZg)/x} (16)
with sgeonf = (RInZ + RT,dInZ/dT)/x

where Z is the conformational partition function for a chain, Zy (= Z/Z) and Z; are the
component conformational partition function for a chain regardless of temperature and as a
function of temperature, respectively. The differential of Eq. (15) by temperature represents
the heat capacity jump at the glass transition!s).

Table 1 shows the values of Ty, Asg, hg, Ah, h,, hhand hh/h, for PET, iPP and PS. PET showed
the good agreement between h,, i.e., 22.3 ~ 24.1 kJ/mol, and hb, i.e., 23.0 k]J/mol. The values
of them also agreed with the heat of fusion, hy = 23.0 kJ/mol, for the smectic crystals
of mesophase with the conformational disorder between the phenylene groups but along
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T, Ass hy Ah I m -
Polymer % 1/kmol)  K/mol  W/mol  K/mol K mol /M
471 1617 654 226 10
PET 342 515 1762 625 238 230 1.0
512 175% 625 237 1.0
. 230 627 114 73 25 (L0
PP 270 237 649 10% 74 B2 o500
526 1897 53 242 1.0
P39 56.5 203 39 o4o% 242 1.0

*1: Hga — Hge, *2: RTg2/ c2, *3: hgeonf + hgint, *4: Eq. (14), *5: Eq. (16), *¢: hy = ht and *7: (ht/2.5)/hx. The data of
iPP used to calculate Ah in Eq. (14) are as follows: Tc = 403.6 K, Tn™ = 449 K for the o form crystal®®), AH
(=Hm* — He?) = 4.89 kJ/mol?” and Q = 3.76 k] /mol for the sample annealed at 461.0 K for 1 hour.

Table 1. The values of T,, Asg, hg, Ah, hy, ht and ht/h, for PET, iPP and PS.

a chain axis? 39). For the smectic-c crystals with stretched sequences, hy is 28.5 kJ/mol.
Further, DSC revealed?) that for the crystalline films of smectic-c crystals, the ordered parts
in the amorphous regions were like smectic crystals and for the crystalline films of smectic
crystals, the ordered parts were like the smectic-c crystals. Fig. 3 shows the sequence models
of smectic crystal (A) and smectic-c crystal (B), together with the four conformations (a, b, c
and d) that an isolated chain can take preferentially below 10 K. An arrow mark shows the
direction of ordering or crystallization for a, b, ¢ and d. From these results, the ordered parts
are like the smectic crystal and the hole of a pair should have the free volume coming from
the difference of conformation between A and a, b, ¢ or d in Fig. 3. For iPP, hh was 2.5 times
as much as h,. This result suggested that the hole of a pair was the inside space of a 3/1
helical ordered part composed of 3 structural units, holding 3 photons, but each photon was
concerned in the potential energy of 2.5 structural units in a helical sequence, and that,
(hh/2.5)/h = 1. This was comparable to hh/h, =1 for PET. The value of

S

Fig. 3. Right: The sequence models of the smectic crystal of mesophase with a
conformational disorder (A) and the smectic-c crystal with a stretched conformation

(B) for PET?0). Left: Four conformations taken preferentially below 10 K for an isolated chain;
a: TTTTG'T, b: TTTTGT, c: TCTTG'T and d: TCTTGT, by Flory’s theory3). T, G and G’ are
the trans, gauche and gauche’ isomers, respectively. T and C are the trans and cis isomers of
phenylene groups (lower groups). An arrow mark shows the direction of ordering or
crystallization.
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h, was almost equal to hy (= 7.6 k] /mol for o form). Fig. 4 shows the photon sites in the helix
structure and the helical conformation of an isolated sequence with an inversion defect
isomer TT, taking preferentially at temperatures below 70 K20).

TGTGTGTGTGTGTGTGTGTTG' TG’ TG TG TG TG’

Fig. 4. Upper: The photon sites (the dashed line parts) in the helix structure with TGTG or
TG'TG’ conformation at temperatures below Ty for iPP. Large circle: C and small circle: H.
Lower: The helical conformation of an isolated sequence with an inversion defect isomer TT,
taking preferentially at temperatures below 70 K. The allow mark shows the shift of TT on a
helical sequence.

For PS, supposing hy = hh, Ah was evaluated. From the value of Ah to be near that of PET,
the v; jump at Ty should be due to the release between phenyl groups. The Ty of PE 19,
producing the entropy of unfreezing for the glass parts; As; = hg/ T, (see Eq. (5)), was almost
dependent on hgt. When a value of hgint was that of the glass with Ty = 237 K, hgint/2 gave
T, =135 K. Table 2 shows the values of T, Asg, hg, Ah, hy, hhand hh/h, for PE glasses with T
=135 K (hgnt = 2.8/2 kJ/mol) and 237 K (hgint = 2.8 k] /mol). The above relation in Ty and
hgint for the glass parts was linked to the ordered parts. For both glasses, hh was about 5
times as much as hg. Thus from Eq. (13), the common relations of hy = ht/4 and Ah = hh/4 —
h, were predicted for the ordered parts in both glasses and shown in Table 2. Fig. 5 depicts
the sequence models of ordered parts (A and B) and the schematic transition from the glassy
state (C: left) to that of the “ordered part / hole” pair (C: right).

For the glass with Ty = 135 K, the coarse 4/1 helical ordered parts with GG or G'G’
conformation in Fig. 5A and as the hole of a pair, the inside space holding four photons per
a helical segmental unit, -(CH,)s-, were predicted. Further the length distribution of helical
ordered parts in the glass and as the end temperature of melting for the ordered parts, ~237
K were predicted. In this case, the same value of Ah for both glasses enabled the scheme as
depicted in Fig. 6. For the glass with T, = 237 K, the ordered part of fringe-type formed by

Polymer T, Asg hg Ah hy hh hb/h
K J/(Kmol) KkJ/mol kJ/mol KJ/mol  KkJ/mol *

PE 135 13.8 1.8*1 0.5 2.3%2 9.1 4 (1%9)
237 14.8 3.5%1 0.5 4.0*2 16.0 4 (1%9)

#1; hycont 4 hyint, %2: h, = hh/4 and *: (hh/4)/h..
Table 2. The values of T,, Asg, hg, Ah, hy, ht and hh/h, for PE.
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Fig. 5. The sequence models of ordered parts; A: the 4/1 helix structure and B: the stretched
structure in the region surrounded by the dashed line. C (left): the glassy state and C (right):
the state of a “ordered part / hole” pair. The plus mark (+) shows the cross section of a
stretched segmental unit, -(CHz)s-. An arrow mark shows the direction of ordering.

bundling TTT parts of four sequences at least, and that, the smallest crystal of PE and the
neighboring hole were predicted (see Fig. 5B and C: right), since the value of h, was almost
equal to hy = 4.1 kJ/mol. Fig. 6 shows the bar graph of hg at Ty = 135 K and 237 K, together
with Ah (= 0.5 kJ/mol) at 237 K, for PE. The difference in two complementary lines suggests
the supply schedule of heat over the temperature range from 135 K to ~237 K in order to make
up the shortage of Ah required to melt all ordered parts in the glass with T = 135 K. For the
glass with Ty = 237 K, the glass transition only at Ty is shown. The enthalpy relaxation,
accompanied by the generation of stretched segments, at temperatures over 135 K to ~237 K

-~
T

[ 2]
T
v

hg/(kJ/mol)}
(=]

0 L 1 I 1 L L
120 140 160 180 200 220 240
T/K

Fig. 6. The bar graph of hg at T = 135 K and 237 K (the vertical thin lines between the cross
marks) and Ah (= 0.5 kJ/mol) at 237 K (the thick line part) for PE. The dot and dot-dashed
lines are drawn complementarily.
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should vitrify or order the melted helical ordered parts and confine the larger helical
ordered parts, which were not yet melted even over T = 135 K, in the glass. The liquid on
the way of enthalpy relaxation like this should reach step by step to the glass with Ty =
237 K (hgint = 2.8 k] /mol) at temperatures below Tg. Table 3 shows the values of Ty, Asg, hg,
Ah, h,, hy and hh for N6. For N6, hgeonf = hyeonf in Eq. (15), i.e.,, Ah = (RT¢InZ)/x was
predicted, because of the strong interaction between amido groups. hh was 4.7 times as
much as hy in the parenthesis. Accordingly a photon was concerned in the potential
energy of a stretched segmental unit, -(CH>)s-. Further Ah = 2.5 kJ/mol was 0.5 kJ per
molar methylene unit, -CH-, which agreed with Ah = 0.5 kJ/mol for the PE glasses with
Ty = 135 K and 237 K (see Table 2). In addition, the value of hh was almost equal to hy of
the heat of fusion. This agreement suggested that the ordered parts were the stretched
segmental units in the smallest crystals of N6. Fig. 7 shows the structural unit of N6 and
the photon site in the structural unit.

Polymer T, Asg hg Ah*2 hy hu hh
K J/(Kmol) KkJ/mol kJ/mol kj/mol  kJ/mol  kJ/mol
N6 27) 120.1 37.6*1 40.1
*3
313 (6.4) 2.0) 25,05 (45) 21.3 21.1

*1: hg = hgeonf + hyint, *2: Ah = (RT,InZ)/x and *3: the value of Ah per molar methylene unit, -CHo-. The
values of Asg, hg and hy in the parentheses are those without the cohesive energy of amido group, 35.6
kJ/mol.

Table 3. The values of T, As,, hg, Ah, hy, h, and ht for Né.

Fig. 7. The structure of N6 structural unit and the photon site (the dashed line part) in the
unit. The filled circle: N, the shaded circle: O, the large circle: C, and the small circle: H.

3. Hole energy and a photon

A photon has the property as a boson or a wave. Therefore hh is also represented as the
vibrational energy of a wave with the quantum number n =1 (meaning one photon) and the
frequency per second (sec), v:

hh = Na(3/2)hv (17)

where N, is Avogadro constant. Thus from Egs. (12) and (17), the zero-point energy, € (=
(1/2)hv), is derived:

&= CP"T, /N, (18)
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Table 4 shows the values of Tg, hh, v, A and 1/A for PE, iPP, PS and PET, where A is the
wavelength and 1/A is the wavenumber. According to the infrared spectroscopy, for PE, 1/A
=510 cm ™! and 893 cm™ might be concerned with 720 cm™ and 731 cm™ bands assigned to
the rocking of -CH,-3?. For iPP, 1/A = 1022 cm™! almost agreed with 1045 cm™ relating to the
crystallinity3). Also for PS, 1/A = 1359 cm™ almost agreed with one of conformation
sensitive bands3¥), i.e., 1365 cm™ band. For PET, 1/A = 1292 cm™" was near 1339 cm™ and
1371 cm™ bands assigned to the wagging of ~-CH,- with trans and gauche conformations,
respectively®).

Polymer Tg hh v A 1/
K kJ/mol sec! um cm?

PE 135 9.1 15.3 x 1012 19.6 510
237 16.0 26.9 x 1012 11.2 893

iPP 270 18.2 30.6 x 1012 9.78 1022
PS 359 24.2 40.6 x 1012 7.36 1359
PET 342 23.0 38.6 x 1012 7.74 1292

Table 4. The values of T, h?, v, A and 1/A for PE, iPP, PS and PET.

4. Conclusions and introduction to next section

For PET, PS, iPP, PE and N6 glasses, the generation of “ordered part / hole” pairs during
the enthalpy relaxation at temperatures below T; and the subsequent disappearance at the
glass transition were discussed under the operational definition leading the criterion of Tj.
Thus it was concluded that the unfreezing of the glass parts at T, was caused by the first
order hole phase transition, accompanied by the jumps of free volume, enthalpy and
entropy. hh was concerned with the frequency of the absorption bands in the infrared
spectrum. In particularly, 1/A for iPP and PS coincided closely with the respective sensitive
bands with physical meaning. In the next section, the generation of “crystal / anti-crystal
hole” pairs from the secondary glass in PE crystal lamella was discussed on the DSC curves.
The secondary glass was distinguished from the primary glass discussed in the above
sections. The C,P" was also available in the discussion of the cavity radiation from the anti-
crystal holes filled by photons. The anti-crystal holes were regarded as the lattice crystal
made up of photons without the mass.

5. Crystallization of secondary glass in PE lamella
5.1 Thermal analysis

DSC is capable of quantitatively determining by way of standard and dynamical
measurements3) the common thermal phenomena in polymers, e.g., the melting, the
crystallization and the glass transition. Such analyses are carried out on the basis of
thermodynamics, mathematics and molecular dynamics simulation3 37). This section
describes an attempt to understand the peculiar DSC curves of PE films containing
orthorhombic crystals. DSC demonstrated two indications of the secondary glass in the
crystal lamella. One of the underlying reasons was the much larger heat of melting as
opposed to the heat of crystallization upon cooling and the other was the fact that the glass
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transition enthalpy was larger than the molar enthalpy of the ordered parts in the
amorphous regions; Ah < 0 in Eq. (14). At temperatures above its Ty, the generation and
disappearance of the “crystal / anti-crystal hole” pairs from the secondary glass were
predicted as the simultaneous phenomena in the crystallization and the melting. Hexagonal
and monoclinic forms of PE crystals are also well known. However, the hexagonal crystals
should not be related to the melting of the orthorhombic crystals since the DSC melting peak
of the hexagonal crystals generally cannot be observed for the samples without restraints
such as high pressure3). Moreover, the DSC melting peak of monoclinic crystals disappears
before the melting of the orthorhombic crystals3 40). Thus, when the monoclinic crystals are
in the bulk state, the heat due to their melting should contribute to the activation heat
required to release the secondary glass state in the orthorhombic crystal lamella.

5.2 Secondary glass

Fig. 8 depicts the DSC crystallization peak upon cooling and the two peaks divided from a
DSC endothermic peak upon heating for the PE film annealed at 416.6 K (near Tr,™ = 415 K)
for 1 hour. The thin line in Ty" and T." is the curve before division. Tc (= 391.5 K) is the
onset temperature of crystallization, Ty" (= T¢) is the intersection between the base line and
the extrapolation line from the line segment with the highest slope on the lower
temperature side of the melting peak, and that, the onset temperature of the higher
temperature side peak and T." is the end temperature of the lower temperature side peak,
and that, the origin of the extrapolation line, respectively. Qn is the heat per molar
structural unit corresponding to the endothermic peak area of crystal lamella that starts to
melt at Ty and he (= 0.89 kJ/mol) is the heat of crystallization per molar structural unit
corresponding to the area surrounded by the dashed line and the exothermic curve. AQn
(= Qm — hc) corresponds to the area between T, and T¢" of the higher temperature side
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Fig. 8. The DSC crystallization peak upon cooling and the two peaks divided from a DSC
endothermic peak upon heating for the PE film annealed at 416.6 K for 1 hour. dQ/dt is the
heat flow rate. The cooling and heating rates are 5 K/min and 10 K/min, respectively.
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peak, which is equal to the area surrounded by the thin line and the lower temperature
side peak curve between Ty and T¢". The endothermic peak on the lower temperature side
is due to the melting of small crystals around the crystal lamella4)). The decrease of heat flow
rate from Ty," to T¢" for the peak on the lower temperature side is believed to be due to the
crystallization of secondary glass in the inter-grain aggregates belonging to the crystal
lamella (see Fig. 9). This precedes the increase of heat flow rate due to the melting of newly
crystallized parts from Ty, to T¢" in the peak on the higher temperature side. The equilibrium
melting of the ordered parts in the amorphous regions does not show any peak. Its
enthalpy, h,, has been represented as Eq. (13), in which Ah given by Eq. (14) is usually
positive; 6.5 k]/mol and 11.5 kJ/mol for PET with two values of Tr,” (535 K and 549 K)%),
respectively. Also for iPP, Ah (= 1.1 k]J/mol) of Eq. (14) was positive, as shown in Table 1.
Nevertheless, it was found to be negative for PE (see Table 5). In order to satisfy Ah <0 (hg >
h,), the glass with a secondary Tg, which formed near T, upon cooling and disappeared near
T. after melting of the ordered parts in the amorphous regions upon heating, must exist in
the crystal lamella. When the secondary Ty is approximated to T, hy" is given by:

hy' =~ He - Hee (19)

where hy is h, at the secondary Ty, He® and H© are the enthalpy per molar structural unit for
the super-cooled liquid and the crystal at Te. hy is given by hy* + Ah (Ah < 0). Here, AH (=
Hn® - H ) in Eq. (14) is regarded as the heat emitted when only one single crystal lamella
without deformation is formed. According to the ATHAS databank?), AH is 0.83 kJ/mol,
which is close to the value of h. = 0.89 k] /mol as observed in Fig. 8. The difference in h. and
AH, 0.06 kJ/mol, might be the additive heat of emission due to the release of lamellar
deformation. The spherulites observed in the films are substantially like disks*?. The twist
deformation energy of ribbon-like lamella is believed to originate from the irregular growth
of lamella. Fig. 9 shows a schematic structure of the crystal lamella after release of the twist
deformation from the ribbon-like lamella. The dark parts between the rectangular
parallelepiped blocks correspond to the inter-grain aggregates described above. The crystal
lamellae for the samples used here are described in the section 5.5 of “Crystal length
distribution function”.

Fig. 9. A schematic structure of the crystal lamella after release of the twist deformation from
the ribbon-like lamella. a, b and c (chain axis) correspond to the three cell axes of the
orthorhombic crystal and the dark parts represent the inter-grain aggregates. The cell
lengths of a, b and c axes for PE are 0.74 nm, 0.49 nm and 0.25 nm, respectively.

Table 5 shows the values of T (= Ty"), Tv', Q, AH (=Hm? — He), Ah, hg" and hy for the samples
annealed at T, = 376.6 K, 416.6 K and 426.6 K for 1 hour, where T;" is the secondary T, and T,
is the annealing temperature. hy was found to decrease with an increasing T.. The values of
hy for “T, = 416.6 K and 426.6 K”-samples were near h, = 2.3 kJ/mol for the glass with T; =
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135 K in Table 2. In the amorphous region of these samples, the ordered parts with the
coarse 4/1 helix structure might be formed>. The ordered parts in the inter-grain
aggregates, being like the crystals of fold-type with h,i instead of hy, could also have the
holes as the pair (see Eq. (28)).

Sample T. Ty Q AH Ah hg* hy
T./K K K kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
376.6 391.5 3924 1.79 0.83 —-0.96 3.99 3.03
416.6 391.5 392.5 2.38 0.83 -1.55 3.99 2.44
426.6 391.5 393.3 2.85 0.83 -2.02 3.99 1.97

Table 5. The values of T. (= Ty"), Tv", Q, AH, Ah, h" and hy for PE films annealed at 376.6 K,
416.6 K and 426.6 K for 1 hour.

5.3 “Crystal / anti-crystal hole” pairs from secondary glass

The crystal length, {, as a function of the melting temperature, T, is according to Gibbs-
Thomson given by:

€= {Tm"/(Tm” = Tm){26¢/ (1thy)} (20)

where o, is the end-surface free energy per unit area for crystals, u is the conversion

coefficient. For PE, 1 = (10¢/14) mol/m3, h, = 4.11 kJ/mol 3 and Tr,™ = 415 K18, 30). G, is given
asz5, 43)

e = LhyC[{RTm? + (Hx = hy) (T = Tan)}/ {2(Hx — hy) Tin™}] (21)

with Hx = 2h, — Qm, where ¢ is the cell length of c-axis. The term of the square bracket in Eq.
(21) is dimensionless. Table 6 shows the values of . for “T, = 376.6 K, 416.6 K and 426.6 K”-
samples, together with the values of Ty, Te", hy, Qm, AQm (= Qm — h¢) and AQ (= Q — Qn,) used
in the calculation of c., where T}, is the melting peak temperature and AQ is the heat per
molar structural unit corresponding to the area of the lower temperature side peak in Fig. 8,
contributing to the activation heat required to release the secondary glass state. AQn is given

by:
AQu = [T (dQ/ dt)(1/ 0s)dT (22)

where o5 (= dT/dt) is the heating rate. T." was derived from Eq. (22) using AQr, in Table 6.
The fact that Te" was almost equal to that by observation, as shown in Table 6, supported
that h. was due only to the formation of the crystal lamella, thus giving rise to the melting
peak on the higher temperature side. Te" is also the end temperature of melting for ordered
parts of fold-type in the inter-grain aggregates. Upon heating over T¢", the flow parts in the
amorphous regions should start to participate directly in the melting of crystals. With an
increasing T, 6. and hy decreased, whereas Qm, AQn and AQ increased. AQ should influence
hy. For all samples, the value of c. at T, was 1.3 times larger than that at T, (Qm = 0). The
experimental values of 6. from Eq. (20), 30 ~ 90 mJ/m?, differed significantly from those in
Table 6, probably due to the length of the lamellae after annealing and the use of cooling as
the substitute of { at Tp23 44).
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Sample Tp T hy Qm AQm AQ Ceat Tp
T./K K K kJ/mol kJ/mol kJ/mol kJ/mol mJ/m?2
376.6 401.2 ég?% 3.03 1.37 0.48 0.42 (132)
416.6 401.8 éggé) 244 1.42 0.53 0.96 (iii)
426.6 401.9 égg;) 1.97 1.52 0.63 1.33 égi)

The values in the parentheses of T and 6. columns are the apparent Te by observation and e at
Tm™ =415 K (Qm = 0), respectively. Ty is corrected by 0.1 K to the lower temperature side.

Table 6. The values of Ty, Te", hy, Qm, AQm, AQ and o. for PE films annealed at 376.6 K, 416.6
K and 426.6 K for 1 hour.

On the other hand, according to Flory’s theory4% on the melting of the fringe-type crystals
with a finite {, 6. at A and (df./d{); = 0 is given by:

Ge = WRTE/2)[1/(x = C+ 1) + (1/Inf(x = +1)/x}] (23)

where A is the amorphous fraction, f, is the free energy per molar structural unit for the
crystals and x is the degree of polymerization. In this context:

26/ € = u(fx - fu) (24)
£/ = RT[(1/Q)In{(x - { +1)/x} — InP] (25)

where P, given by {(x — { + 1)/x}1/¢ for fringe-type crystals, is the probability that a
sequence occupies the lattice sites of a crystalline sequence. Moreover:

fu—(f—£/)=0 (26)

Eq. (23) is obtained when InP. = -1/ (x — { + 1). From Eq. (26), the relations are derived based
on f, and fy at f,” > 0 and those can be grouped into four equilibrium classes (A ~ D) and one
non-equilibrium class (X) as shown in Table 7. Class A of f, = f, at f," = 0 shows the dynamic
equilibrium relation between the ordered parts and the crystal parts of equivalent fringe-
types, leading to 6. = 0 in Eq. (24) as expected for highly oriented fibers. For class B, f, = —f.’
from Eq. (26) with f, = 0 refers to the anti-crystal holes and fx = 0 is assigned to the ordered
parts of { = . For class C, fx =\’ from Eq. (26) with f, = 0 is assigned to the ordered parts of
{ # o (i.e., a kebab structure) and f, = 0 to the crystals of { = o (i.e., a shish structure). Class
D of f, (= £) = f./2 is related to the equilibrium in crystal and ordered parts. For those with
folded chains, the reversible change from crystal or ordered parts to other parts is expected
to take place automatically. The relations in class X do not satisfy Eq. (26), suggesting that
the holes of class B can not be replaced by the crystals with  # oo.

When f, = -\’ for class B, the temperature at which the anti-crystal holes disappear (melt),
i.e., Tuh, is given by:

Tanh = Ten™{1 + 26/ (Chu)} 27)
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where hy, 6. and { are imaged for the anti-crystal holes, and that, the photonic crystals made
up only of photons without the mass. According to Eq. (27), Tmh approaches Tr,™ with an
increasing {. However, the interface between the anti-crystal holes and the ordered parts,
which satisfy f, = 0 (described below), should work as the reflector of photons attached to
the anti-crystal holes. In this case, the even interface made of the folded chain segments
should be avoided through the random reflection. At such an interface, from Eq. (24), the
following relation of energy balance is derived:

By = Tah(su — 52) = 6o/ (1) (28)

where s, is the entropy per molar unit for the anti-crystal holes. As well as h,, one mole of
units (photons) corresponds to three moles of the oscillators, since three oscillators can be
coordinated to each point of the crystal lattice. According to Eq. (28) or (24), the respective
interface energies of the hole and the ordered part are compensated each other at the
common interface, leading to f, = 0 of class B and further, Th approaches 0 K with an
increasing . From the interface at { = o, the photons are not reflected, and that, do not exist
in the holes. This is exactly the real “dark hole”. Therefore when the anti-crystal hole of { =
oo is pairing with the neighboring crystal as shown in Fig. 11C, the crystal is set at 0 K. As
opposed to Eq. (27), from f, = £’ of class D, the Tr, of the crystals is derived:

T = Tu™{1 - 260/ (1Cho)) (29)

Eq. (29) is the same as Eq. (20). In Eq. (29), Tmis Tm™ at { = 0 and from Egs. (27) and (29), T~
= (Tmh + Tm)/2 is derived. According to the pair relation, the emission of heat from the anti-
crystal holes after crystallization is necessarily linked to the supply of heat of the same
quantity to the newly crystallized parts. However Tyh should be depressed down to Tp, by
the emission of heat to the outside. For a model of the inter-grain aggregates shown in Fig. 9,
the interaction in the inter-grain aggregates and the a - c¢ face of the crystals must be
neglected and the ordered parts in the inter-grain aggregates must satisfy Eqs. (1) and (2) at
Tg". It is thus presumed that over Tg", the chains that cross the glass regions give rise to the
newly crystallized parts of fringe-type, whereas the folded chain segments around the glass
excluded from the ordered parts give rise to the two end-surfaces of the anti-crystal hole
with the same { as the new crystal. The Ty, of the crystals from the secondary glass, being
equal to Th, was found to change from Ty* to T¢" as a function of { in Eq. (29). The time
spent from T," to Te" was 0.73 s, in which the probability of observing a spontaneous
generation of crystallization or melting should be 1/2, according to the uncertainty
principle.

f X fu Class
f/ = fy =14 fu = fy A
f, >0 fx=0 fo=-£. B

f=1f fu=0 C
f, = 2f, fo=1f/2=1/ D
f, >0 f,=0 fu=1/ X

Table 7. Relations of equilibrium (A ~ D) and non-equilibrium (X) in f, and £, at f," =2 0 for
crystalline polymers?).
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Fig. 10 shows the schematic behaviors of sequences and photons on the way of
crystallization and melting. The heat of emission, AUy, corresponds to AQn of the area
between the observed melting curve (thin line) and the lower temperature side peak curve
from Ty* to Te" and the heat of absorption, AUy, (= AUy), corresponds to AQy, of the under
area of the higher temperature side peak curve from Ty," to T." in Fig. 8. Fig. 11 shows the
cross sections of the glass (A) and the “crystal / anti-crystal hole” pair (C). The two end-
surfaces of the anti-crystal hole in Fig. 11C contact in equilibrium those of the ordered parts.
Supposing that this model of aggregates was valid for the “T, = 416.6 K”-sample shown in
Fig. 8, a derivation of f," (= —f,) = 0.13 kJ/mol was obtained from Eq. (24) using the values of
G (see Table 6) and { (= 3.1 nm) at T, = 401.8K (see Table 9). Here, {, is rewritten as f,i for the
ordered parts in the inter-grain aggregates. Furthermore, under the assumption that the
strain energy in the glass should be spent to build the interface between the anti-crystal hole
and the ordered part, by substituting h. — AH (= 0.06 kJ/mol) for h,i — hy, it was possible to
derive sy, — s = 0.15 J/(K mol) at Tc (= 391.5 K), where h,i and s,i are the enthalpy and
entropy per molar structural unit for the ordered parts in the inter-grain aggregates. The
relation of h,i — h, = h. — AH (= 0.06 k] /mol) could be supported by determining c./(ug ) =
0.06 ~ 0.07 kJ /mol in Eq. (28), which was obtained for all samples using { and c. at Tp. From
fi =0, hd = 4.17 kJ/mol and s, = 10.7 J /(K mol) at T. were obtained. Moreover, using h, =
411 kJ/mol, s, was 10.9 J/ (K mol) at T..

Emission
AT
AU, AU (= AU,)
_ i
g E

W

“ Glass % % @' %@@ Melt
A B c N

Fig. 10. The schematic process from the glass (A) to the generation of “crystal / anti-crystal
hole” pairs (B — C) by emission of AUy, and then the disappearance of them (M) by
absorption of AU, (= AUy). The filled circle (e) is the segmental unit, the arrow mark (<) is
the oscillator and the large circle is the photon.

Fig. 11. The cross sections of the glass (A) and the “crystal / anti-crystal hole” pair (C). The
dot in large and small circles is the cross section of a segment and the blank in C is the hole.
The arrow mark shows the crystallization from A to C.
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5.4 Fraction of secondary glass

The anti-crystal holes should be permeated by the photons obeying the frequency
distribution function with an upper limit. This is due to the interface between the anti-
crystal hole and the ordered part be able to act as a filter for the photons. The molar photon
energy loss of the anti-crystal holes, AUy, due to the cavity radiation from Ty" to T¢" is given
by?18):

AU}, = 3CP(Te" - Ty (30)

On the other hand, the heat change per molar structural unit, AUn, due to the melting of the
newly crystallized parts from Ty" to Te" is given by:

AU, = TAQm (31)

where T is the fraction of the secondary glass, contributed to the generation of “crystal /
anti-crystal hole” pairs, in the inter-grain aggregates at temperatures below T". From AU}, =
AUn at Te', T is given by?8):

[ =3CP(Te" - Tv")/ AQm (32)

Table 8 shows the values of Te¢" — T, Qm, AQm, AUn (= AUn), AQm/Qm and I" (= AUn/AQm)
for PE films annealed at 376.6 K, 416.6 K and 426.6 K for 1 hour. From AQ,/Qm and T, 35 ~
41 % of the lamella was constituted of the inter-grain aggregates and approximately 79 ~ 96
% of this was the glass at T < T;". The difference in AQ, and AUy, was believed to represent
the irreversible heat change due to the melting of the ordered parts of fold-type, since the
folded segments have the excess defect energy. The values of AUy, were almost same as Ah
(= 0.5 kJ/mol) for the glasses with T, = 135 K and 237 K in Table 2, giving the latent heat
required to disappear the holes.

Sample T — Ty Qn AQm AUy
T./K K J/mol  k/mol  kjmol  AQn/Qm T
3766 68 137 048 046 035 0.95
4166 76 142 053 051 037 0.9
1266 74 152 0.63 0.50 041 0.79

Table 8. The values of Te* — Tp* — Te" = T, Qm, AQm, AU (= AUp), AQm/Qmand I' (=
AU/ AQn) for PE films annealed at 376.6 K, 416.6 K and 426.6 K for 1 hour.

5.5 € distribution function, F(Q)

The occurrence of { distribution by crystallization is one of the characteristics of bulk
polymers. The conversion of a DSC melting peak into the { distribution by Eq. (20) needs
the values of 6. and Tn,”. The o can be evaluated by Eq. (21) using only the DSC data. On
Tm”, the inherent temperature of the crystal form should be selected. The F({) is defined
as?):

F(©) = (8Qm/Qm)/ § = ng/{Ne(Te = Tp)} (33)
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where 6Qn (=§n§Qm/ {N¢(Te — Tp)}) is the heat change per molar structural unit per K, n; is
the number of crystal sequences with { and N, is the number of structural units of crystals
melted in the temperature range from Ty (= Tp" here) to Te. 8Qm/Qm is given by:

8Qum/Qm = (dQ/dt)/JrwTe(dQ/ dt)dT (34)

where dQ/dt is the heat flow rate of the melting curve. Fig. 12 shows F({) of each melting
curve from Ty" for “T, = 376.6 K, 416.6 K and 426.6 K”-samples. Table 9 lists the values of {-
range, {c and {;, of F(Q) curve for each sample, where (. is { at Te" and , is C at Tp. For “T, =
376.6 K”-sample, C, was slightly larger than for other samples. The small value of { (< &)
was believed to be caused by the crystallization from the secondary glass in the restricted
space of inter-grain aggregates. The large { value at the maximum for “T, = 416.6 K and
426.6 K”-samples might be related to the long period change of lamellae at the higher
temperature upon heating3¢). Whereas, the very narrow {-range for “T, = 376.6 K”-sample
might be due to the effective annealing.

&8 &8
T

{F(¢& )/(K nm)}*1000
—_ - A N W O
[ 2 I =T 7 B = B L ) B = T ) |

. i 1

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 13
& /nm

Fig. 12. F({) for PE films annealed at 376.6 K (right), 416.6 K (middle) and 426.6 K (left) for
1 hour. x; F(C.).
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Sample (-range e €
T./K nm nm nm
376.6 21-14 29 (2.7) 3.3
416.6 1.8 - 810 ~ 2.7 (2.6) 3.1
426.6 1.7 - 730 ~ 2.5(2.2) 2.8

The values in the parentheses are { at the apparent Te".

Table 9. The values of {-range, {. and {, in F(C) for PE films annealed at 376.6 K, 416.6 K and
426.6 K for 1 hour.

=
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{/nm

Fig. 13. The relationship between R (= £R;) and L (= +/2) for PE films (1 g) annealed at
376.6 K (thick line) and 426.6 K (thin line) for 1 hour. The horizontal lines show R of the
crystal melting from {, or . to { = 0.

In the last stage, a single crystal-like image was drawn from F(). Rewriting Eq. (33), n is
given by:

ng = FQONL(Te - Ty) (33)
The number of the crystal sequences from &, to g, N, is as follows:
N = Ne(Te - To) Joe® F(Q)lg (36)

Accordingly, the number of the crystal sequences from ~ (> {) to ,, AN, is given by:

AN = Ni(Te = To) (tn>F(0)dC - [n F(£)d) (37)
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where { and {, are the maximum and minimum of {, respectively. When the crystal
sequences are bundled, like a fringe in a circle, the number of crystal sequences in a radius
direction, Ry, as a function of { is given by:

Rn = (AN/m)1/2 (38)

Fig. 13 shows the relationship between R (= #R) and L (= £{/2) for the samples (1 g)
annealed at 376.6 K and 426.6 K for 1 hour. In the {-range of 0 ~ £{,/2, R at /2 is
represented by a solid line, which leads to the supposition of a melting process from the
end-surfaces of the crystal with {, at Ty". The horizontal line of R at {./2 depicts the same
imaginable melting process of the crystal with {. at T.". The distinct difference of R or L
between both types of crystals should be available in order to evaluate the annealing effects.
The single crystal image from R and L for “T, = 376.6 K”-sample (thick line) was very
similar to the electron microscope (EM) image of self-seeded PE crystals36).

6. Conclusions

The generation and disappearance of the “crystal / anti-crystal hole” pairs from the
secondary glass in PE crystal lamella were discussed on the DSC curves. Thus the fraction of
the secondary glass in the lamella was derived from the molar photon energy loss of the
anti-crystal holes upon heating, which agreed with the latent heat of disappearance for the
holes at the primary Ty of the first order hole phase transition.
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1. Introduction

Since the discovery in 1960 by Duwez (Klement et al., 1960), considerable effort has been
devoted to form amorphous (or glassy) alloys either by rapid solidification techniques or by
solid-state amorphization techniques (Inoue, 2000; Johnson, 1999; Suryanarayana & Inoue,
2011; Wang et al., 2004). However, the geometry of the amorphous samples has long time
been limited in the form of ribbons or wires. The first “bulk” amorphous alloys, arbitrarily
defined as the amorphous alloys with a dimension no less than 1 mm in all directions, was
discovered by Chen and Turnbull (Chen & Turnbull, 1969) in ternary Pd-Cu-Si alloys. These
ternary bulk glass-forming alloys have a critical cooling rate of about 102 K s and can be
obtained in amorphous state with a thickness up to 1 mm and more. Since then, especially
after the presence of new bulk metallic glasses (BMGs) in LassAlxsNiz (Inoue et al., 1989)
and Zr4 2 Ti138Cu125Nii0.0Bex s (Peker & Johnson, 1993), multicomponent BMGs, which could
be prepared by direct casting from molten liquid at low cooling rates, have been drawing
increasing attention in the scientific community. A great deal of effort has been devoted to
developing and characterizing BMGs with a section thickness or diameter of a few
millimetres to a few centimetres (Suryanarayana & Inoue, 2011). A large variety of
multicomponent BMGs in a number of alloy systems, such as Pd-, Zr-, Mg-, Ln-, Ti-, Fe-, and
Ni-based BMGs, have been developed via direct casting method with low cooling rates of
the order of 1 - 102K s (Inoue, 2000; Johnson, 1999; Suryanarayana & Inoue, 2011; Wang, et
al., 2004). In this method, the alloy compositions were carefully designed to have large glass-
forming ability (GFA) so that “bulk” amorphous alloys can be formed at a low cooling rate
to frustrate crystallization from molted liquid state. A number of parameters/indicators
have been proposed to evaluate the GFA of multicomponent alloy systems to search for
BMGs with larger dimensions (Suryanarayana & Inoue, 2011). So far, the "record" size of the
BMGs is 72 mm diameter for a Pd4CusNiigP2 bulk metallic glass (Inoue et al., 1997). The
discovery of amorphous alloys has attracted widespread research interests because of their
technological promise for practical applications and scientific importance in understanding
glass formation and glass phenomena.

Arising from their disordered atomic structure and unique glass-to-supercooled liquid
transition, amorphous alloys represent a new class of structural and functional materials
with excellent properties (Eckert et al.,, 2007; Inoue, 2000; Johnson, 1999; Suryanarayana &
Inoue, 2011; Wang, 2009; Xu et al., 2010), e.g. high strength about 2-3 times of their
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crystalline counterparts, large elastic limit about 2% which is very near to some polymer
materials, including extreme strength at low temperature and high flexibility at high
temperature, high corrosion resistance, high wear resistance, superior chemical and physical
properties, etc. These properties, which can be rarely found in crystalline materials, are
attractive for the practical applications as a new class of structural and functional materials.
Fig. 1 summarizes the relationship between fracture strength and Young's modulus for
typical engineering materials in amorphous and crystalline states. There is a clear tendency
for fracture strength to increase with increasing Young's modulus, but the slope of the linear
relation corresponding to elastic elongation is significantly different between the bulk
amorphous and crystalline alloys and the elastic elongation of the amorphous alloys is ~3
times larger than those for the crystalline alloys. The amorphous alloys also exhibit high
strength which is ~3 times higher than those for crystalline alloys, when the comparison is
made at the same Young’s modulus level. Currently, amoprhous alloys have a variety of
uses for sports and luxury goods, microelectromechanical systems (MEMS), biomedicine
and nanotechnology.
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Fig. 1. Relation between strength and Young’'s modulus for bulk alloys in amorphous and
crystalline states. Reprinted from (Inoue et al., 2004b), with permission from Elsevier.

2. Crystallization mechanisms

In general, the best practice way to describe a microstructure is in terms of its
thermodynamic state before configurationally freezing set in (Turnbull, 1981). In this way,
an amorphous alloy in configurationally frozen state as an undercooled liquid would be



Crystallization Behavior and Control of Amorphous Alloys 187

considered metastable. By considering the local potential wells between which atoms must
make diffusional jumps, even states which are thermodynamically unstable may be
regarded as kinetically metastable. Such kinetic metastability can exist only where thermal
activation of atomic jumps is required. Regardless of the processing route used for the
formation of amorphous state, the amorphous alloys are in thermodynamically metastable
state and are susceptible to transform into more stable states under appropriate
circumstances. Crystallization is such a transformation during which an amorphous phase
devitrified into one or more metastable or stable crystalline phases. The driving force for the
crystallization is the Gibbs free energy difference between the amorphous and the
crystalline states. Crystallization could happen when an amorphous solid is subject to heat
treatment (Calin et al., 2007; Suryanarayana & Inoue, 2011; Zhang et al., 2002; Zhang et al.,
2003; Zhang & Xu, 2004; Zhang et al., 2005a; 2005b; Zhang et al., 2006a; Zhang et al., 2007a;
Zhang et al., 2007b), mechanical deformation (Fornell et al., 2010; Lohwongwatana et al.,
2006; Setyawan et al., 2010), pressure (Jiang et al., 2000; Jiang et al., 2002; Jiang et al., 2003b;
Yang et al., 2006; Ye & Lu, 1999), and/or irradiations (Azam et al.,, 1979). Amongst these
processing techniques, conventionally thermal annealing is the most commonly used in the
investigation on crystallization of amorphous alloys. The dimensions and morphologies of
the crystallization products strongly depend on the transformation mechanism, which is
closely related to the chemical composition of the amorphous phase and to the
thermodynamic properties of the corresponding crystalline phase. The crystallization products
could include crystalline solids (solid solution, intermetallics, and/or compounds) (Foley et al.,
1997; Kelton et al., 2003; Lu, 1996; Sahu et al., 2010; Zhang, et al., 2002; Zhang, et al., 2003) or
quasicrystalline (Murty et al., 2000). As the crystallization process upon annealing of an
amorphous phase is much slower than during solidification of liquids, it is relatively easier to
fundamentally investigate crystallization in amorphous phases than in liquids on the
processes of nucleation and growth, in particular of nucleation kinetics difficult to study
quantitatively in the liquid state. The study of crystallization behaviors on amorphous alloys is
of primary importance not only to characterize the thermal stability of amorphous alloys
against crystallization but also to investigate the fundamental aspect of the processes of
nucleation and growth, which are of relevance for the understanding glass formation.

Three types of crystallization reactions that may occur during devitrification can be
classified, depending on their chemical compositions (Koster & Herold, 1981; Lu, 1996):
polymorphous, eutectic and primary crystallization. Fig. 2 shows a hypothetical free energy
diagram to illustrate the crystallization reactions during crystallization. This schematic is
essentially a representation of the variation of free energy with the chemical compositions of
the amorphous phase and various crystalline phases (in this case, two crystalline phases, a
solid solution a and a compound 5, are included) at a chosen annealing temperature.

2.1 Polymorphous crystallization

In polymorphous crystallization, an amorphous solid crystallizes into a single crystalline
phase with different structure but with same chemical composition as the amorphous phase.
This reaction can only occur in concentration ranges near to those of stable compounds (C;
in Fig. 2) or pure elements (C;) and needs only single jumps of atoms across the
crystallization front. The polymorphous crystallization reaction (reaction (1) or (2)) may
produce a single compound phase (B) or a supersaturated solid solution phase (a), as shown
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in Fig. 2. The crystallization mechanisms of FessZrs; (Spassov & Koster, 1993), Nis3Zrg; (Lu et
al.,, 1996), CossZrs; (Nicolaus et al, 1992) and Zrs0Cosp (Koster & Meinhardt, 1994)
amorphous alloys are the typical polymorphous crystallization.

Free energy ——
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Fig. 2. Hypothetical free energy diagram to illustrate the crystallization of amorphous alloys.
Reprinted from (Lu, 1996), with permission from Elsevier.

2.2 Eutectic crystallization

In case of eutectic crystallization, amorphous phase crystallizes into two crystalline phases
simultaneously (e.g. reaction (3) in Fig. 2, a + f), during which two phases grow in a
coupled fashion. This is similar to the eutectic crystallization of liquids. The reaction has the
largest driving force and the overall composition of the two phases remains the same as that
of the amorphous matrix. The eutectic crystallization can occur within a concentration range
around the equilibrium eutectic composition rather than a specific eutectic composition as
observed in conventional crystallization. A possible reason might be that the crystalline
material contains a large amount of interface that may have higher energetic configurations
and thus allows a relatively wide composition range (Lu, 1996). For example, e.g. in the Ni-P
binary system eutectic crystallization occurs within 18.2-20.0 at.% P (i.e. amorphous - Ni +
Ni3P), where the equilibrium eutectic composition is 19.0 at.% (Dong et al., 1994).

2.3 Primary crystallization

In primary crystallization, amorphous phase crystallizes into a phase with different
composition (C4 in Fig. 2) in the first step (this can be either a supersaturated solid solution
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or an intermetallic compound) embedded in an amorphous matrix (amorphous phase (Cy4) =
a + amorphous phase’ (Cs)). During this reaction, a concentration gradient occurs at the
interface between the precipitate and the matrix until the reaction reaches the metastable
equilibrium. The residual amorphous phase (with the new concentration Cs) crystallizes, in
the second step, into crystalline phases through the mechanism of either the eufectic or
polymorphous crystallization. The crystallization mechanisms of most of Al-based, e.g.
AlggNisYs (Jiang et al., 1997), and Fe-based amorphous alloys, e.g. Fes5Sii35BoNbsCuy
(Finemet) (Hono et al., 1992), are typically primary crystallization (Foley, et al., 1997; Kelton,
et al., 2003). The control of primary crystallization behaviors could lead to nanocrytalline-
amorphous composites with special mechanical or functional properties (see Section 5.1).

3. Influences on crystallization of amorphous alloys

The mechanisms and products of crystallization of amorphous alloys are influenced by both
inherent (e.g. composition, oxygen) and extraneous (e.g. preparation method, pressure, etc)
factors.

3.1 Effect of chemical composition

During the searching for strong glass-forming alloys, the effect of composition on the
crystallization behavior has been extensively studied in a variety of amorphous alloys,
despite of the preparation methods (Suryanarayana & Inoue, 2011). Two examples are listed
in this section to show how the chemical compositions of amorphous alloys influence the
crystallization mechanism and crystallization products.

Zhang et al. (Zhang, et al., 2002) has investigated the addition of Al on the glass formation
and crystalliztion in the ball-milled amorphous Tiso(Cu.45Nio55)44-xAlS14B2 (x=0, 4, 8 and 12)
alloys. Al additions were introduced to simultaneously replace part of the Cu and Ni in
TisoCu20Ni24SisBs (Zhang & Xu, 2002) to further reduce the density of the resulting alloys and
improve the thermal stability of the supercooled liquid. The Ti-based amorphous alloy
powders prepared through this solid-state process exhibit a well-defined glass transition
and a supercooled liquid region. Al addition has changed the crystallization mechanims and
crystallizaiton products of the amoprhous TispCuxNixSisB; alloy. Fig. 3 (a) displays the
differential scanning calorimetry (DSC) scans for the as-milled samples with different Al
contents. In all cases, an endothermic signal associated with the glass transition is evident.
As see from Fig. 3 (a), the onset of glass transition temperature (T}) is apparently insensitive
to the change in the overall alloy composition. With increasing Al substitution, the
exothermic reaction due to crystallization occurs at higher temperatures and the single-step
crystallization event changes to a two-step process. X-ray diffraction (XRD) has been used to
identify the structural changes associated with the exothermal events at several different
temperatures, as marked by dots in the DSC traces in Fig. 3 (b). For x = 0, the XRD pattern at
777 K crystallization peak and after the crystallization event (810 K) showed that the
amorphous phase transformed into the cubic NiTi phase and an unknown phase. The same
products were found for x = 4 after crystallization, as shown in the XRD pattern at 820 K.
Such a transition can be regarded as a eutectic crystallization, by which the amorphous
phase simultaneously transforms into more than two phases in one step (as stated in Section
2.2). For x = 8 and x = 12, on the other hand, crystallization is completed in two steps. Fig. 3
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(b) indicates that in addition to the NiTi phase precipitated in the first stage of the
crystallization, the second crystallization peak in the DSC traces arises from the appearance
of the Ti;Ni intermetallic compounds in the final crystallization products.
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Fig. 3. (a) DSC scans and (b) the corresponding XRD patterns measured at room
temperature after heating to different temperatures in DSC at a heating rate of 40 K/min for
the mechanically alloyed Tiso(Cuo.45Nio55)44-xALSi4B2 (x=0, 4, 8, 12) powders. Reprinted from
(Zhang, et al., 2002), with permission from Cambridge University Press.

The glass formation and crystallization behavior in multicomponent Zr-based alloys have
been intensively investigated. In general, multicomponent Zr-based alloys can be used for
the production of fully amorphous bulk samples with dimensions up to centimeter order, or
for the formation of bulk nanostructured materials. However, the phase selection upon
crystallization is strongly affected by the chemical composition of the amorphous phase. In
order to obtain nanostructured materials from amorphous precursors (see Section 5.1),
amorphous specimens are typically annealed at temperatures within the supercooled liquid
region (the temperature region between onset glass transition temperature, Ty, and the onset
of crystallization, Ty,) or close to Tx. Eckert et al (Eckert et al., 2001) has investigate the
crystallization behaviors of Zr-based BMGs and produce bulk nanostructured alloys by
partial crystallization of the Zr-based BMGs precursors. Fig. 4 (a) displays the DSC scans for
as-cast ZrgTixCuAloNis glassy alloys (x = 0, 3, 5, and 7.5). Zre;Cux0AlioNis crystallizes via
one sharp exothermic peak to form several intermetallic compounds. Upon Ti addition, the
crystallization mode changes toward a double-step process. With increasing Ti content, the
first DSC peak shifts to lower temperatures and the enthalpy related to the second
exothermic peak decreases. The samples were isothermally annealed for different times
below T for further study of the crystallization process. The crystallization products after
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annealing were investigated by XRD (Fig. 4(b)). ZrexCu20Al;oNis transforms into cubic NiZr-
type and tetragonal CuZr2-type compounds. Annealing the alloy with x = 3 leads to
primary precipitation of an icosahedral quasicrystalline (QC) phase with spherical
morphology and a size of about 50 to 100 nm. For x = 5, the diffraction peaks are weaker in
intensity and broader because the precipitates are as small as about 5 nm. For x = 7.5, the
precipitates are about 3 nm in size. At first glance the XRD pattern (Fig. 4 (b)) after annealing
displays no obvious reflections but only broad amorphous-like maxima. However, careful
examinations of the annealed state by high intensity synchrotron radiation and/or by
transmission electron microscopy (TEM) (Eckert, et al., 2001) clearly shows differences in
scattering intensity compared to the as-cast state indicates the precipitation of a metastable
cubic phase with a grain size of ~2 nm coexisting with a residual amorphous phase.
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Fig. 4. (a) DSC scans and (b) corresponding XRD patterns after isothermal annealing for the
Zrer«TixCunAliNis (x = 0, 3, 5, and 7.5) amorphous alloys: x = 0, annealed at 723 K for 30
min; x = 3, annealed at 703 K for 5 min; x = 5, annealed at 683 K for 30 min and x = 7.5
annealed at 688 K for 40 min. Reprinted from (Eckert, et al., 2001), with permission from
Elsevier.

3.2 Effect of oxygen

Although Zr-based BMGs have shown high glass-forming ability, high thermal stability and
excellent mechanical properties, the glass-forming ability of these BMGs appears to be
significantly affected by the contamination of oxygen either from the raw materials or from
the processing (Inoue et al., 1995a; Kubler et al., 1998; Lin et al., 1997). The investigation of
the influence of oxygen on the crystallization behavior of Zr-based amorphous alloys



192 Advances in Crystallization Processes

(Altounian et al., 1987) showed that the oxygen induces the formation of metastable face-
centered cubic (fcc) NiZry, thereby reducing the thermal stability of the Zr-Ni amorphous
alloys. Extensive studies have proved that oxygen enhances the crystallization reaction in Zr-
based amorphous alloys. For example, Lin et al (Lin, et al., 1997) reported for undercooled Zr-
Ti-Cu-Ni-Al molten liquids that oxygen addition strongly affects crystal nucleation and can
dramatically increase the necessary critical cooling rate for glass formation, thus limiting bulk
glass formation and reducing the maximum attainable sample thickness. Over the range of
oxygen content studied (300 - 5000 at. ppm), the time-temperature-transformation curves vary
roughly by two orders of magnitude along the time axis. In other words, oxygen
contamination ranging up to 0.5 at.% can increase the necessary cooling rate for glass
formation by two orders of magnitude (Lin, et al., 1997). Koster et al. (Koster et al., 1996; Koster
et al., 1997) reported the formation of an icosahedral phase during primary crystallization in
ZresCu175NiAlys amorphous alloys, whereas such a crystallization process was not reported
in the same alloy composition by Zhang et al. (Zhang et al., 1991), indicating that the formation
of quasicrystals is induced by the oxygen contamination in the alloy. Eckert and his co-
workers (Eckert et al., 1998; Gebert et al., 1998) also reported the strong influence of the oxygen
contamination on the crystallization kinetics and products in ZresCui7sNieAlys amorphous
alloy, where supercooled liquid region decreases with increasing oxygen content due to the
change in crystallization sequence from a single- to a double-step process. It was also shown
that an fcc NiZr, phase is formed at a higher oxygen level in the Zr-Cu-Ni-Al system.
Therefore, oxygen contamination is of primary importance for the glass formation and
crystallization behavior of Zr-based amorphous alloys.
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Fig. 5. XRD patterns of the Zres.Cuzy5Al750, bulk amorphous alloys with (a) x = 0.14 and
(b) x = 0.82 after annealing at 673 K for different durations. Reprinted from
(Murty, et al., 2000), with permission from Elsevier.

Murty et al. (Murty, et al., 2000) investigated the influence of oxygen on the crystallization
behavior of melt-spun amorphous Zrgs.xCuz75Al750x (x = 0.14, 0.43 and 0.82) ribbons. DSC
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results showed that the T increases with the addition of oxygen. The base alloy containing
the lowest amount of oxygen (x = 0.14) crystallizes in a single step. The addition of oxygen
significantly decreases the width of supercooled liquid region (ATx) from 85 K for x = 0.14 to
58 K for x = 0.82. The decrease in AT is partly due to the increase in Ty with increasing
oxygen and also due to the appearance of a pre-crystallization peak in the oxygen-
containing alloys before the main crystallization event. The base alloy heated to 673 K (in
supercooled liquid region) shows an amorphous nature. In the x = 0.82 alloy, precipitation
of spherical icosahedral particles in nanocrystalline state was observed within 10 min
annealing at 673 K. Then it crystallizes to Zr,(Cu,Al) when heated to 723 K. No other phase
is present in the alloy heated up to 753 K. The x = 0.82 alloy heated to 673 K has a similar
trend to that of the base alloy. However, the alloy heated near the pre-crystallization peak
(708 K) led to the presence of an icosahedral phase along with a small amount of Zry(Cu,Al).
Only Zr,(Cu,Al) is present in the alloy heated to 723 and 753 K. The base alloy with x = 0.14
remains amorphous for up to 10 min at 673 K, after which the formation of Zry(Cu,Al) was
observed. The XRD patterns in Fig. 5 (a) clearly indicate the formation of Zr,(Cu,Al) beyond
10 min of annealing at 673 K. No other phase was identified even after a longer annealing
for 60 min (Fig. 5 (a)). XRD patterns of the alloy heat treated at 673 K (Fig. 5 (b)) show that
the icosahedral phase starts forming after 10 min and persists for up to 15 min, beyond
which the icosahedral phase transforms to Zr,(Cu,Al).

The mechanism of the oxygen-induced precipitation of metastable fcc Zry(Cu,Al) and
icosahedral quasicrystalline phases is rationalized by considering the effect of oxygen on the
nucleation process. The high thermal stability of multicomponent Zr-based amorphous
alloys is generally attributed to the difficulty of precipitation of crystalline compounds from
the undercooled liquid. The combination of elements with significantly different atomic
sizes and negative enthalpies of mixing leads to a homogeneously mixed dense random
packed structure of the liquid resulting in a large liquid-solid interface energy (Inoue, 2000).
If the nucleating phase has a different composition with respect to the homogeneous
undercooled liquid, then the nucleation of the phase requires substantial atomic
rearrangement (Eckert, et al., 1998). The driving force for the polymorphous crystallization
is AGiotal. However, if the icosahedral phase is stabilized by oxygen addition, the driving
force for the primary crystallization of the icosahedral phase can be comparable to or higher
than that for the polymorphous crystallization, AGial. In such a case, icosahedral phase
would initially precipitate from the amorphous matrix by the primary crystallization. The
free energy reduction is accompanied with this crystallization and there is still a driving
force to form Zry(Cu,Al) from the icosahedral phase and/or the remaining amorphous
phase in the second stage. The formation of the icosahedral phase would be preferable if the
driving forces for the polymorphous crystallization and the primary crystallization are
comparable, because it is believed that icosahedral clusters are present in the amorphous
phase, and these would act as nuclei for the icosahedral phase primary crystals. If such
icosahedral clusters are stabilized by the presence of oxygen, the oxygen-enriched alloy
would be favour to form an icosahedral phase by primary crystallization. The differences in
the sequence of the phase formation in these alloys with x = 0.14 and 0.82 are illustrated
schematically in Fig. 6, in which the darkness of the gray scale corresponds to the
concentration of Zr. In the base Zr-Cu-Al and Zr-Cu amorphous alloys, crystallization
proceeds by polymorphous reaction without change in composition. On the other hand, in
the oxygen-containing ternary alloys, the first stage of crystallization occurs by primary
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crystallization of the icosahedral phase. The icosahedral phase is enriched in Zr and O and
depleted in Cu and Al. When Zr»(Cu,Al) precipitates peritectically, the concentration of the
Z15(Cu,Al) particles becomes the same as the initial alloy composition. When this reaction is
complete, only the grains of single-phase Zr>(Cu,Al) remain.

(a) Zrp(Cu,Al)

Amorphous—» Zrp(Cu,Al) (Polymorphous Crystallization)

AN

(b) Zrp(Cu,Al)

e

Amorphous —»QC Amorphous +QC —3» Zry(Cu,Al)
(Primary Crystallization) (Peritectic-type Crystallization)

Fig. 6. Schematic diagrams showing the evolution of microstructure during crystallization of
Z165.,Cuz75Al750, amorphous with (a) x = 0.14 and (b) x = 0.82. Reprinted from (Murty, et
al., 2000), with permission from Elsevier.

3.3 Effect of sample preparation method

In general, when the transformation temperatures (e.g. T and T, etc) of an amorphous alloy
are measured by DSC, there is no appreciable difference between in the amorphous samples
prepared by direct melt cooling from molten liquid (e.g. by melt spinning, casting, water
quenching, etc). Table 1 summarizes the transformation temperatures determined from DSC
for some typical amorphous alloys prepared by different routes. Furthermore, there is no
difference in the transformation temperatures of the amorphous rods with different sizes.
As seen from Table 1, same transformation temperatures are obtained in the
MggsCuisY10Agio amorphous rods in 6 mm diameter prepared by injection casting and in 10
mm diameter prepared by squeeze casting.
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Composition Synthesis route (%) (112‘) ?IZ)X Reference
CusZr Cu-mold casting 675 732 57 (Inoue et al., 2005)
0 Melt spinning 686 744 58
Cu-mold casting
CugoZr3oTir0 (2.5 mm rod) 714 758 4 (Jiang et al., 2003a)
Melt spinning 711 754 43
Water quenching
PdaNisoPao (fluxed)t (7 mm@ rod) 576 678 102 (He et al., 1996)
Melt spinning 590 671 91 (Inoue, et al., 1997)
. Air cooling 638 696 58
t
Pdg;Siy9 (fluxed) Melt spinning 33 65 42 (Yao & Ruan, 2005)
Melt spinning 428 469 41
Injection casting
MggsCuisY10Agio (6 mm rod) 428469 4l (Kang et al., 2000)
Squeeze casting
(10 mm@ rod) 428 469 41
Pd“o((le‘f)fgg)wpzo Melt spinning 572 670 98
, (Inoue, et al., 1997)
PdsoCuizoNiroPao Melt spinning 572 663 91
(unfluxed)
Water quenching
Zr65A17‘5Ni10Cu17'5 (16 mm& I‘Od) 625 750 125 (Inoue et al., 1993b)
Melt spinning 622 749 127
Planar flow casting 805 820 15
30 pm thick ribb
ZrssNizsAly (30 pm thick ribbon) (Illekov et al., 1997)
Water quenching 78 795 57
(9 mm rod)
High-pressure die
LassAlpsNiijgCuio casting (9 mm rod) 460 527 67 (Inoue et al., 1993a)
Melt spinning 480 550 90
. . Ball Milling 652 717 65
Ti50Cu3sNi125n3 Melt spinning 675 739 64 (Zhang, et al. ’ 2005&)
. . Ball Milling 705 771 66
Ti50Cu18NiznAlsSne Melt spinning 71 789 68 (Zhang, et al., 2005a)
theating rate is 0.33 K/s.

Table 1. Comparison of the transformation temperatures determined from DSC at heating
rate is at 0.67 K/s (if not indicated) for some typical amorphous alloys prepared by different
methods. Ty glass transition temperature; Tx: onset crystallization temperature; ATy: the
width of supercooled liquid region, which is equal to Ty - Tj.

Fig. 7 compares the DSC curves for the [(FepsCoo.2)0.75B0.2Si0.05]9sNbs bulk amorphous alloy
rods with different diameters up to 2.5 mm with the data for melt-spun ribbon of the same
composition. No appreciable difference is recognized in the transformation temperatures or
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crystallization process between the melt-spun ribbon and cast rod samples, in spite of an
increase in Curie temperature (T.) with the increase of diameter. All samples exhibit a
distinct glass transition at 830 K, followed by crystallization at 880 K, resulting in a large
supercooled liquid region of 50 K. Similar results have been obtained in a number of bulk
glass-forming alloy systems (Suryanarayana & Inoue, 2011).
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Fig. 7. DSC curves at a heating of 0.67 K/s for [(FepsCo00.2)0.75B0.2Si0.05]9sNbs bulk amorphous
alloy rods (1.5, 2 and 2.5 mm) as well as the melt-spun amorphous alloy ribbon of the
same composition. Reprinted from (Inoue et al., 2004a) and (Suryanarayana & Inoue, 2011),
with permission from Elsevier.

Note that, although no appreciable difference in transformation temperatures has been
observed in the amorphous alloys prepared by direct melt cooling from molten liquid, some
alloys do have shown some differences in the transformation temperatures in the
amorphous ribbon and rod samples, even though they have an identical chemical
composition. As seen from Table 1, the ZrssNixs Al glassy alloys prepared by two different
solidification methods (one is planar flow casting with cooling rate of about 105 K s and the
other is water quenching with a solidification rate of about 102 K s1) showed a significant
difference in the transformation temperatures, i.e. 69 K difference in Ty and 15 K in Tx
(Illekova, et al., 1997). By comparing the enthalpy of structural relaxation in DSC curves and
the full width at half maximum (FWHM) of the first diffuse peak in XRD patterns, it is
concluded that the samples produced from both methods represent the same amorphous
state, but the amorphous ribbon sample contains a higher degree of short-range order (SRO)
(Lllekov4, et al., 1997).

A number of investigations have reported a distinct difference in the transformation
temperatures between the amorphous alloys prepared by melt cooling and that formed by
solid-state amorphization techniques (e.g. ball milling or mechanical alloying). Fig. 8
compares the structural feature and transformation temperatures for TispCussNii2Sns and
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TisoCu1sNinAlsSns alloys prepard by ball-milling (BM) and melt-spinning (MS). The broad
diffuse maximum for the amorphous phase formed by BM is determined to be 26.89 nm-! for
TisoCussNipSnz and 26.64 nm for TispCuisNixnAlsSns, respectively. They are well in
agreement with the values of the amorphous alloys prepared using MS method, Q, = 26.81
nm-? for TispCussNi2Sns and 26.67 nm-! for TisoCuisNinAlSne, respectively. It implies that
for a given alloy, the amorphous phase obtained using the different preparation methods is
very similar in the all cases. However, both T, and T of the BM alloy shift towards a lower
temperature, with respect to the MS alloys, by about 20 K for TisoCussNi;2Sns and 16-18 K for
TisoCu1sNinAlsSne, respectively, even though a very close ATy is obtained in the BM and MS
amorphous alloys for each phases. Furthermore, the heat of crystallization in the BM
amophous state is slightly lower than that in MS one for both alloys. The difference in the
transformation temperaturees betwen the BM and MS amorphous phase is likely caused by
the minor difference in the composition, oxygen content, and/or short-range order in the
amorphous phases formed by different processing route.
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Fig. 8. (a) XRD patterns and (b) DSC curves at a heating of 0.67 K/s for TisoCussNii2Snz and
TisoCu1sNinAlsSns alloys prepard by ball-milling (BM) and melt-spinning (MS). Reprinted
from (Zhang, et al., 2005a), with permission from Elsevier.

3.4 Effect of pressure

A few work has investigated the effect of high pressure on the crystallization of amorphous
alloys, e.g. see the references (Jiang, et al., 2000; Jiang, et al., 2002; Jiang, et al., 2003b; Ye &
Lu, 1999; Zhuang et al., 2000). In general, the crystallization temperature of an amorphous
alloy increases with increasing pressure. However, the rate and the range of such
temperature increase are closely related to the alloy systems. Fig. 9 shows the pressure
dependence of the crystallization temperatures (ie. T and Txz) for the AlgLagNis
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amorphous alloy. Both Ty and T, firstly decrease with the increase in pressure in the range
of 0-1 GPa and then increase with pressure increasing up to 4 GPa. Such changes in
crystallization temperature with pressure is related to the competing process between the
thermodynamic potential barrier and the diffusion activation energy under pressure
(Zhuang, et al., 2000).
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Fig. 9. Pressure dependence of the crystallization temperatures for AlgsL.asNis amorphous alloy.
Reprinted from (Zhuang, et al., 2000), with permission from American Institute of Physics.

Crystallization of an amorphous alloy is normally regarded as a process proceeding by
nucleation and subsequent growth of crystals. During the initial stage of nucleation of
crystals in the amorphous phase, the effect of pressure on the crystallization kinetics is
associated with the atomic diffusion process and the volume change effect. The
crystallization temperature(s) of an amorphous alloy may be governed by the
thermodynamic potential barrier of nucleation and diffusion activation energy. According to
crystallization kinetics theory, the nucleation rate I can be written as,

I=1Ipexp[—(AG +Q,)/ kT] (1)

where Iy is a constant, AG" is the free energy required to form a nucleus of the critical size,
i.e., the thermodynamic potential barrier of nucleation, Q, is the activation energy for the
transport of an atom across the interface of an embryo, and k is the Boltzmann’s constant.
The sum AG" + Qy, is called the nucleation work.

In the AlggLagNis alloy, AG" is much larger than Q, and the dominant factor at low pressures
(0-1 GPa). Thus, the nucleation work decreases with increasing pressure, leading to an
enhancement of nucleation rate I and a reduction of the crystallization temperature with
increasing pressure, as shown in Fig. 9. With increasing pressure, AG* rapidly decreases
while Q, increases, resulting in atomic diffusion a dominant factor in the nucleation process.
Hence, the nucleation work AG* + Q, increases with increasing pressure. Consequently,
nucleation rate I decreases with the increase in pressure and an enhancement of
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crystallization temperature is expected, as observed for the AlgsLasNis amorphous alloy in
the pressure range of 1-4 GPa in Fig. 9.

In addition to the aforementioned factors, the crystallization temperature(s) of an
amorphous phase significantly depend on the heating rate used in DSC measurement
(Kissinger, 1957). In contrast, the heating rate has a slight influence on the glass transition
temperature. All these transformation temperatures of amorphous alloys increase with
increasing the heating rate that is used in DSC. Therefore, the heating rate is usually
indicated when describing the transformation temperatures of an amorphous phase.

4. Kinetics of crystallization

The kinetics of crystallization of amorphous alloys has been extensively studied by using
differential scanning calorimetry (DSC) or differential thermal analysis (DTA), as the
structural change in a material upon heating or cooling is indicated by a defection or peak in
the DSC/DTA curve. The kinetic behavior associated with a structural change leading to an
alternative metastable state in an amorphous alloy above its glass transition is a key subject
since it provides new opportunities for structural control by innovative design and
processing strategies. Section 5 will show some application examples by controlling
crystallization from amorphous precursors in order to tailor microstructure for excellent
properties. Such crystallization control requires fundamental understanding of the specific
mechanisms influencing structural transformations.

In general, crystallization is a thermally activated reaction, either by isothermal or
isochronal heating. The transformation rate during a reaction could be described as

do / dt= f(a)k(T) )

where a is the fraction transformed. The temperature dependent function is generally
assumed to follow an Arrehnius type dependency

k=kyexp(-E / RT) 3)

where ko is the reaction constant, R is the gas constant and E is the activation energy. In
general, the reaction function f(a) is unknown. From the above equations it follows that for
transformation studies by performing studies at a constant temperature T, E can be obtained
as below:

In(tg)=E/RT +c; )

where # is the time needed to reach a certain fraction transformed, and ¢; is a constant,
which depends on the reaction stage and on the kinetic model. Thus, E can be obtained from
two or more experiments at different T. For isothermal experiments k(T) is constant, the
determination of f(a) is relatively straightforward, and is independent of E. For non-
isothermal experiments, the reaction rate at all times depends on both f (a) and k (T), and the
determination of f(a), ko and E (the so-called kinetic triplet) is an interlinked problem. A
deviation in the determination of any of the three parameters will cause a deviation in the
other parameters of the triplet. Over the past decades a variety of non-isothermal methods
have been proposed. Among them, the Kissinger method (Kissinger, 1957) is widely used in
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the isochronal method for the calculation of the activation energy for the crystallization. A
higher value of the activation energy is generally interpreted as a measure of the high
stability and resistance of the amorphous phase towards crystallization. The activation
energy for crystallization could be determined using

In(B/T;)=~E/RT,+C )

where p is the heat rates that used to heating amorphous samples in DSC, T, is the
temperature corresponding to the peak of the crystallization event (exothermic peak), R is
the gas constant and C is a constant. Thus, by plotting ln( B/ Tp2) against 1/ T, one could
obtain a straight line whose slope is —E/R, from which the activation energy for the
transformation, E, can be calculated.

On the other hand, kinetic data on first-order transformations are often obtained by
isothermal analysis. The isothermal crystallization kinetics of the amorphous phase can be
usually analyzed in terms of the generalized theory of the well-known Kolmogorov-
Johnson-Mehl-Avrami (JMA) equation (Christian, 2002) for a phase transition:

x.(t,T)=1-exp[-k(t—7)"] (6)
or
ln[—ln(l—xc(t,T))J:nlnk+nln(t—z') (7)

where x.(t,T) is the volume fraction of crystallized phases after annealing time ¢, 7 is the
incubation period of transient nucleation, which is the time period that must elapse prior to
formation of nuclei, k is a temperature-dependent kinetic parameter and #n is the Avrami
exponent, which is a significant parameter to describe the crystallization mechanism, such
as nucleation and growth behavior, and varies from 1 to 4 (Doherty, 1996). For diffusion-
controlled growth, one may have the following cases: 1 < n < 1.5 indicates growth of
particles with an appreciable initial volume; n = 1.5 indicates growth of particles with a
nucleation rate close to zero; 1.5 < n < 2.5 reflects growth of particles with decreasing
nucleation rate; n = 2.5 reflects growth of particles with constant nucleation rate, and n > 2.5
pertains to the growth of small particles with an increasing nucleation rate (Doherty, 1996).
A JMA plot of In[-In(1- x.(t,T))] vs. In(t-7) yields a straight line with slop n and intercept nlnk.
Using a DSC, operated under isothermal mode, phase transformations can be distinguished
unambiguously in terms of those occurring only by growth of existing nuclei or those
occurring by nucleation and growth. For a transformation resulting in grain growth or
structural relaxation results in a monotonically decreasing signal, a “bell-shape” exothermic
curve is the classical signature for a nucleation-and growth transformation (Chen &
Spaepen, 1991).

The transformed volume fraction, x, during the isothermal process at a particular
temperature, T, can then be determined by measuring the area under the exothermic curve.
It is assumed that the volume fraction transformed, x, up to any time, ¢, is proportional to
the fractional area of the exothermic peak or the integrated enthalpy. Therefore, in the
isothermal DSC scans, the transformed volume fraction, x.(t,T), up to any time ¢t is
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proportional to the fractional areas of the exothermic peak. Hence, the crystallized volume
fraction during the isothermal annealing process can be accurately determined by
measuring the area of the exothermic peak. The crystallized fractions x.(t,T) after time t at a
certain temperature T for amorphous phase could be derived from the isothermal DSC
curves by assuming that x.(¢,T) is proportional to the integrated enthalpy

xc(t,T)zJt'h(t,T)dt/Th(t,T)dt @®)
0 0

where h(t,T) is the enthalpy release. Using the JMA equation, the reaction rate as well as the
parameters governing the nucleation rate and/or the growth morphology can be obtained.
As shown before, it is inappropriate to describe the crystallization mechanism by using the
average Avrami exponent derived from the non-linear JMA plot in the whole range of
volume fraction. An alternative method of examining the isothermal DSC results is to
evaluate the local value of the Avrami exponent, Ni,, which is defined as (Calka &
Radlinski, 1988)

Nipe =8Zn[—ln(1—xc (t,T))J /oln(t-1) )
as a function of crystallized volume fraction x.(t,T). Such a differential Avrami plot can

highlight changes in reaction kinetics during the progress of crystallization.

The isothermal activation energy for the crystallization process can also be determined in
terms of the incubation period t at different temperatures during isothermal annealing,
using the Arrhenius equation for a thermally activated process (Luborsky, 1977):

T=1 (_Eiso / RT) (10)

where 19 is a constant and Ej, is the activation energy for crystallization. The plot of Int vs.
1/T yields a straight line. From the slope, the activation energy Eis, for crystallization of an
amorphous phase is calculated.

Samples Temperature " xe(t,T) Eiso Ex
range (K) range (kJ/mol)  (kJ/mol)
TisoCu18NinAlsSneg 735-755 2.5-33 0.05-0.60 399+55 392+17
with 10 vol.% TiC 723-750 2.1-2.8 0.05-0.602 384+10 382422

20.05-0.40 was used for the composite at 723 K.

Table 2. Avrami exponent (1) and activation energy of crystallization (E) in terms of
incubation time during isothermal annealing and the activation energy of crystallization
(Eiso) determined from a Kissinger plot for the ball-milled amorphous TisoCu1sNi»AliSns
alloy and its composite containing 10 vol.% TiC. Reprinted from (Zhang, et al., 2006a), with
permission from American Institute of Physics.

Table 2 compares the active energy of crstallization estimated by the aforementioned two
methods for the ball-milled amorphous TisoCuisNipAlLSns alloy and its composite
containing 10 vol.% TiC (Zhang, et al., 2006a). As seen from Table 2, there are no essential
differences in the activation energies between those evaluated using the Arrhenius equation
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in isothermal annealing and those obtained by isochronal annealing as revealed by
Kissinger analysis for the Ti-based amorphous alloy with and without TiC particles. The
activation energy of crystallization determined from the Kissinger analysis and the
Arrhenius equationfor both powders show that the composite has slightly lower activation
energy. The addition of 10 vol.% TiC particles into the Ti-based amorphous alloy may
slightly affect the crystallization kinetics of the amorphous phase and the TiC particles may
act as potential heterogeneous nucleation sites.

5. Crystallization control for applications
5.1 Nanocrystalline alloy created from amorphous precursor via partial crystallization

The subject of preparation of nanostructured alloys by nanocrystallization of amorphous
solid precursors has been reviewed by Lu (Lu, 1996) and by McHenry et al. (McHenry et al.,
1999). The formation of nanocrystalline structures during crystallization of amorphous
alloys is of a great interest from both the fundamental and the technical point of view.
Fundamental studies of the mechanisms of crystal nucleation and growth as well as kinetics
of transformation will to a certain degree aid in tailoring the structure for excellent physical
(e.g. magnetic properties) and mechanical properties of nanostructured materials attractive
for practical applications. In general, this method has extensively applied for those
amorphous alloys where ductile solid solution phase(s) or functional phase(s) is formed
through primary crystallization. Amorphous alloys of appropriate chemical compositions,
crystallized at temperatures above their primary crystallization temperature but below the
secondary crystallization temperature, can yield nanocrystalline grains dispersed in an
amorphous matrix. Three important groups of nanocrystalline materials produced by
primary crytallization from amorphous alloy precursors can be distinguished:
constructional Al-based alloys (Kim et al., 1990; Latuch et al., 1997; Zhong et al., 1997),
magnetically soft (Lachowicz & Slawskawaniewska, 1994; Makino et al., 1997; Suzuki et al.,
1990; Suzuki et al., 1993; Willard et al., 1998) and magnetically hard (Inoue et al., 1995b;
Manaf et al., 1993; Takeuchi et al, 1997; Withanawasam et al., 1994) Fe-based alloys.
Examples of the alloys compositions and main aspects of their structure are presented in
Table 3. There are two basic parameters characterizing structure of these materials:
crystallite diameter, D, and volume fraction, V., of nanocrystals. The optimum amount of
nanocrystalline phase differs from each group. In the case of magnetically hard
nanocrystalline materials, full (Manaf, et al., 1993; Takeuchi, et al., 1997) or almost full
(Inoue, et al., 1995b) crystallization is required. For constructional and magnetically soft
nanocrystalline materials the optimum mechanical and magnetic properties, respectively,
are obtained after partial crystallization of their amorphous precursors (Inoue et al., 1988),
which means that they are dual-phase materials composed of nanocrystals and an
amorphous matrix. To preserve ductility in Al-based nanocrystalline alloys, V.. should not
exceed 20% in ternary Al-Y-Ni (Inoue, et al., 1988) and 40% in quaternary Al-Y-Ni-Cu
(Latuch, et al., 1997) alloys. Mechanical properties of these materials can be explained and
predicted using mixture model based on the volume fractions of amorphous matrix and
nanocrystals, proposed by Kim et al. (Kim et al., 1999).

Inoue and Kimura (Inoue & Kimura, 2000) have summarized the microstructure and
mechanical properties of aluminum based alloys produced by controlling the crystallization
of amorphous alloy precursors, as shown in Fig. 10. A high mechanical strength exceeding



Crystallization Behavior and Control of Amorphous Alloys 203

1000 MPa is achieved by the formation of an amorphous phase. The bulk nanocrystalline
alloys, which contain a mixed structure of intermetallic compounds embedded fcc-Al matrix
by the crystallization of Al-based amorphous phase, exhibit high mechanical strength of
700-1000 MPa and have been commercialized as a commercial name of GIGAS. By
controlling the crystallization of Al-based amorphous alloys, the tensile strength of the Al-
based amorphous alloys increases to 1560 MPa by the homogeneous precipitation of
nanoscale fcc-Al particles into an amorphous phase, which is higher than the strength of
1260 MPa by the formation of an amorphous single phase.

Nanocrystalline Magnetically soft Constructional Magnetically hard
materials (Fe-based) (Al-based) (Fe-based)
Alloys Finemet® Al-RE-TM (RE=Y, Ce, Nd, Fe-RE-B
(Fe73_5CU1Nb3Si13lng) Sm; TM=Ni, CO, Fe, Cu)
Nanoperm® e.g. Feg»3Nd11.8Bs9
(FegaZr35Nb3 5BsCuy) FeggNboPrsBs
Hitperm GIGAS®
(FE44CO44ZI'7B4CU1)
Structure Nanocrystals (bcc-Fe) Amorphous matrix + Nanocrystals
+ Amorphous matrix Nanocrystals (fcc-Al) FeisNd,B (+Fe3B,
bcc-Fe, Am)
Sructural
parameters
Ver 70-75% = As~0 <40% = ductility <100%
D <15nmm=<K>~0 V.1,D|=0¢1 <25nm
Properties High permeability, = High specific strength at High coercivity,
low magnetic losses  high temperatures high remanence

Table 3. General characteristics of the three main groups of nanocrystalline materials
produced by devitrification of amorphous alloys (V. - volume fraction of crystalline phase,
D - diameter of nanocrystals, As - saturation magnetostriction constant, <K> - averaged
magnetocrystalline anisotropy, or - fracture strength). Reprinted from (Kulik, 2001), with
permission from Elsevier.

5.2 Net-shape (micro-)forming in supercooled liquid region

Although amorphous alloys have exhibited unique properties compared the conventional
polycrystalline materials, the metastable nature of amorphous phase has imposed a barrier
to broad commercial adoption, particularly where the processing requirements of these
alloys conflict with conventional metal processing methods. In general, amorphous alloys
are super-strong with compressive yield strengths of approximately 2 GPa and even up to 5
GPa for some exotic bulk glass-forming alloys, as has already shown in Fig. 1. However,
amorphous alloys suffer from a strong tendency toward shear localization upon yielding,
which results in macroscopically brittle failure at ambient temperatures. Therefore,
processing of amorphous alloys at ambient temperatures is extremely hard. When an
amorphous solid is continuously heated in the supercooled liquid region the viscosity
decreases dramatically as the alloy relaxes into the metastable equilibrium state of the
supercooled liquid and the large viscous flowability is obtained (Bakke et al., 1995; Volkert
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& Spaepen, 1989). Larger values of AT (T - T;) indicate higher metastability of the liquid
with respect to crystallization. The considerable softening of an amorphous alloy (viscous
flowability) in its supercooled liquid region can be used for net-shape micro-forming of bulk
amorphous alloy components and creation of bulk amorphous alloy samples via powder
processing of amorphous powder precursors (see Section 5.3). In order to maintain their
unique properties, processing of an amorphous alloy requires special attention. The main
challenge is to avoid crystallization during the processing of amorphous alloy. By utilizing
the low viscosity and large viscous flowability, bulk amorphous alloys could be deformed
(Inoue & Takeuchi, 2002; Nishiyama & Inoue, 1999) to various complicated shapes in the
maintenance of good mechanical properties. For example, from a bulk amorphous
Pd40CusNijoPy alloy rod in 6 mm diameter, the die-forging into a three-stage die with pitch
circle diameters of 4, 5 and 6 mm and a module of 0.3 was made for 120 s at 610 K under a
compressive stress of 10 kPa and a three-stage gear was formed. The shape and dimension
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Fig. 10. Summary of the microstructure and mechanical properties of aluminum based
alloys produced from amorphous alloy precursors. Reprinted from (Inoue & Kimura, 2000),
with permission from Elsevier.
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of the gear agree with the inner size of the die within a scattering of +1% (Nishiyama &
Inoue, 1999). The utilization of viscous flow of supercooled liquid is useful for secondary
working of the bulk amorphous alloys which can produce a final product with near-net
shape. In addition, in the supercooled liquid region, successful joining of the Pd4oNigP20
bulk amorphous components has been achieved by the friction-welding method utilizing
the viscous flowability of the supercooled liquid (Kawamura & Ohno, 2001).

Recently, Schroers and his co-workers (Kumar et al., 2009; Schroers et al., 2007; Schroers,
2008; 2010; Schroers et al., 2011) have used a developed novel thermoplastic forming (TPF)-
based processing to fabricate complex amorphous components. The process of TPF is also
known as hot forming, hot pressing, super plastic forming, viscous flow working, and
viscous flow forming. TPF takes advantage of the drastic softening of amorphous alloys upon
heating above glass transition temperature and its thermal stability of supercooled liquid,
which is quantified by the width of the supercooled liquid region. During TPF, the amorphous

sl d

Fig. 11. Through TPF-based blow molding Blow molding with bulk metallic glasses (BMGs)
permits hollow, thin, seamless shapes, which can include undercuts. These shapes were
previously unachievable with any other metal processing method (A-C). The surface can be
patterned, e.g., to reveal a hologram (D), joints can be created such as threads (F,H), and a
second material can be joined to the BMG (E) in the same processing step than the blow
molding. Reprinted from (Schroers, 2010), with permission from John Wiley and Sons.
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solid is reheated into the supercooled liquid region, where it relaxes into a supercooled and
metastable liquid before it eventually crystallizes. For a variety of BMG formers, a large
processing window exists, which permits access to temperatures in this region on a practical
experimental time scale in order to avoid crystallization. In general, at low temperatures a
long processing time is available accompanied by a high viscosity. In contrast, at high
temperatures, the viscosity is significantly reduced but, at the same time, the processing
time is shortened. Currently, for a wide range of alloys, viscosities of 106 Pa s and lower can
be accessed in the supercooled liquid region on a practical time scale (Schroers, 2010). For
the highest formability of the BMG former in supercooled liquid region, optimum
processing such as low viscosity and long processing time are required. The formability is a
material property that reflects the maximum strain a metastable material can undergo before
crystallization under given geometry and processing parameters.

As a novel technique with integration of shaping, joining, and finishing into one processing
step, TPF-based blow molding allows one to net shape complex geometries in an economical
and precise manner, including shapes, which can not be produced with any other metal
processing method. In particular when pre-shaped parisons are used, BMGs can be blow
molded into shapes that were previously not achievable with any metal processing method.
Examples of such shapes are given in Fig. 11. They include hollow seamless shapes, which
can comprise of complex undercuts, and very large thin sections. Due to the low forming
pressure, together with the ability to replicate smallest features, as shown in Fig. 11D, the
dimensional accuracy that can be achieved with this process is even superior over other
TPF-based processes. In addition, this method is capable to combine the three processing
steps typically required for metal processing —shaping, joining, and finishing —into one step
(Schroers, 2010). For example potential joints such as threads, as shown in Fig. 11E-H can be
formed in the BMG during the expansion process. Surface finishes that can be achieved with
blow molding of BMGs include mirror finish. The superior properties of BMGs relative to
plastics and typical structural metals, combined with the ease, economy, and precision of
blow molding, have the potential to impact society in a manner similar to the development
of synthetic plastics and their associated processing methods.

5.3 Bulk amorphous alloy consolidated from amorphous powder precursor

Synthesis of three-dimensional bulk amorphous materials has been an attractive object for
several decades, not only for its significance in basic studies of the intrinsic properties of
bulk amorphous materials (instead of the form of powders, fibers, or ribbons), but also for
technological applications of these advanced materials with many novel properties. In
principle, there are two approaches to obtain bulk amorphous samples. The first one is
direct casting of alloy melts into bulk form in amorphous state (Suryanarayana & Inoue,
2011). An alternative approach that can potentially lead to bulk amorphous alloys is to
exploit the viscous flow resulting from the significant decrease of the viscosity in
supercooled liquid region. This is an especially attractive route to bulk amorphous alloys,
especially to obtain bulk samples for the alloy systems with insufficient or limited glass-
forming ability. A number of amorphous alloys with a sizable supercooled liquid region
have been reported (Inoue, 2000; Johnson, 1999). This opens up the possibility of preparing
truly bulk samples through powder consolidation in supercooled liquid region. In the Zr-,
Cu-, Fe- and Ni-based alloy systems, some successful consolidation of amorphous powders
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with wide supercooled liquid region has been achieved by warm extrusion, spark plasma
sintering and equal channel angular pressing (ECAP) (Choi et al., 2007; Ishihar4 et al., 2002;
Ttoi et al., 2001; Karaman et al., 2004; Kawamura et al., 1997; Kim et al., 2004; Kim et al., 2009;
Lee et al., 2003; Mear et al., 2009; Robertson et al., 2003; Senkov et al., 2004; Senkov et al.,
2005; Sordelet et al.,, 2002; Zhang et al., 2006b; Zhang, et al., 2007a). The consolidated
samples show almost the same thermal properties, mechanical properties, and/or soft
magnetic properties as those of the BMGs prepared by direct melt casting from molted
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Fig. 12. (a) A representative DSC curve to determine the holding time (7) up to the initial
crystallization, and (b) TTT diagram for the onset of crystallization of the amorphous
TisoCu1sNinAliSne powders heated to set temperatures at heating rate of 0.33 or 0.67 K s1.
The data of the onset temperature of crystallization (T) and the glass transition temperature
(Tg) at the heating rate of 0.67 K s are also shown. Reprinted from (Zhang, et al., 2006b),
with permission from Elsevier.
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liquid. Among the aforementioned consolidation methods, it has recently been shown that
ECAP is a particular effective and novel approach used for the consolidation of amorphous
powders. ECAP is a method for subjecting a volume fraction of materials to severe shear
deformation by forcing them around a mold corner (Karaman, et al., 2004; Robertson, et al.,
2003; Zhang, et al., 2006b). The advantages of ECAP have allowed to fabricate bulk materials
with large cross-sections.

In order to utilize the viscous flow of amorphous phase, the crystallization of an
amorphous alloys must be well controlled. Therefore, the temperature-time-
transformation (TTT) diagram should be determined for the selected amorphous powders
by measuring the onset time of the exothermic reaction due to crystallization on the DSC
curves during isothermal annealing (e.g. see Fig. 12 (a)), where the sample was heated to
the selected annealing temperature(s) in the supercooled liquid region, and the time that
the sample began to crystallize (the onset of an exothermic reaction) was recorded. Fig. 12
(b) shows an example of the TTT diagram for the amorphous TisoCu1sNi»nAliSns powders,
which provides a window for processing in supercooled liquid state. The temperature and
the time before crystallization (or the time to remain in the fully amorphous state at a
certain temperature) exhibits approximately a linear relationship. At a given heating rate,
the lower the temperature is, the longer the time is for the supercooled liquid to remain
stable without crystallization. For the same temperature, the time window is longer at a
faster heating rate. Therefore, for the ECAP processing at a given length of the can, it is
necessary to select a suitable extrusion temperature (T.) and extrusion rate (ve). Two
extrusion temperatures (700 and 705 K) near the calorimetric glass transition temperature
(Ty) were used in when with extrusion rate of 0.40 mm s (Zhang, et al., 2006b). By using
ECAP with these processing parameters, bulk nanocrystal-amorphous composites with a
relative density about 97% have been achieved from the amorphous TisoCu1sNiz»AlsSneg
powders. Full densification was not reached, mainly owing to that the powders
experienced insufficient shear deformation and that partial crystallization occurred
during ECAP processing (Zhang, et al., 2006b).

Karaman et al (Karaman, et al., 2004) has optimized the ECAP process to consolidate the
gas-atomized Vitreloy 106a (ZrsssNb2sCul5.6Nii2gAlios) powder in supercooled liquid
region at different strain rates and temperatures. The microstructure of all consolidates
shows significant particle deformation. The increase in aspect ratio of particles due to
shear strain is correlated with the extrusion temperature. Extrusions processed close to
glass transition temepraure showed significant porosity. There is an increase in the
consolidate hardness, depending on the extrusion temperature. Compression experiments
on the consolidated V106a shows that good consolidate samples have strength levels of
1500 - 1700 MPa, which are comparable to that of cast V106 (Zrs;NbsAl19Cuis4Niize). In
spite of some nanocrystallization and short-range order formation upon processing, most
of the fracture surfaces of the consolidates show shear banding and well-developed vein
patterns, typical fracture characteristics of amorphous alloys with good ductility.

6. Conclusions

The amorphous alloys have attracted widespread research interests because of their
technological promise for practical applications due to execellent properties and scientific
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importance in understanding glass formation and glass phenomena. Due to the nature of
metastability, amorphous phase tends to crystalize to more stable crystalline state through
polymorphous, eutectic and/or primary crystallization mechanisms. The crystallization
mechanisms and crystallization products are influenced by both inherent (e.g. chemical
composition of amorphous phase, oxygen) and extraneous (e.g. preparation method,
pressure, etc.) factors. The study of kinetic behavior associated with a structural change in
amorphous alloys above glass transition temperature could provide opportunities for
structure control by innovative design and processing strategies. By controlling the
crystallization of amorphous alloys, bulk nanocrystalline alloys and/or nanocrystalline-
amorphous composites with excellent properties could be achieved from amorphous alloys
precursors. By utilizing the viscous flowability of amorphous alloys in supercooled liquid
region, net-shaped microforming could be realized for bulk amorphous alloys and bulk
amorphous components with “true” bulk size might be produced from amorphous powder
precursors.
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1. Introduction

The interest in the surface structures with their special properties has increased considerably
due to extensive applications in micro- and optoelectronics. It is known that the properties
of films of submicron size can be different from those of structures having macroscopic
dimensions. The parameters that change the properties of films, are the thickness, number of
layers, uniformity of the films, the size of clusters and nanocrystals. The presence of small
particles and nano-sized elements leads to changes in material properties such as electrical
conductivity, refractive index, band gap, magnetic properties, strength, and others
(Suzdalev, 2006; Kobayashi, 2005).

One of the most promising materials in this regard is tin dioxide. Such advantages as high
transparency in a visible range of wavelengths and high conductivity make SnO, very
suitable as transparent conductive electrodes in such devices as solar sells, flat panel
displays, etc (Rembeza et al., 2001; Jarzebski et al., 1976; Das and Banerjee, 1987; Song, 1999).
Wide-gap semiconductor SnOy films exhibit quantum confinement effect with decreasing of
crystallite sizes, i.e. the band gap becomes size dependent and is increased from 3.6 to
42eV.

Semiconductor gas sensors on the base of nanoscale SnO, films are manufactured
(Evdokimov et al., 1983; Buturlin et al., 1983b; Watson et al., 1993). The possibility of tin
dioxide layers to change their electrical conductivity upon adsorption of gases due to the
reactions of reduction and oxidation, is used (Bakin et al., 1997; Srivastava, R. et al., 1998a;
Jiang et.al., 2002; Vigleb, 1989). An increase in adsorption possibilities of SnO; films during
the transition from single-crystal to nanocrystalline system (Srivastava, R. et al., 1998b) is
one of the main directions of work to improve the sensitivity and reduce of response time
(Bakin et al., 1997, Ramamoorthy et al., 2003; Karapatnitski et al., 2000; Xu et al.,, 1991;
McDonagh et al., 2002).

As is known, tin dioxide (SnO») is a crystal of white color, the density is 7.0096 g/cm3,
melting point is about 2000°C (Knuniants, 1964). The SnO; films have predominantly
amorphous or polycrystalline structure with a tetragonal lattice of rutile with parameters a =
b = 0.4737 nm, c = 0.3185 nm, with two tin atoms and four oxygen atoms in the unit cell
(Dibbern et al., 1986; Shanthi et al., 1981; Weigtens et al., 1991). Depending on the method of



220 Advances in Crystallization Processes

film synthesis, the band gap varies in the range 3.35-4.3 eV and the refractive index - in the
range 1.8-2.0 (Martin et al., 1986; Melsheimer et al., 1986; Nagamoto Takao et al., 1990).

Under normal conditions in air, at the surface of tin dioxide, a layer of the adsorbed oxygen
molecules is formed. Oxygen molecules carry out the electron trapping from the surface
layer (Kaur et al., 2007). In the simpler schematization, in clean air the conductivity of SnO,
is low because the conduction electrons are bound to surface oxygen, whereas in the
presence of a reducing gas, electrons are no longer bound to the surface states and the
conductivity increases. The transfer of electrons from SnO» to oxygen leads to the creation
near the surface of a crystal a space charge layer (depletion layer), the concentration of
electrons in which is less than in bulk. The net charge at the surface generates an electric
field, which causes a bending of the energy bands in the SnO,. A negative surface charge
bends the bands upward, i.e. pushes the Fermi level into the band gap of the SnO,,
effectively reducing the charge carrier concentration and resulting in an electron depletion
zone. In other words, this is an electron trapping process at the surface, which leads to an
increase in the electrical resistance (or decrease in conductivity) of the surface layer. When a
reducing gas, e.g. CO (or Hy, CO, H,S, NHj, etc.), reacts with the adsorbed oxygen to form
CO,, the concentration of oxygen in layer is decreased. The electrons released in this
reaction are injected into the conduction band of the SnO», which results in a decrease in the
electrical resistance (or increase in conductivity) of materials of n-type of conductivity (Kaur
et al., 2007; Bakin et al., 1997; Andryeeva et al., 1993). According to barrier model, reaction of
adsorbed oxygen species with reducing gases decreases the potential barrier heights,
resulting in a huge decrease in resistance.

Reduced tin dioxide is characterized by a deficiency of oxygen - SnO,.5, where 10-5 <& <10-3 -
deviation from stoichiometry (Rumyantseva et al., 2003; Kaur et al., 2007). Vacancies of
ionized oxygen are the main intrinsic defects and define the electrical properties of the
material - n-type of conductivity and free carrier concentration. Energy levels of oxygen
vacancies Vo* and Vo?* lie at a depth of 30—40 and 140-150 meV below the conduction band
edge, respectively (Ryabtsev et al., 2008). The concentration of oxygen vacancies can be
reduced by annealing of the material in an oxygen atmosphere.

In the transition from single crystal to a polycrystalline system, each crystal grain is
considered as a closed volume, near the surface of which is located a depletion layer.
Reducing of the charge carrier concentration at the grain boundaries leads to a formation of
intergranular energy barriers, the magnitudes of which determines the electrical
conductivity of polycrystalline material as a whole. The greatest influence of the surface
state on the electrical properties of the material occurs when the condition: I/2 < L, where [ is
the size of the crystallites; L — length of the depletion layer, which for different oxides varies

2 2 2
from 3 to 10 nm: L=1Lp %z eT . evs = i, where ¢ is the dielectric
\ kT 2me’N, \ kT 2neN,;

constant, Vs - surface/Schottky potential, Nq is the concentration of the donor impurity, Lp
is the Debye length, k is the Boltzmann constant, T is the temperature. Wide range of sizes of
the SnO; crystallites (from several to several hundred nanometers) affects the mobility of
charge carriers, which may vary from a few to 100 cm3/V-s. For example, Xu Chaonan et al.
(1991) investigated the dependence of gas sensitivity of film on the diameter D of SnO»
crystallites (in the range 5-32 nm) and the Debye length Lp. For undoped SnO. D increased
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from 4 nm with increasing annealing temperature to 13 nm at 400°C and 27 nm at 900°C. The
dependences of the electrical resistance of the films in air (R,) and a mixture of hydrogen-air
(Rg) at 300°C on the crystallite sizes were presented. The values of R, and R; increase with
decreasing D for D < 6 nm, as well as increase with increasing D for D > 10 nm. The value of
D at the boundary between two regions is equal to 2L and the optimum value for L is
obtained by 3 nm. The gas sensitivity of film was determined as R./Rg. For the both H; and
CO the sensitivity increases if the value D < 2L (~6 um). It follows, that the gas-sensitive
properties of the tin dioxide films are determined by their nanostructure, formed during
crystallization process. This makes it extremely important to study the processes of
crystallization in tin dioxide films, depending on the conditions of their preparation and
processing.

Good quality SnO; films have been grown by several techniques (Buturlin et al., 1983a). As
is known, the method of preparation of SnOx films significantly influences on their
characteristics (Bakin et al., 1997; Srivastava R. et al, 1998; Jiang et al., 2002; Srivastava R. et
al., 1998b; Minami et al, 1989). Not all techniques of deposition are used for production of
functional metal oxide films (Buturlin et al., 1983b; Jarzebski, 1982; Khol'kin and Patrusheva,
2006). The physical methods of obtaining films of metal oxides include the method of
thermal evaporation of metal in vacuum with deposition on the dielectric substrate and
oxidation in air (Buturlin et al., 1983b) at 720-770K. The particles of deposited material one
can obtain also by evaporation in a gas. In an atmosphere of reactive gas material is heated
to evaporation, then the atoms of substance reacts with residual gas atoms, resulting in
formation of ultrafine particles of size in range 1-100 nm. The resulting film has an
extremely developed surface and requires no further heat treatment (Buturlin et al., 1983a).
During thermal sputtering of an oxide target (Das and Banerjee, 1987; Feng et al., 1979) an
annealing is not required, too. The method is based on the sputtering of target made of
pressed powder of desired oxide (Jarzebski, 1982) or in plasma at high frequency in a three-
electrode circuit, or by an ion beam. The spraying process is carried out in an plasma of
argon of high purity with the addition of oxygen. Das and Banerjee (1987) show the relation
between a structure and other physical properties of the films. For the deposited by electron-
beam evaporation SnOy films a change of x value by varying the substrate temperature Ts
was revealed. The films deposited at Ts = 150°C were amorphous, but after annealing in air
(Ta = 550°C, 2h) the presence of SnO; by X-ray diffraction was revealed. Films deposited at
Ts = 225°C were also amorphous, but after annealing under identical conditions consisted of
a mixture of phases SnO and B-SnO. These amorphous films are characterized by high
electrical resistivity (100 ohm-cm at room temperature), which sharply decreased after
annealing in air (550°C, 2 h) to the values p = 9,5x102 ohm-cm at room temperature,
seemingly, due to the formation of 0.015 eV donor level (Ts = 150°C) and 0.26 eV (Ts =
250°C) below the bottom of the conduction band of tin oxide. For Ts = 150°C the band gap
Eg = 3.46 eV corresponds to SnO; and decreases with increasing Ts up to 225°C due to the
presence of different oxide phases, and increases again at Ts>225°C. Annealing in air (550°C,
2h) leads to deterioration of the transmission T in the wavelength range of 400-850 nm for
the films deposited at Ts = 150°C and to the increase of transmission for films deposited at
Ts = 250°C. At Ta = 650°C the full transformation into the SnO, phase with the dominant
lines (101) and (200) is completed. The increase of the substrate temperature (Ts = 350°C)
causes a decrease in the resistance of the film, indicating that activation occurred because of
donors at a depth of 0.26 eV.



222 Advances in Crystallization Processes

In the method of ion-stimulated deposition (Song, 1999) flow of neutral Sn atoms was
obtained in a high vacuum using partially ionizing radiation source, the flow of oxygen ions
with energies in the range 0-1000 eV was obtained using ion gun with hollow cathode. The
properties of SnO, films on substrates of glass, amorphous SiO,/Si and Si (100) were
studied. In films deposited on glass, with increasing of the energy of the ion flux both the
surface grain size up to 7-10 nm and roughness are increased. The increase of energy of the
oxygen ions led to the increase of crystal perfectness, stoichiometry, porosity of the films
and their transmission in the shortwave region. All tin oxide films on the glass after
deposition had very low optical absorption in the visible wavelength region and high
absorption in the shortwave region.

Method for production of SnO; films by cathode sputtering of tin provides the creation of
plasma in an inert gas (argon) at a pressure in the vacuum chamber from 50 to 102 Pa. A
target is fixed to the cathode , substrate — to the anode. When the diode sputtering is used,
between the anode and cathode DC voltage is applied, the growth rate of SnO: films is small
(~ 1.7 nm/min) and only conductive targets can be used. In the high-frequency sputtering,
between the cathode and the anode an alternating RF voltage is applied. As a result, high-
speed deposition of the layer up to 800 nm/min is provided, depending on the voltage and
the partial pressure of O, and Ar. One can use a non-conductive target. Conductivity of
SnO; films varies in the range 10-°-102 ohm-1-cm-1.

One of the most promising physical methods of production of the oxide films is the reactive
magnetron sputtering of a metal target (Geoffroy et al., 1991; Kisin et al., 1999; Lewin et al,,
1986; Semancik and Cavicchi , 1991). As a result of the deposition process, a mixture of two
phases - SnO and SnO:; - is formed. By changing the parameters of deposition (substrate
temperature, chamber pressure, the rate of film growth) both amorphous and
nanocrystalline films can be prepared. For example, Semancik S. and Cavicchi R.E. (1991) by
this method have deposited the SnO, films on substrates of sapphire and TiO,. It is shown
that the use of substrates with perfect structure and an increase in their temperature up to
500°C leads to the epitaxial growth of the film and the formation of a single crystal structure.
Gas sensitivity of the films was close to sensors based on bulk single-crystal SnO.. Using a
VUP-4 installation, Rembeza et al. (2001) have deposited polycrystalline SnO; films with
thickness of 1-5 microns on glass substrate by magnetron sputtering of tin target doped by
antimony (3% vol.) in a gas mixture of Ar (25%) and Oz (75%). In the films has been revealed
only a well-crystallized tetragonal phase of SnO. with average grain size 11-19 nm after
annealing. After annealing of the films (600°C, 4h) the concentration of electrons decreases
with the increase of temperature up to 400°C in the range ~ 2x1018 - 3x1017 cm?3, and the
mobility of free charge carriers increases from 70 to 150 cm?/(V-s) at 130°C and further up to
400°C does not change. Stjerna and Granqvist (1990) studied the optical and electrical
properties of SnO, films, obtained by magnetron sputtering of tin in a mixture of argon and
oxygen. The optical properties show a transparency window in the wavelength range of ~
0.4-2 microns. It is noted that the behaviors of the curves of transmission and reflection
strongly depend on the ratio of values of partial pressure of O, and Ar during the growth of
the films, and is particularly strong changed near ratio of ~ 4%. Near this point (from 4.1 to
4.2% vol. Oy) a sharp minimum of the surface resistance is observed. If the power discharge
is increased from 10 to 60 watts, the position of minimum is shifted toward higher
concentrations of oxygen - up to 11.6-11.8%. Kissin et al. (2000) gave a description of
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dependence of the concentration of free electrons on the partial pressure of oxygen for the
film deposited by rf magnetron sputtering of target, prepared from powder of SnO, doped
with CuO, followed by a two-hour annealing in a flowing oxygen at a temperature of 700°C.
Polycrystalline SnO; films with an average grain size of 100 nm and a thickness of 1 micron
were monophasic and had a texture in the (110). In the range of partial pressure of oxygen in
the chamber from 0.013 to 1.3 Pa a power dependence of the conductivity of the films on the
pressure with an exponent of 0.6-0.8 is observed. Rumyantseva et al. (2001) showed that the
effect of porosity on gas sensitivity of the film is more significant than the influence of the
partial pressure of oxygen. Saturation by vacancies and the formation of pores in the gas-
sensitive layers was carried out by doping the initial loading of tin by volatile impurities -
iodine and tellurium. The porosity of the material with a grain size comparable with the
wavelength of the radiation manifests itself in the form of reducing the magnitude of the
refractive index, averaged over the volume.

Chemical methods of preparation of SnO, films can be divided as obtained from the gas
phase and from solution. Hydrolysis of chemical compounds in the gas phase occurs at
relatively low temperatures. The chlorides and other compounds easily hydrolyzed in the
vapor phase and are deposited as thin films of hydroxides (Suikovskaya, 1971). Obtaining of
the corresponding oxides is carried out by annealing or by deposition on the heated
substrate. Depending on the temperature of the substrate, the amorphous or polycrystalline
films can be produced (Melsheimer and Teshe, 1986). In chemical vapor deposition (Kern
and Ban, 1978), the laminar flow of an inert carrier gas completely covers the substrate in the
reaction chamber, forming over it motionless boundary layer. The reagents are fed as a
vapor-gas mixture, the deposition rate of which depends on the speed of their diffusion
through the boundary layer. Growth of the SnO; films (Kim and Chun, 1986) can occur in
several modes. The optimal regime is the nucleation on the substrate surface and their
growth by surface diffusion of the incoming material. This leads to the texturing of the film
due to the formation of oriented nuclei on the surface.

To obtain homogeneous films of SnO, from solutions one must take into account the
properties of precursors and solvents. As a precursor the tin chlorides are often used.
Suitable solvents include ethanol and acetone containing a small amount of water
(Suikovskaya, 1971). Aerosol methods of producing of tin oxide films are based on the
decomposition at high temperature (720-970 K) of chloride or organometallic tin
compounds on the surface of the substrate. At spraying under the influence of the inert gas,
the solution was transferred to the substrate surface in the form of small droplets. The
deposition rate of films is 100 nm/min. Dimitrov et.al. (1999) by the hydrothermal method
(tsint = 130-250°C, Tsine = 2-6 h) synthesized nanocrystalline samples of SnO,. Crystallite size
of SnO,, synthesized by hydrothermal treatment of amorphous gel of tin acid is 4-5 nm and
is virtually independent of temperature and duration of treatment.

An actively developing chemical method of producing of SnO, thin films is a sol-gel
method. It is based on transfer of a substance in the sol and gel states. The method allows
obtaining the multilayer films with a thickness of one layer of 2-3 nm, and it does not
require a vacuum and complex installations. Deposition of the film can occur on a cold
substrate. The main methods of film deposition are dip-coating, centrifugation (spin-on-
films) and spray pyrolysis (Kim and Chun, 1986; Aranowich et al.,1979; Sanz Maudes and
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Rodriguez, 1980; Fantini and Torriani, 1986; Jitianu et al., 2003; Chatelon et al., 1997). It is
one of the simplest and economic among known techniques. The advantages of the sol-gel
process are the possibility of doping and its potential to fabricate films of large area
substrates. The flexibility of the technological cycle management provides opportunities to
obtain the necessary surface morphology and sizes of structural formations. One can obtain
the films with a high degree of homogeneity and controlled stoichiometry by sol-gel method
at a sufficiently low temperature of synthesis . Often (Suykovskaya NV, 1971; Zang and Liu,
1999) salt volatile acids, such as chlorides, as film-forming substances are used. As a solvent
mainly ethanol is used. Chlorine can be included in the formed SnO: film or by replacing the
oxygen, or by interstitial mechanism (Bosnell and Waghorne, 1973; Aboaf et al., 1973). The
admixture of chlorine causes an increase in carrier concentration, leads to the stabilization of
the parameters of the oxide layer, to a low density of surface states, and to high values of the
lifetime of the major carriers. Growth of SnO; crystallite size after annealing is noted by
many authors (Asakuma et al., 2003; Brito et al., 1997). However, the introduction of
additional components in the composition of the film-forming mixture (Torkhov et al., 2003)
leads to a decrease in the rate of growth of crystallites of the both SnO, and substance
injected with increasing temperature. Torkhov et al. (2003) synthesized the nanocrystalline
SnO; and WO; and nanocomposite Sn:W = 1:9, 1:1, 9:1 by a-5nO'n"H,O and WO;-H,O
(series X) gel deposition and krizol-method (series K). For nanocomposites of Sn (X, K) and
SnoW1 (X, K) after annealing at T = 150°C a phase of tin dioxide SnO» (cassiterite) was
detected, the degree of crystallinity of which increases with increasing temperature. An
increase in the crystallite size of SnO, (2-15 nm) and WO3 (10-50 nm) is also observed. For
SnO; films the change of grain size in range from 10 to 6 nm is accompanied by increase of
resistance from 2x104 up to 6x104 ohms. Anishchik et al. (1995) annealed the films obtained
by centrifugation from an aqueous solution at temperatures of 400 or 500°C for 30 minutes
with further rapid cooling in air ("hardening of soft"). In SnO; films, subjected to cooling
from 400°C, the SnO phase also found. Rapid cooling from 500°C leads to an appearance of
Sn304 phase, while at slow cooling this phase is not detected. Rapid cooling of the samples
from temperatures of 400 and 500°C leads to "freezing" on the surface of films of elemental
tin and its oxides, as they do not have time to oxidize up to SnOs.

The films to ensure maximum sensitivity are heated during operation of sensors. The
temperature effect causes an increase in the crystallite sizes of SnO,. On the one hand, there
is a reduction of the effective activation energy of the interaction of SnO, with oxygen, and,
on the other hand, increasing the concentration of electrons with sufficient energy to
overcome the barrier created by the negatively charged surface (Rumyantseva et al., 2008).
The degree of surface coverage by chemisorbed oxygen O-ads), O%(ads) is increased. The films
with a fixed size of the crystallites SnO; are required to ensure a long-term operation of the
sensors. Kukuev and Popov (1989) used a SnO; film in the manufacture of microelectronics
devices in installations for heating of ultrapure deionized water, as well as in commercially
available installations for infrared heat treatment of photo resist as heating elements. The
most suitable as heaters are the films with grain size ~ 0.2-0.3 pm, in which such processes
as crystallization, condensation and oxidation do not occur. Adamyan et.al. (2006) obtained
high-quality films using sodium stannate as a precursor. 1 M of H3PO; was added into
Na5n0O; solution with constant stirring to neutralize the solution (pH = 7). The transparent,
stable sol, indicating the small size of its particles and the stability of their surface, was
obtained.
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One of the ways to improve the selectivity of sensors based on SnO, and increase the
contribution of molecules of this type in the gas phase to the total electrical signal is the
introduction of alloying elements into highly dispersed oxide matrix (Rumyantseva et al.,
2003; Fantini and Torriani, 1986, Okunara et al., 1983 ; Bestaev et al.,, 1998). Dopants are
usually divided into two groups: catalytic (Pt, Pb, Ru, Rh) and electroactive (In, Sb, Cu, Ni,
Mn). Of considerable interest is also the effect of processing by plasma on the properties of
films. Minami et al. (1989) placed the transparent conductive films of tin oxide (TCO) in a
quartz tube filled with hydrogen gas. Films at high temperature treatment are completely
painted in dark gray. Transmittance of ITO indium doped and undoped TO films decreased
rapidly during annealing above 300°C for 30 minutes. Decrease the transparency and color
of the films are attributed to the formation of the oxygen-depleted surface level due to
chemical reduction of these films by hydrogen. The upper surface of the films passed into
the metallic state, and then indium and tin were thermally evaporated at a higher
temperature. Hydrogen glow discharge plasma was obtained at a pressure of 400 Pa in the
installation with a capacitive circuit (frequency of 13.56 MHz or 2.45 GHz) and power of 300
watts. Transmittance and film thickness are greatly reduced when exposed by hydrogen
plasma at 250°C. ECR hydrogen plasma was obtained in the volumetric resonator cavity at a
pressure of 6.5x102 Pa, microwave power (2.45 GHz) 300 watts when a magnetic field was
8.75x102 T. Indium containing (ITO) film and undoped (TO) SnO, were stained even when
treated for 2 and 5 minutes.

An analysis of published data shows that in papers a great attention is paid to influence of
the structure of the synthesized tin dioxide films on their sensitivity to different gases and
transparency in a wide range of wavelengths. Usage of different methods of preparation, as
well as modification of the films by different types of treatments leads to a change of phase
composition and microstructure of the films causing a change in their optical, electrical and
gas-sensitive properties. It is of considerable interest to study the effect of the concentration
component, nanoclusters, the composition of films and their heat or plasma treatment on the
crystallization processes and clustering, the size of the nanocrystals and, consequently, the
physical properties of the films.

In this paper we consider the influence of composition and structure on the optical and
electric characteristics of SnOy thin films deposited on glass substrates by sol-gel technique.
For comparison, the data for films prepared by magnetron sputtering, are presented. Using
various techniques the effect of both thermal and plasma treatments on the structure and
properties of the SnOx films were studied.

2. Experimental

A solution to obtain the nanostructured films by sol-gel technique (the method of spreading)
was prepared from crystalline hydrate of tin tetrachloride (SnCly5H>O) by dissolution in
pure ethanol. SnOs sol of desired concentration was obtained under strong stirring to obtain
a colorless and transparent solution. Freshly prepared solution has a neutral pH value of ~
7. After maturation of the solution, which lasted more than six hours, pH was equal about
0.88, indicating the release of HCI during the dissolution of SnCly. To study the effect of
concentration of components in the solution on the film properties were obtained the
solutions with a concentration of tin atoms: 0.82, 0.41, 0.30 and 0.14 mol/L. Aliquots of these
solutions with volumes of 0.04 ml, 0.08 ml, 0.11 ml, 0.23 ml, respectively, using
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micropipettes were deposited on the cleaned surface of the microscope glass slides. It was
assumed that the number of tin atoms in the films will be identical (~ 3.25 x 105 mole), and
the film thickness is ~ 350 nm. After the deposition, the films were dried for 1 hour at 80°C.
Then the samples were annealed at 100, 200 or 400°C for 1 hour. The thickness of the films,
estimated from the change in mass of the sample, was 36040 nm.

The SnO;, films with thickness of 300 nm were also fabricated by method of centrifugation. A
solution was obtained by dissolving of anhydrous SnCly in 97% ethanol. The solution was
deposited onto a glass substrate located on a table of centrifuge rotor, the rotation speed of
which was ~ 3800 rpm. Centrifugation time was 3-5 s. Substrate with a layer was dried
using an infrared radiation at 80°C for 3-5 minutes, and then in a muffle furnace at 400°C
for 15 minutes. After cooling, the cycle repeats. Number of deposited SnO; layers ranged
from 12 to 15.

The SnO; films with thickness of 300 nm were also deposited on cleaned microscopy glass
slides by magnetron sputtering. The magnetron sputtering mode parameters were: cathode
voltage U, = 470 V, the ion beam current [i;n = 35 mA, the argon-oxygen mixture pressure
inside the chamber ~ 1-2.7 Pa, the oxygen concentration in the Ar-O, mixture ~10%,
deposition rate of films ~ 0.05 nm/c, the temperature of the substrate ~ 200°C.

The SnO; film’s structure was investigated by X-ray diffraction using a narrow collimated
(0.05x1.5 mm?2) monochromatic (CuK,) X-ray beam directed at an angle of 5° to the sample
surface. The average crystallite size was estimated from the width of X-rays lines by Jones
method. The surface of the layers was analyzed by Atomic force microscopy (JSPM 5200,
Jeol, Japan) using AFM AC technique. The optical transmittance spectra of SnOy films were
measured in the wavelength range from 190 to 1100 nm by means of the SF-256 UVI and
from 1100 to 2500 nm by means of the SF-256 NIR spectrophotometers (LOMO, Russia).
Electrical resistance of the films was measured by a four probe technique at room
temperature. For the measurements of electrical characteristics and parameters of gas
sensitivity of the thin films in a wide temperature range was used a specialized
experimental setup.

The glow discharge hydrogen plasma was generated at a pressure of 6.5 Pa with a capacitive
coupled radio frequency (r.f.) power (27.12 MHz) of about 12.5 W. The temperature of
processing did not exceed 100°C. The processing time was 5 min.

3. Results and discussion

3.1 Physical properties of tin oxide thin films obtained by sol-gel technique
(the method of spreading)

Fig. 1 shows the transmission spectra of SnO, films deposited on a glass substrate by
spreading method. Transparency of films lies in the range of 80-90% and increases over the
entire range of wavelengths with the increase of temperature up to 400°C.

X-ray diffraction studies of the SnO films, obtained at various concentrations of tin ions in
the colloidal solutions, led to the following results.

a. In the case of high tin concentration 0.83 mol/L (~ 0.04 ml aliquot) immediately after
deposition and drying at 80°C, the film structure is similar to the amorphous (Fig. 2a)
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and remains practically unchanged after annealing for 1 hour at 100°C (Fig. 2b).
Separation of the broad band into two SnO, lines, indicating the formation of
crystallites, visually observed only after annealing at 200°C (Fig. 2c). Crystallite size in
the planes (110) and (101) of SnO; is ~ 1.5 nm, i.e. the crystallites are small and have an
imperfect structure.
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Fig. 1. The transmission spectra of tin oxide film synthesized by sol-gel technique: 1 — glass
substrate, 2 — SnOs film after annealing at 100°C, 3 — SnO; film after annealing at 400°C.

b. A similar pattern after the deposition and annealing at 100°C is observed for films of
SnO,, produced at lower tin concentrations of 0.41 mol/L (~ 0.08 ml aliquot) and 0.30
mol/L (~ 0.11 ml aliquot). After annealing at 200°C the differences are appeared, which
manifest themselves in increasing intensities of SnO, lines with decreasing of tin
concentration in the colloidal solution.
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Fig. 2. X-ray diffraction patterns and intensity curves for the SnOx films on glass substrates
obtained by the sol-gel technique (0.04 ml solution with tin concentration of 0.83 mol/L,

d =320 nm) after: a) deposition and drying at a temperature of 80°C, and b) annealing at
100°C; ) annealing at 200°C.
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c. In case of the minimum concentration of 0.14 mol/L (~ 0.23 ml aliquot), the formation
of a SnO; polycrystalline film (Fig. 3a) with a crystallite size of 2.5-3.5 nm (Table 1) was
observed immediately after deposition and drying. Annealing at 400°C led to the
improvement of the crystallite perfection (4 lines) and an increase in their size up to ~ 5
nm (Fig. 3b).
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Fig. 3. X-ray diffraction patterns and intensity curves for thin SnOx films on glass substrates
obtained by the sol-gel technique (0.23 ml solution with tin concentration of 0.14 mol/L,

d =400 nm): a) after deposition and drying at a temperature of 100°C, b) after annealing at
400°C.

5n0O; plane Crystallite size after annealing, nm
100°C 400°C
SnO; (110) 25 55
5n0O; (101) 3.0 5.0
5n0; (211) 35 3.0

Table 1. Results of measurements of SnO; crystallite sizes by X-ray diffraction

Thus, the SnO, polycrystalline film immediately after deposition and drying without
additional annealing at elevated temperatures by the sol-gel technique was derived. This
may be due to better conditions for the processes of SnOs crystallization and evaporation of
HCI in the case of a lower concentration of tin atoms (0.14 mol/L) in solution. Additional
annealing at 400°C leads to the formation of SnO; crystallite with size of about 5 nm, ie close
to optimal (6 nm) for high gas-sensitive films (Xu et al., 1991).

Ry - AR
Gas sensitivity was determined from the expression y = 0 8 .100% =——-100% , where

0 0
Ry is the resistance of gas-sensitive layer in the clean air, Ry is the resistance of the layer in
the mixture of air with detectable reducing gas. Fig.4 shows the temperature dependence
of the sensitivity of SnO; film for a given concentration of ethanol vapor in the
atmosphere. Since the temperature range of sensitivity to different gases is different, it is
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necessary to determine the temperature at which a maximum sensitivity of the film to the
test gas is observed.
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Fig. 4. Temperature dependence of the sensitivity of the SnO; films (obtained from a
colloidal solution with concentration of tin ions 0.14 mol/L) to the ethanol vapors of various
concentration: 1 — 15 mg/L of ethanol in the air; 2 - 0.7 mg/L of ethanol in the air.

The greatest sensitivity of films to ethanol is observed at a temperature of 230°C. Adsorbed
oxygen ions create a space charge region near the surface of SnO, grains by extracting
electrons from the material. Ethanol, being by nature a reducing gas, reacts with adsorbed
O- ions and removes them from the surface of the grains, re-injecting electrons back into the
material and thus lowering the resistance of the film. Peak sensitivity at 230°C shows that at
this temperature, the amount of chemisorbed oxygen ions, which react with the molecules of
ethanol, is maximal.

In Fig. 5 the sensitivity of the SnO, films at 230°C as a function of the concentration of
ethanol vapor is presented. Figs.4 and 5 show that sensitivity increases significantly with
increasing of ethanol concentration. At low concentrations of ethanol vapor (0.1-1 mg/L),
the dependence of the film sensitivity on the concentration is linear (Fig. 5), as is likely,
there is a sufficient number of oxygen ions that react with molecules of ethanol. Linearity
of sensitivity at low concentrations of ethanol can be used to create sensors basing on this
film, which are sensitive to ethanol vapor in exhaled human. A visible sensitivity of the
film is evident even when the concentration of ethanol vapor is about 0.05 mg/L (25

ppm).

The films obtained by deposition of a colloidal solution with a concentration of tin atoms
0.83 mol/L (Fig. 5, curve 1), have higher gas sensitivity in comparison with films deposited
from a solution with a concentration of tin atoms 0.14 mol/L (Fig. 5, curve 4 ). This may be
due to the cluster structure of the film synthesized from a solution with a concentration of
tin atoms 0.83 mol/L. Indeed, the average size of the crystallites in these films is much
smaller (1.5 nm).
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Fig. 5. The dependence of the sensitivity of the SnO, films on the concentration of ethanol

vapor at 230°C: 1 — film synthesized from a solution with a concentration of tin ions 0.83
mol/L, 2 -0.41 mol/L, 3 - 0.30 mol/L; 4 — 0.14 mol/L.

To measure the response time, the changes of resistance are recorded as a function of time
beginning from the moment when ethanol vapors are introduced into the chamber. The
concentration of ethanol wondered equal to 1 mg/L (500 ppm) at T = 230°C. As a response
time of the sensor was taken the time duration for which the sensor resistance dropped by
90%. Response time and recovery time of resistance to the initial value for the film deposited
from a colloidal solution with a concentration of tin atoms 0.83 mol/L (Fig. 6, curve 1) are ~
3 and 30 seconds, respectively, in contrast to the second film (0.14 mol/L), where response
time and recovery time were twice as much — ~ 6 and 65 seconds, respectively.

[T T RT3 TR 1 N VI T
t,s
Fig. 6. The dependence of the response time of SnO; layer at 230°C

(concentration of ethanol vapors 1 mg/L) on concentration of tin atoms in colloidal
solution: 1 - 0.83 mol/L, 2 - 0.14 mol/L.

Figs 7a and 7b show the atomic force microscopy and scanning electron microscopy images,
respectively, of the surface of tin oxide film, obtained by deposition of a colloidal solution
with a tin concentration 0.83 mol/L on a glass substrate. Areas, protruding above the
surface, have a light color, areas below the surface have a dark color (Fig.7a), and counting
the height begins from the bottom point. In the process of drying, the SnO; film, obtained by
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the method of spreading, is transformed into a structure with an undulating surface, the
wave amplitude of which is comparable to the thickness of the film. The heterogeneity of the
thickness of the films may be the main reason for the lack of interference in the transmission
spectra. Consequently, in order to obtain uniform thickness of the films with relatively
smooth surface the centrifugation method was used, when under the centrifugal force
during the sample rotation the alignment of the surface is reached.

spreading, a colloidal solution with a tin concentration 0.83 mol/L): a) atomic force
microscopy; b) scanning electron microscopy

3.2 Optical, electrical, structural and sensory properties of the SnOy films, prepared
by the sol-gel technique (centrifugation method)

The films were made by centrifugation in order to reduce their electrical resistance. Scheme
of the synthesis and study of the SnO; films is shown in Figure 8. A solution of the desired
tin concentration for producing of SnO; film with thickness ~ 300 nm was obtained by
dissolving of anhydrous SnCls in 97% ethanol. Kinematic viscosity of the solution was ~ 1.9
mm?/s. The radius of sol particles in solution, determined by the turbidimetric method

according to formula r = 3/1—‘/ , was 5.4 nm. The solution was deposited on a glass substrate,
T

located on a table of centrifuge rotor. Rotational speed of the centrifuge was ~ 3800 rpm.
Centrifugation time was 3-5 seconds. The deposited films were dried by an infrared emitter
at 80°C for 3-5 minutes and also in a mulffle furnace at 400°C for 15 minutes.

As shown above, the films obtained by spreading, in the case of high concentration of tin
atoms (0.83 mol/L) had higher gas sensitivity and lower response time and recovery time
compared to films with a low concentration of tin atoms (0.14 mol/L). However, the films
obtained by centrifugation from solution with a high concentration of tin atoms (0.83
mol/L) were susceptible to detachment due to poor adhesion of the film and had a greater
thickness. Therefore, preference was given to films obtained from solution with low
concentration of tin atoms (0.14 mol/L). Thin layers were obtained. By subsequent
deposition of additional layers the multilayered films were obtained with good adhesion to
glass substrate, acceptable optical properties and resistance of about 200 ohms.

Characteristics of tin oxide films deposited by magnetron sputtering (pressure Ar-O, mixture
in the chamber —1 Pa) and sol-gel technique were compared. It was found that the relative
resistance of films prepared by sol-gel technique, much faster decrease with increasing
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temperature (Fig. 9), and the increase of their resistance associated with a decrease in carrier
mobility due to scattering by impurities occurs at higher temperatures (> 270°C).
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Fig. 8. Scheme of the synthesis and study of nanostructured SnO: films (sol-gel technology)
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The absolute values of the resistance of films, prepared by magnetron sputtering, changed in
the temperature range 20-230°C from 69 to 11 kohm, while for the sol-gel films from 192 to
2.3 kohm. Low resistance of films obtained by magnetron sputtering at room temperature
may be due to the presence of particles of tin, whose resistance increases with increasing
temperature. On the other hand, the alleged occurrence of dielectric inclusions of tin
monoxide may be the cause of the increased resistance of these films at 230°C in comparison
with the sol-gel films.

Fig. 10 shows the optical transmission spectra of films obtained in two ways. Transparency
of films was about 90%. At long wavelengths there is a reduction of the transmission
coefficient for the film SnOy obtained by magnetron sputtering. The absence of a similar
reduction for the films prepared by sol-gel technique indicates a lack of tin particles in films
and, consequently, a better stoichiometry of the films of tin dioxide.

Table 2 shows the optical parameters determined from the transmission spectra by ways
described in papers (Mishra et al., 2002; Ryzhikov et al., 2002). Films prepared by the sol-gel
technique have high porosity, which is considered a positive factor contributing to increase
of their gas sensitivity.

n, D, E . \
Themethodof | M. | fim |, | Pl absorption | '
film deposition : thickness, gaps Y | coefficient, [P
index eV g/cmd %
nm 1/cm
ggi%?eerti;"; 1.81 282 4.05 5.76 1.67x103 17
géi ;?;;8:1 1.73 318 410 535 2.49x10° 23

Table 2. Optical parameters of SnOj film

SnOy film prepared by magnetron sputtering (pressure of Ar-O, mixture in the chamber 1
Pa), after the deposition had an amorphous structure. Annealing in the temperature range
400-550°C led to the formation of polycrystalline phases of SnO», SnO, SnOs (Fig. 11a). The
results help to explain the slow decrease in the resistance of these films with increasing
annealing temperature (Fig. 9) by the dielectric properties of the SnO crystallites. The SnOx
film obtained by sol-gel technology had a polycrystalline structure after deposition and
short-term annealing at 400°C for 15 minutes, included in the process of drying the film. X-
ray diffraction patterns and intensity curves of these films indicate the presence of only
polycrystalline SnO. phase (Fig. 11b). The crystallites sizes were of the order of 3-5 nm
(Table 3), that is more optimal to obtain the gas-sensitive films.

The metho.d. of film SnO; plane Crystallite sizes, nm
deposition
SnO;, (101) 114
Magnetron sputtering Sn,O3 (021) 8.5
SnO (101) 10.0
SnO; (110) 5.2
The sol-gel technique SnO; (101) 51
SnO; (211) 3.0

Table 3. Average crystallite sizes of SnO; films
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T.°C
Fig. 9. Temperature dependences of resistivity of the SnOj films: 1 — film deposited by
magnetron sputtering, 2 — by sol-gel method.

Research of gas sensitivity of the deposited films was conducted in two stages. In the first
stage, the temperature dependences of film resistance in both pure air, Ro(T), and at a given
concentration of the test gas, Ry(T), were measured. It was determined the temperature at
which a maximum sensitivity of film to test gas observed. In the second stage, the effects of
different concentrations of the gas at this temperature are measured.

Fig. 12 shows curves of temperature dependences of the sensitivity for films synthesized by
both sol-gel method and magnetron sputtering, at an ethanol concentration of 1 mg/L.
Maximum sensitivity of the sol-gel films to the ethanol vapors is shifted to lower
temperatures (230°C), relative to films prepared by magnetron sputtering (270°C). This may
be due to smaller crystallites, higher porosity and homogeneity of the phase composition of
the sol-gel SnO: films.
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Fig. 10. Optical transmission spectra of SnOj films: 1 — glass, 2 — film, deposited by the
sol-gel technique, 3 — film deposited by magnetron sputtering.
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Fig. 11. X-ray diffraction patterns for thin SnO, films on glass substrates: a) films obtained
by magnetron sputtering, and b) by the sol-gel technique.
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T,°C
Fig. 12. Temperature dependence of the sensitivity of tin dioxide films to ethanol
(concentration 1 mg/L): 1 — film deposited by magnetron sputtering, 2 — by sol-gel
technique.

The listed above factors also affect the dynamic performance. To measure the response time
of gas-sensitive film, in the volume of the reactor a certain number of identified gas for the
time of the order of tenths of a second was introduced. Fig. 13 shows the response time for
the presence of ethanol vapor with a concentration of 1 mg/L (500 ppm), for which the film
resistance dropped by 90%. For the films obtained by sol-gel method and magnetron
sputtering, the response time was ~ 3 and 16 s, recovery time of resistance to the initial value
was 70 and 90 s, respectively.

Fig. 14 shows the dependence of sensitivity of the SnO; films synthesized by both sol-gel
technique and magnetron sputtering, on the concentration of ethanol vapor at a temperature
corresponding to the maximum of sensitivity. There is a sensitivity to trace amounts of
ethanol vapor of films synthesized by sol-gel technique. In addition, the films have a linear
sensitivity to small concentrations of ethanol.
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Fig. 13. The dependence of the response time of SnO; layer on ethanol vapors (concentration
1 mg/L): 1 - film deposited by magnetron sputtering, 2 — by sol-gel technique.
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Fig. 14. The dependence of sensitivity of SnO films to the concentration of ethanol vapors:
1 - film deposited by magnetron sputtering, 2 — by sol-gel technique.

Fig. 15 shows the atomic-force microscope images of the surface microstructure of the glass
substrate and SnOx film deposited by magnetron sputtering and sol-gel technique. The film
deposited by magnetron sputtering, consists of large agglomerates, and the film synthesized
by sol-gel technique has a fine-grained structure of the surface.
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Fig. 15. Surface topography of the SnOy films on glass substrates: a) glass, b) SnOj film,
deposited by magnetron sputtering, c) by sol-gel technique.

Table 4 presents data on the film surface structure obtained using the processing software to
an atomic force microscope, where: R, is average roughness; Rjis — average roughness of 10
points; S — area of the image; Rq — RMS roughness; R, — the difference between maximum
and minimum height of an image; Sratio — the ratio of the image area S to the area of flat
surface Sp.

Parameters Microscope slides SnO, films
(glass) Magnetron sputtering The sol-gel method

R, nm 2.31 3.58 0.66

Ryjis, M 17.7 271 5.67

S, nm? 264632.0 259867.1 251484.2

Ry, nm 2.92 4.69 0.842

R, nm 19.0 35.6 7.02

Statio 1,06 1.04 1.01

Table 4. Parameters of the surface structure of SnO; films on glass

3.3 Influences of thermal and plasma treatments on phase composition,
microstructure and physical properties of the SnOy films deposited by sol-gel
technique and magnetron sputtering

To modify the properties of SnO; films, different ways of their treatment are widely used. Of
particular interest is the study on the influence of thermal and plasma treatments on optical
and structural properties of the SnOy films, deposited by the sol-gel techniques.

As is known, the crystallization of SnO; films on glass substrate takes place most intense at
temperatures of 400-600°C. Heat treatment for 1 hour at temperatures of 550-600°C on
energy costs can be equivalent to several hours of treatment at 400°C. However, the changes
of the structural and sensory properties of the films may be non-equivalent in these
conditions. Analysis of the influence of the duration of isothermal annealing on the
properties of the films is of a separate scientific and practical interest.

In recent years, the plasma treatment for modifying the properties of SnO; films is used
(Karapatnitski et al., 2000). It has been reported about the influence of plasma on the
sensitivity of the sensors. An analysis of changes in the optical parameters determined from
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transmission spectra in combination with changes of structural characteristics on the basis of
X-ray diffraction and atomic force microscopy, may help to better understand the dynamics
of the physical and structural properties of thin films of tin dioxide.

This section presents the results of the study of the effect of isothermal annealing (15 min, 3
hours, 6 hours and 12 hours at T = 400°C) and processing by hydrogen and oxygen glow
discharge plasma on the microstructure, optical and electrical properties, thickness, porosity
and gas sensitivity of SnO, films, deposited by the sol-gel technique (the method of
centrifugation) on a glass substrate. The results are interpreted by comparing with recent
data on the effect of plasma treatment on the properties of films obtained by magnetron
sputtering or ion implantation.

3.3.1 Influence of thermal and plasma treatment on phase composition,
microstructure and physical properties of the SnO films deposited by magnetron
sputtering

Fig. 16 shows the dependence of sensitivity on the concentration of ethanol vapor for thin
SnO; film, obtained by magnetron sputtering, after treatment by oxygen plasma (27.12 MHz,
125 W, 6.5 Pa, 100°C, 5 or 20 min). The SnO; film acquires a high sensitivity (> 50%) to
ethanol vapor with concentrations below 0.2 mg/L after treatment by oxygen plasma for 5
and 20 min. The short-term treatment for 5 min was more effective for increasing the
sensitivity of the SnO; films (~70%). This significant effect of plasma treatment on the gas-
sensitive properties of the SnOs films, probably, is caused by changes in the structure of the
films during processing.
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Fig. 16. Dependence of the sensitivity on the concentration of ethanol vapor for SnO» film:
1 — after deposition, 2 — after treatment by oxygen plasma for 5 minutes, 3 — for 20 minutes.

As shown in Fig. 17, immediately after the deposition by magnetron sputtering (cathode
voltage is 470 V, discharge current — 35 mA, the pressure in a Ar-O, mixture in the chamber
— 2.7 Pa, oxygen concentration 10%, the rate of deposition of films ~ 0.05 nm/s, substrate
temperature 200°C) the films have a nanocrystalline structure and contain SnO» crystallites
with sizes about 4 nm. In this case there are clear reflections from the systems of planes of
SnO; with Miller indices (110), (101), (211) and (112). After oxygen plasma treatment for 5
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minutes (Fig. 17b) and 20 minutes (Fig. 17c) the intensities of SnO; lines are greatly reduced.
This may occur due to destruction of crystallites of tin oxide under the influence of oxygen
plasma to form a cluster structure of the film. Clustering is not accompanied by appreciable
sputtering of the film, since after annealing at 550°C for 1 h the structure of SnO, crystallites
is restored and the intensity of lines on X-ray Debye patterns almost restored (Fig. 17d).
Table 5 shows the optical parameters of the films, calculated by standard methods (Song,
1999). It is seen that the thickness of the film after oxygen plasma treatment decreases
slightly.

If the deposition of SnOy film is carried out in condition of a lack of oxygen at reduced
pressure ~ 1 Pa in a Ar-O; mixture in the chamber, an increase of the concentration of excess
tin in the film results the formation of tin (f-Sn) crystallites with an average size of ~ 30 nm
(Fig. 18a) during treatment by hydrogen plasma. So, that demonstrates a segregating effect
by hydrogen plasma on the film structure. After annealing of these films in air at 550°C for 1
h, both as-treated and not treated by H-plasma, the appearance of X-ray lines of SnO, (6
lines), SnxOs (5) and SnO (1) phases (Fig. 18b), is observed. Crystallite sizes are in the range
of 8-18 nm. Processing of annealed samples by hydrogen plasma led to a blurring of line
sections in the angle range of 15° < 0 < 20° (in the region between arrows 1 in Figs. 18c and
19), corresponding to reflection from the plane systems of SnO(101), SnO; (101) and (200),
SnyO3 (021) and (030) . Since the X-ray lines on the Debye photograph are a consequence of
a number of specular reflections from the set of crystallites which are in reflecting position
in accordance with the equation of Bragg 2d-sin®=A, the blurring of line sections can
occur when selective destruction (amorphization and clusterization) only those crystallites
which are oriented to reflect in the area of blurring (between arrows 1). This assumes such
orientation of SnOx film towards the movement of the plasma particles, that the symmetry
and arrangement of atoms in the systems of planes of the crystallites SnO(101), SnO»(101)
and (200), Snx0Os (051) and (050) (plane A in Fig. 19) are disordered. The estimation of the
angles a between the projection onto a plane perpendicular to the incident X-ray beam, of
normals to the sample surface and to the planes A of crystallites which were in the reflecting
position before clustering by hydrogen plasma treatment. Angle a for the plane systems
SnO(101), SnO(101) and (200), SnyO3 (051) and (050) lies in the range of 15-45° and the
angle 0 in the range of 15-20°.

D, k,
n, . Eg, . v, P,
refractive film band ga absorption orosity, | densit
Sample ) v thickness, &apy coefficient, p o v Y
index eV % g/cmd

nm 1/cm
Magnetron 1830 280 405 165108 155 | 589
sputtering
O-plasma 1.750 276 4.05 1.68103 21.0 5.45
H- plasma 1.805 294 4.05 2.25103 17.0 5.75

Table 5. The parameters of SnOx films deposited by magnetron sputtering at a pressure of
Ar-O; mixture inside the camera — 2.7 Pa, after deposition and treatment by a glow
discharge plasma
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Fig. 17. X-ray diffraction patterns and intensity curves for the thin SnO; film after deposition
by magnetron sputtering (pressure 2.7 Pa in Ar-O, mixture) on a glass substrate (a), after
treatment by a glow discharge oxygen plasma for 5 min (b), 20 min (c) and annealing at
550°C for 1 h (d).
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In other directions, areas of X-ray lines not subjected to blur (in the region between the
arrows 2 in Figs. 18c and 19), the crystallites were solid and even increased their size,
demonstrating segregate effects of hydrogen plasma. The order of arrangement of atoms in
the systems of planes of SnO(101), SnO; (101) and (200), Sn;Os in these crystallites (plane B
in Fig. 19) is intact. Angle a for these planes lies in the range of 15-(-45)°, and the angle 0 in
the same range of 15-20°. Therefore, the possibility of obtaining by treatment in glow
discharge hydrogen plasma of crystal-amorphous nanostructures in which high-quality
nanocrystals of tin oxide alternate with nanosized clusters of tin oxides, is shown.

Repeated annealing for 1 h at 550°C (Fig. 20, curve 7) causes the restoration of the integrity
of the X-ray lines of SnO(101), SnO,(101) and (200), Sn,O; (021) and (130) (Fig. 18d).

It follows from the optical transmission spectra (Fig. 20, curve 2), low pressure of Ar-O;
mixture in the chamber (~ 1 Pa), which leads to an increase in the concentration of excess tin
in the film, leads to a significant deterioration of its transparency. The presence of significant
amounts of tin clusters after deposition is probably the reason for the lack of transparency of
the films at low wavelengths (<500 nm) and low transparency in the region above 500 nm,
as B-Sn crystallites yet not observed on X-ray patterns. The formation of tin (B-Sn)
crystallites with an average size of ~ 30 nm (Fig. 18a) after treatment by hydrogen plasma
leads to a further reduction in the transparency of the film (Fig. 20, curve 3) over the entire
considered range of wavelengths (500-1100 nm). The decomposition and oxidation of tin
crystallites at the subsequent annealing in air at 550°C for 1 h (Fig. 18b) leads to significant
increase of film transparency (Fig. 20, curve 4) both in range of > 500 nm, and at small length
waves ~ 350-500 nm (T(A) from 0 to ~ 80%), for which the film was not transparent. This
may be caused not only by oxidation of the B-Sn crystallites, but also tin clusters. At the
same time the transparency of these films is higher than the transparency of untreated by H-
plasma films after annealing under the same conditions (Fig. 20, curve 5). This may be due
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to more intense oxidation processes in the plasma-treated films in the annealing process due
to their higher porosity (11.8 instead of 7.7 according to Table 6). As seen from Fig. 20 (curve
6), the processing by H-plasma of the annealed polycrystalline films, leads to a marked
deterioration in transmittance in the wavelength range 300-1100 nm. This may be due to
disordering of the structure and the formation of crystal-amorphous structure containing
opaque inclusions of SnO, in accordance with (1):
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Fig. 18. X-ray diffraction patterns and intensity curves for the SnOx films after deposition by
magnetron sputtering (pressure of 1 Pa in Ar-O, mixture) and H-plasma treatment

(a), deposition and annealing at 550°C for 1 h (b), the subsequent processing of H-plasma
(c) and re-annealing at 550°C (d).

Further annealing at 550°C (1 h) permits to maximize the transparency of the films produced
under low pressure in Ar-O, mixture in the chamber (~ 1 Pa). This is due to the restoration
of the structure of microregions, disordered during plasma treatment. It is assumed that the
transformation of these areas during the oxidation into SnO, crystallites with a higher
density than Sn3O,, increases the porosity of the films (Table 6), which is important for the
gas sensitivity of films.

The obtained data allows us to interpret the transmission spectra of SnOx films, obtained by
magnetron sputtering under higher pressure in Ar-O, mixture in the chamber ~ 2.7 Pa (Fig.
21). X-ray data show the presence of polycrystalline SnO, phase immediately after the
deposition and the absence of 3-Sn crystallites (Fig. 17a). As is seen in the figure 21 (curves 3
and 4), a significant drop in T(A) in range of 1200-2500 nm after processing of the SnOj films
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for 5 min by O-plasma or H-plasma is observed. The decrease of the transmission of these
films, consisting mainly of SnO; crystallites (Fig. 17a), can occur as a result of increase of the
concentration of free charge carriers due to segregation of excess atoms of tin and the
formation of tin clusters with sizes of tenths of a nanometer. It should be noted that the
phenomenon of reducing of the transparency due to the presence of nanoparticles in the
films is less pronounced in the case of oxygen plasma treatment, because the process of
segregation of tin nanoparticles is accompanied by a process of oxidation of some part of

them up to SnO».

Sn0,(211)
_ Sn04(101)

-

. _ SnO(101)

-

Fig. 19. lllustration of the blurring of X-ray line sections (using SnO,(101) and SnO(101) as an
example) in the angle ranges 15° < 6 < 20° and 15° < a < 45° (in the region between arrows 1)
after treatment of the annealed samples by H-plasma. The X-ray beam paths as follows: X1 X
is the X-ray beam incident at an angle of y = 5° to the sample surface, XoX3 is the direction of
the transmitted beam, X2X4 is the X-ray beam reflected from the SnO; (101) plane system of
crystallite B (Plane B), X2Xs is the beam reflected from the plane system SnO, (101) of
crystallite A before its destruction by plasma treatment (Plane A). 0,0 is the straight line
lying in the A plane and making an angle 6 with X>X3 and X>Xy. a is the angle between the
projections onto the plane (perpendicular to the incident X-ray beam) of the normals to the

sample surface and to the A plane.
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Thus established that the short-term treatment (5 min) by O- or H-plasma on the deposited
at a pressure of 2.7 Pa SnO film results in the formation of Sn clusters, which reduces the
transparency of the film from 80% to 50% and 40%, respectively, in the near infrared region
(1200-2500 nm).
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Fig. 20. Optical transmission spectra of glass substrate and thin SnOj films, deposited by
magnetron sputtering (pressure 1 Pa of Ar-O, mixture) and treated by H-plasma and
annealing: 1 is a spectrum of substrate (glass), 2 - after deposition of SnOx film on glass,
3 - deposition + H-plasma; 4 - deposition + H-plasma + annealing at 550°C (1 h);

5 - deposition + annealing at 550°C; 6 - deposition + annealing at 550°C + H-plasma;

7 - deposition + annealing at 550°C + H-plasma + annealing at 550°C.

n D, \Y
Sequence of - film Eg, b .
. refractive . density, porosity,

operations . thickness, band gap, eV N

index m g/cmd %
Annealing 1.94 330 4.00 6.42 7.70
Plasma - 1.88 341 401 6.13 11.8
annealing
Annealing -
plasma - 1.82 296 4.05 5.82 16.2
annealing

Table 6. Optical parameters of SnO, film deposited by magnetron sputtering at a pressure of
Ar-O, mixture in the chamber — 1 Pa
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Fig. 21. Optical transmission spectra: the glass substrate (1); thin SnOx films on a glass

substrate after deposition by magnetron sputtering (2) and treatment by oxygen (3) and
hydrogen (4) plasma.

3.3.2 Influence of isothermal annealing and plasma treatment on phase composition,
microstructure and physical properties of the SnOy films deposited by sol-gel
technique

Colloidal solution for preparation of tin dioxide films was deposited on glass substrate.
Rotational speed of the centrifuge was 3800 rpm. Centrifugation time was 3-5 s. The
substrates with the deposited films were dried by an infrared emitter at 80°C for 3—5 min.
Low temperature annealing was maintained to prevent the occurrence of cracks on the SnO,
films. Then the sample is placed in a muffle furnace and dried at 400°C for 15 min. The
number of deposited layers of SnO, was 15. The thickness of the deposited film was
estimated from the weight of the film and was about 300 nm.

As shown earlier (Fig. 11b), X-ray diffraction study of SnO; films after drying at 400°C for 15
minutes showed that the films have a polycrystalline structure. The structure of SnO;
crystallites is sufficiently advanced, it contributed to recording X-ray reflections from 6
plane systems with Miller indices SnO- (110), (101), (200), (211), (220), (112). The increase of
the duration of isothermal annealing leads to an increase in the average size of SnO;
crystallites in the films: 15 minutes — 6 nm, 3 and 6 hours - little more than 6 nm, 12 hours —
more than 10 nm.

Fig. 22 shows the spectra of optical transmission of tin dioxide films after annealing at 400°C
for 15 min, 3, 6 and 12 hours. Fig. 23 shows the spectra of optical transmission after
treatment by oxygen and hydrogen plasma.

The prepared films have high transparency (~90%). With increasing of annealing time the
transparency at short wavelengths is increased, which indicates the improvement of the
stoichiometry of tin dioxide films and the removal of residual solvent (Fig. 22). As shown in
Table 7, the increase of isothermal annealing time to 6 and 12 h leads to compaction of the
film, reducing its thickness, porosity and absorption coefficient.

The treatment by glow discharge hydrogen plasma resulted in a decrease in the
transparency on 3-15% in the short- wave range (Fig. 23, curve 4), while the oxygen plasma
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treatment resulted in a slight decrease of 1-5% (Fig. 23, curve 3). Noticeable decrease in the
transparency of the thin film after hydrogen plasma treatment can be attributed to the
formation of opaque compounds such as SnO or Sn, formed by reducing properties of
hydrogen in accordance with the reaction (1).

However, X-ray diffraction data do not confirm the presence of crystallites of SnO and Sn in
the films treated by hydrogen plasma (Table 7). Nevertheless, the presence of SnO
inclusions in the amorphous state or in the form of clusters is possible that leads to an
increase in the absorption coefficient from 2.5 103 up to 5.91 103 cm-! (Table 7). The presence
of metal clusters of tin in appreciable amounts is unlikely, since there is no reduction of the
transmission coefficient T(A) in the range 1200-2500 nm, associated with an increase in the
concentration of free charge carriers.

The treatment by oxygen plasma does not result the formation of SnO, and the slight change
in the transparency of the film is caused by the damaging effects of plasma on the structural
perfection and crystallite size. Reducing the size of the SnO; crystallites is caused by the
destructive influence of the massive oxygen ions on the structure of the crystallites (Table 7).
The increased density of the film in proportion to the reduction of its thickness is
presumably caused by the filling of intergranular voids by SnO; clusters. The increase of the
SnO; crystallites sizes during processing by hydrogen plasma is caused by the segregating
effect of light hydrogen ions of plasma, under the influence of which the alteration,
destruction, and merging of the crystallites are taken place. Reducing the thickness by 10%
while maintaining the density of the film can be occur through the formation and desorption
of H>O molecules and the formation of oxygen vacancies. The formation of SnO molecules
on the surface of SnO; crystallites is taken place; thereby the stoichiometry and transparency
of the film are reduced.

95

90

85

T, %

80

75

70 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500
A, nm

Fig. 22. Optical transmission spectra of SnO films after isothermal annealing at 400°C:
1 — glass substrate, 2 — the film after deposition and annealing for 15 minutes,
3 — 3 hours of annealing; 4 — 6 hours of annealing, 5 — 12 hours of annealing.
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Fig. 23. Optical transmission spectra of SnO; films after plasma treatment: 1 — substrate,
2 — after film deposition, 3 — after treatment by oxygen plasma, 4 — after treatment by
hydrogen plasma.

Optical and structural Isothermal annealing Plasma treatment
400°C, | 400°C, | 400°C, | 400°C, | 400°C, | O- H-
parameters 15min| 3h 6h 12h |15 min | plasma | plasma
n, refractive index 172 | 176 | 1.81 1.81 1.74 1.81 1.73
D, film thickness, nm 319 312 304 304 316 297 288
E; band gap, eV 41 41 41 4.1 41 41 4.0
P, density, g/cm3 529 | 553 | 576 5.76 540 5.80 5.36
k, absorption coefficient, 1/cm | 2.4 103 |2.3103| 1.6 10% | 0.6-103 | 2.5103 | 3.0510%|5.91 103
V, porosity, % 239 | 205 | 172 17.1 223 16.5 22.8
Average size ¢ of Sn0O; (110) 5 7.5 6 8 5 55 6.5
crystallites, nm SnO; (101) 6.5 7 6.5 10 6.5 6 9.5
’ SnO; (211) 6 6 6 14.5 6 4.5 10

Table 7. Optical and structural parameters of SnO; films

The surface resistance of SnO, films after deposition and annealing at 400°C for 15 minutes
by four-probe method is measured, and it was 16 ohm- cm (Fig. 24). The surface resistance
of the SnO; film increases linearly with increasing duration of isothermal annealing (400°C).
Resistance measurements were performed at room temperature (22°C). It is seen that each
hour of annealing leads to an increase in surface resistance of ~ 24 kOhm - cm (Fig. 24). This
may be due to a decrease in the number of oxygen vacancies as a result of improving of the
crystallite structure and stoichiometry during the long process of annealing in air.

After treatment in oxygen plasma, the film sheet resistance increased from 16 to 133
kohm-cm, apparently due to reducing the number of oxygen vacancies. In contrast, after
treatment by hydrogen plasma, it decreased from 16 to 0.7 kohm'cm, presumably due to
increase in the number of oxygen vacancies.
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Fig. 24. The dependence of sheet resistance (22°C) of the SnO; film on the duration of
isothermal annealing at 400°C.

Fig. 25 shows the temperature dependence of the resistance of the films after isothermal
annealing, and Fig. 26 - after treatment by hydrogen and oxygen plasmas. The substrate
with the film placed on a heated table, located in a cylindrical chamber. The resistance of the
deposited films decreases rapidly with increasing temperature (Figs. 25 and 26, curves 1).
Increase of the duration of isothermal annealing has little influence on the temperature
dependence of resistance (Fig. 25, curves 2-4).

The processing of the film by hydrogen plasma leads to an increase in the number of oxygen
vacancies and, correspondingly, a decrease in resistance from 192 kohm to 3.1, resulting in a
decrease to 1.6 kohm of resistance with increasing temperature is smooth and the relative
resistance decreases slowly (Fig. 26, curve 3). Treatment by oxygen plasma leads to
occurrence of excess oxygen in the film and, accordingly, to increase resistance from 192 to
640 kohm, resulting in a decrease to 1.9 kohm of resistance with increasing temperature is
faster due to the desorption of excess oxygen (Fig. 26, curve 2).

R/Ro, arb.units .

0,0
0 50 100 150 200 250 300

Fig. 25. Temperature dependences of the resistance of the SnO; film after annealing at 400°C
for 15 minutes (1 - *), 3 hours (2 - 0), 6 hours (3 - A) and 12 hours (4 - o).
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Thin films of SnO,, subjected to isothermal annealing and plasma treatment, were
investigated for sensitivity to ethanol vapor. Gas sensitivity in this case defined as the ratio

Ry
’Y:—/ 2
R ()

8
where Ry is resistance of gas-sensitive layer in the clean air, Rg is the resistance of the layer
in the mixture of air with detectable gas.

Fig. 27 shows the temperature dependence of the sensitivity for films synthesized by sol-gel
technique at concentration of ethanol 1 mg/L after isothermal annealing (a) and treatment
by plasma (b). Maximum sensitivity of the sol-gel films to the vapors of ethanol takes place
at a temperature of 235°C (Fig. 27, curves 1). There is a significant increase in sensitivity of
the films both after annealing and after treatment by plasmas. The maximum sensitivity of
the films is observed after annealing at 400°C for 6 hours. A significant decrease in
sensitivity after annealing for 12 hours in comparison with annealing for 3 and 6 hours may
be due to a significant increase in the crystallite size from ~ 6.5 to ~ 11 nm. As shown by Xu
et al. (1991), optimal crystallite size for good gas sensitivity should be ~ 6 nm.
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Fig. 26. Temperature dependences of the resistance of the SnO; film after deposition (1) and
glow discharge oxygen (2) and hydrogen (3) plasma treatment for 5 min.

After processing by plasma, the sensitivity increases without increase of the operating
temperature. The observed increase in sensitivity can be caused by an increase in the size of
pores and cracks during the bombardment by ions of oxygen or hydrogen. The sensitivity of
the films increases linearly (Fig. 28), if the concentration of ethanol vapor increases from 0.05
to 0.8 mg/L and above, after which saturation occurs. The growth of sensitivity is more
intense after annealing or plasma treatment. The most intensive growth was observed after
annealing for 3-6 hours. A marked sensitivity of the film is evident even when the
concentration of ethanol vapor is less than 0.05 mg/L. Response time of sensor to ethanol
with concentration of 1 mg/L is decreased from 5 to 2 sec both with the increase of
annealing time and when exposed to plasma (Table 8). The recovery time of resistance to the
initial value increases from 90 up to 140 s, except the 12-hour annealing (75 s).
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Fig. 27. Temperature dependence of sensitivity to the vapors of ethanol (1 mg/L) of the

SnO; films: a) after annealing at 400°C for 15 minutes (1), 3 hours (2), 6 hours (3) and 12

hours (4); b) after annealing at 400°C for 15 minutes (1) and treatment by oxygen (2) and
hydrogen (3) plasmas for 5 minutes.

Isothermal annealing (400°C) Plasma treatment
The parameters of 100°C 15 o T
sensitivity of SnO; films 15min| 3h | 6h | 12h . - .
min plasma | plasma
Response time, s 5 3 2 2 5 2 3
Recovery time, s 90 140 | 130 75 90 110 100

Table 8. Response time and recovery time of SnO; films
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Fig. 28. The dependence of sensitivity on the concentration of ethanol vapor of SnO; film:

a) after isothermal annealing at 400°C for 15 min (1), 3 h (2), 6 h (3) and 12 hours (4); b) after
annealing at 400°C for 15 min (1) and treatment by oxygen (2) and hydrogen (3) plasmas for
5 min.

AFM images of the surface of tin dioxide multilayer film of size 500 x 500 nm (Fig. 29),
annealed at 400°C for 15 minutes, 3, 6 and 12 hours, suggest a fine-grained structure of the
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film surface. It turned out that after annealing at 400°C for 15 minutes about 80% of the areas
of film surface lies at elevations of 1.8-3.7 nm, after annealing for 3 hours - in the range
2.4-4.9 nm, for 6 hours - in the range of 2.7-4.9 nm and 12 hours - in the range of 3.2-6.4
nm. After annealing for 3 and 6 hours on the film surface are observed pronounced granules
(Fig. 29b, c). After annealing for 12 hours the surface contains a large number of projections.

Fig. 29. Surface topography of the films of tin dioxide of 500x500 nm after annealing at
400°C for 15 min (a), 3h (b), 6 h (c) and 12 h (d).

Treatment by oxygen plasma (Fig. 30b) leads to the disintegration of the granular structure
of the film, confirming the assumption about the clustering of structure. Treatment by
hydrogen plasma (Fig. 30c) leads to the formation of agglomerates of sizes up to 200 nm.
The dimensions of the agglomerates is much greater than the dimensions of the SnO»
crystallites (~ 9 nm), ie the agglomerates are composed of SnO; crystallites.

Fig. 30. Surface topography of SnO; film after after deposition and annealing (400°C, 15 min)
(a) and treatment by O-plasma (b) and H-plasma (c) for 5 min.
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Table 9 presents data on the effect of isothermal annealing and treatment by plasma on the
roughness of the SnO films, where R, is average roughness; Ry - average roughness of 10
points; Rq - RMS roughness; R, - the difference between the maximum and minimum height
of an image. The roughness of the SnO; films is increased both after isothermal annealing
and after the plasma treatment. This increases the gas sensitivity of film (Figs. 27b and 28b,
curves 2 and 3) because the growth of roughness increases the surface area of the film.
However, after isothermal annealing roughness varies slightly, but sensitivity is increased
more significantly.

Sample R, nm Ryjis, NM R, nm Ry, nm
Glass substrate 2.31 17.7 19.0 2.92
400°C, 15 min 0.66 5.67 7.02 0.84
400°C, 3 h 0.79 6.32 6.93 0.98
400°C, 6 h 0.74 6.49 7.14 0.93
400°C,12h 1.02 9.06 10.0 1.27
400°C, 15 min 0.66 5.67 7.02 0.84
O- plasma 1.15 12.3 13.6 1.58
H- plasma 2.04 16.5 19.7 2.61

Table 9. Analysis of the surface topography of SnO films (500 x 500 nm)

The essential differences in the films deposited by magnetron sputtering and sol-gel
technique, include the composition, structure and stoichiometry influencing the properties
of the films after deposition as well as after treatment. The comparison of the effect of
treatment by hydrogen or oxygen plasma on the individual properties of the SnO; films,
obtained by these methods, is of particular scientific and practical interest.

Sensitivity to ethanol vapor of films prepared by sol-gel technique, exceeds the sensitivity of
the films obtained by magnetron sputtering (Fig. 31, curves 4 and 1). The maximum
sensitivity of the sol-gel films at temperature ~ 235°C reaches up to 53%. Treatment by both
H-and O-plasma (Fig. 31, curves 5 and 6) increases the sensitivity of the film up to 66% at
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Fig. 31. Temperature dependence of sensitivity to the vapors of ethanol (1 mg/L) of the

SnOx films after deposition by magnetron sputtering (1), H-plasma treatment (2) and
O-plasma (3); deposition by sol-gel method (4), H-plasma (5) and O-plasma (6) treatment.
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the same operating temperature. For the films synthesized by magnetron sputtering, at an
operating temperature of 270°C sensitivity is about 45% (Fig. 31, curve 1). Treatment of
H-plasma increases the sensitivity to 52% at the same operating temperature, the same
treatment on oxygen plasma increases the sensitivity up to 78% with a decrease in operating
temperature to 255°C (Fig. 31, curves 2 and 3).

Thus, the regularities of the influence of treatment by H- or O-plasma on growth of the gas
sensitivity of SnO; films were established. The plasma treatment of SnO; films, obtained by
the sol-gel technique, does not alter their phase composition, resulting in gas sensitivity
growth does not depend on the type of plasma. Treatment by O-plasma of films prepared
by magnetron sputtering, leads to a more significant increase in gas sensitivity than by H-
plasma, due to the oxidation of SnOx film.

4. Conclusion

The problem of modifying the structural properties of the SnO, films by treatment in glow
discharge plasma is studied. Treatments by hydrogen and oxygen plasma permit
significantly improve the transparency and gas sensitivity of the SnOy films. The
conditions of film synthesis were revealed, which allow by sol-gel technique (400°C, 6 h)
to synthesize the SnO, films with high gas sensitivity, the minimum response time (2
seconds) and the optimum crystallite size (6 nm); by magnetron sputtering (10% of Oz in
ArO; mixture, 2.7 Pa) to deposit the SnO; films with optimum properties (average grain
size ~ 4 nm, the transparency ~ 90%, band gap ~ 4.0 eV, the refractive index ~ 1.8) without
annealing.

1. A method of formation of the cluster structure of film deposited by a way of
spreading, and decrease the average SnO; crystallite size up to 1.5 nm by increasing
the concentration of tin ions in the film-forming solution from 0.14 to 0.83 mol/L, was
developed. This leads to an increase in film sensitivity to the ethanol vapors on 20%
(for 1 mg/L), decrease of response time in half (up to 3 seconds) and to appearance of
sensitivity to the presence of micro-amounts of ethanol vapor (~ 0.05 mg/L). If the
concentration of tin atoms in solution is low (0.14 mol/L), the SnO, nanocrystals in
film after deposition, drying (100°C, 2.5 nm) and annealing (400°C, 5 nm) were
formed.

2. The surfaces of films produced by sol-gel technique (centrifugation method) and
magnetron sputtering are fine-grained and in the form of large agglomerates, have an
average roughness of 0.6 and 3.6 nm, respectively. The maximum sensitivity of films to
the vapors of ethanol is observed at temperatures of 230 and 270°C, the response time is
~ 3 and 16 s, recovery time ~ 70 and ~ 90 s, respectively. The differences may be due to
smaller crystallites, higher porosity and the absence of SnO crystallites in the films
prepared by sol-gel technique. The treatment by hydrogen plasma of these fine-grained
films leads to the formation of large agglomerates. The same treatment by oxygen
plasma leads to the disintegration of the granular surface structure and a partial
clustering of the film. Isothermal annealing at 400°C for 3-6 h leads to the formation of a
pronounced granular surface structure. Treatment by hydrogen plasma of coarse
grained (~ 60-120 nm) films, synthesized by magnetron sputtering, leads to a slight
decrease in the size of the agglomerates, whereas the treatment by oxygen plasma leads
to the destruction of the grains and the film clusterization.
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3.

The lower resistance at room temperature of films deposited by magnetron
sputtering is caused by the presence of tin particles, and a smoother decrease of
resistance with increasing temperature is caused by the inclusions of SnO. Films
synthesized by the sol-gel technique are composed entirely of SnO, phase, have
optimal crystallite sizes (3-5 nm) and high values of porosity for higher gas
sensitivity. There is no decrease in transmittance at long wavelengths due to
absence of tin particles. After treatment by oxygen plasma the excess oxygen atoms
increases the film resistance, and its rapid decrease is caused by the desorption of
excess oxygen with increasing temperature and absence of SnO inclusions. The
treatment by hydrogen plasma results in formation of oxygen vacancies and a
decrease of film resistance.

It is shown that tin dioxide films synthesized by sol-gel method, after isothermal
annealing at 400°C for 15 min, 3, 6 and 12 h have a high transparency (~ 80-90%). The
optimum mode of thermal annealing (400°C, 6 h) of SnO; films is identified, which
permits to achieve the maximum of gas sensitivity and minimum of response time
(2 seconds) due to the better structure and optimal sizes (6 nm) of the crystallites.
Treatment by glow discharge hydrogen plasma of tin dioxide films synthesized by sol-
gel technique resulted in a decrease in the transparency of 3-15% in the visible
wavelength range due to the formation of opaque inclusions of SnO. Treatment by
oxygen plasma resulted in a slight decrease in the transparency of 1-5% due to the
damaging effects of plasma on the structural perfection of the SnO, crystallites.

For nonstoichiometric SnO, films (x<2), deposited by magnetron sputtering in
condition of a lack of oxygen (pressure ArO, mixture 1-2 Pa), the formation of
polycrystalline f-Sn phase after treatment by H-plasma is shown. Both the segregation
of Sn particles at temperatures of 150-200°C and the formation of oxides SnO, SnyOs
and SnO, at temperatures of 50-550°C, are taken place. The short-term treatment (5
min) by O- or H-plasma of deposited at a pressure of 2.7 Pa SnO; film leads the
formation of Sn clusters, which reduces the transparency in the near infrared region
(1200-2500 nm) from 80% to 50% and 40%, respectively.

The possibility of obtaining of the crystal-amorphous nanostructures in which
crystallites of tin oxides alternate with clusters obtained by selective amorphization of
5SnO, SnO; and SnyO; crystallites during treatment by glow discharge H-plasma, is
shown. In this case, the order of the atoms in those (hkl) planes of crystallites is
violated, along which there are variations of the plasma particles.

The regularities of the influence of treatment by H- or O-plasma on growth of gas
sensitivity of SnO; films were studied. The plasma treatment of SnO; films, obtained by
the sol-gel technique, does not alter their phase composition, and gas sensitivity growth
does not depend on the type of plasma. Treatment by O-plasma of films prepared by
magnetron sputtering, leads to a more significant increase in gas sensitivity than by H-
plasma, due to the oxidation of SnOx film.

The phenomena of self-organization of matter in SnOx layers were identified, consisting
in the intensive formation of SnO, crystallites with sizes of 4 nm in the process of film
deposition by magnetron sputtering (pressure in the Ar-O, mixture is 2.7 Pa), and SnO»
crystallites with sizes of 3 nm at the deposition of films by the sol-gel technique
(concentration of Sn 0.14 mol/L in a solution).
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1. Introduction

In recent years, the threat of the potential shortage of oil becomes one of the difficult
problems which not only influences the quality of human life but also triggers the regional
conflicts or wars. Thus, the oil management becomes the hottest topic in the contemporary
economical and political world. To well solve that problem, there are two different
approaches, 1) to discover/develop the alternative energy sources such as: bio-energy
(biogas, biofuel), sunlight energy (or power plants), energy of wind (or power plants),
nuclear energy (or power plants), etc. and 2) to increase the efficiency of crude oil (fossil
fuels) processing and quality of final product. Although the first one seems interesting and
ambitious, the existing drawbacks such as the low (but increasing) efficiency of sunlight
transformation and the potential risk of the leakage of radioactive materials from nuclear
facilities, become the great obstacle for the fast and promising development of these types of
‘New plants Energetic Strategy’. Compare with the first approach, the latter seems more
mild, reliable and realizable. To achieve such goal, the increase of the efficiency of catalysts
is the key. Most frequently, different types of zeolites are used as catalysts for crude oil
processing - among them, zeolite ZSM-5 has most expressive role.

Zeolite ZSM-5, as a member of the family of pentasil zeolites, has aroused tremendous
interest after its first discovery by the research group of Mobile Company in the year 1972
[1]. With its adjustable framework Al content (from O to about 8Al per unit cell), two
dimensional micropore channels (0.55 nm x 0.54 nm; Fig. 1a), sinusoidal pore geometry
along c axis (Fig.1b) and easy insertion of hetero-T atoms, this material plays an important
role in many of crucial catalytic processes such as hydro-cracking, de-waxing, alkylation,
etc., [2-5] as well as in separation of organic compounds with different sizes and shapes [6].
In the case when zeolite ZSM-5 was used as catalyst, most of reactions are ‘diffusion-
controlled” [7]. This means that the product distribution largely depend on the nature and
location of active sites in the crystalline framework of catalyst. Thus, the increase of the

* Corresponding Author
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catalyst reactivity and thus, its efficiency can be achieved by increase of easily accessible
active sites and by decrease of the Ilength of diffusion path of
reactants/intermediates/products and eliminating the probability of the occurrence of coke-
formation side-reactions. Upon decreasing the crystal size, the diffusion paths of the
reactant and product molecules inside the pores becomes shorter, and thus this can result in
the reduction or elimination of undesired diffusion limitations of the reaction rate [8-10].

—» —0.56 X 0.54 nm

4

0.55 X 0.51 nm

+

(100) sheet of ZSM-5

(a) (b)

Channel structure

Fig. 1. The topological view of ZSM-5 crystals, (a) skeletal diagram of the (100) face and
(b) channel structure.

To synthesize small-sized ZSM-5 zeolites and achieve the precise control of crystal size, the
synthesis mechanism of ZSM-5 and the critical processes occurring during its crystallization
should be understood thoroughly. From the well documented literature data, it is evident
that, besides the framework constituents such as silica and alumina in different forms [1,11-
18] and different alkaline bearing cations [13,19-24], the presence of organic structure
directing agent (SDA) is vital for the synthesis of zeolite ZSM-5 [1,11-13,15,18,21,25] and
other high-silica types of zeolites.

Zeolite ZSM-5 is conventionally synthesized by hydrothermal treatment of the reactive gel
containing aluminosilicate as well as the tetrapropylammonium ions (TPA*) as structure
directing agent [1,11-13,15,18,25-27]. For the sake of industrial scale production, the
synthesis of ZSM-5 zeolites could also be performed by using cheaper silica sources (fumed
or precipitated silica) with reduced amount of SDAs. In such cases, the starting reaction
mixture appears in the form of dense gel and the gelation phenomena can be observed at
very short period of the mixing of the reactants; such system is also denoted as
heterogeneous crystallization system [28,29]. However, the size of the products obtained
from this route is normally in the range of several micrometers to tens micrometers, and the
crystal size seems very difficult to be adjusted.

Using the known gel compositions for the synthesis of ZSM-5 zeolites, recently, a method
called ‘clear solution” synthesis has been proposed for the successful preparation of small
sized ZSM-5 zeolites [30]. Since the ‘clear solution” approach generally uses silica species in
molecular form and thus a transparent solution appears at the initial stage of crystallization,
such synthesis system is also called homogeneous crystallization system [28,29]. Although
the crystal size could be facilely controlled by this method, such approach has obvious
drawbacks such as low product yield (less than 5 wt. %), use of large amount of both SDAs
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(SDA/SiO; ratio normally exceeds 0.2) and expensive silica sources (normally TEOS), which
inevitably increases the production cost [31].

Thus, an expected ideal approach for the synthesis of small sized ZSM-5 zeolites is a
compromise between heterogeneous and homogeneous crystallization systems. However, even
in the case of successful compromise between heterogeneous and homogeneous crystallization
systems, the problem of use of SDAs is still persisting [27, 32-36]. On the other hand, many
attempts of the synthesis of zeolite ZSM-5 without organic templates [6,25,27,34-49] were
encountered with another group of problems such as that zeolite ZSM-5 can be synthesized
only in narrow ranges of SiO,/ ALO; (~ 40-70) and NaO/SiO; (~ 0.13-0.20) [36], formation of
impurity phases such as un-reacted amorphous solids [47], quartz [41], mordenite [42] and
analcime [44], uncontrollable crystal size [25], long crystallization time [40] and low yield [40].

Most of the mentioned problems can, however, be overcome by addition of small amount of
seed crystals (ZSM-5, silicalite-1) in the TPA*-free reaction mixture [6, 27, 35, 38, 40, 45, 50].
Seed induction synthesis is a well developed strategy which could not only shorten the
duration of synthesis, but also control the product properties [51]; addition of seed crystals
results in the formation of zeolite ZSM-5 with high degree of crystallinity and a narrow size
distribution at short synthesis times [38,40]. Such method has been used for the synthesis of
zeolites with various framework topologies [52]. Recently, small sized zeolites were obtained
fastly, using this approach [53]. This method, although old, is still under developing.

Taking into consideration the background of ZSM-5 synthesis conditions, and accompanying
this with the basic knowledge of seed induced synthesis, we have developed a seed surface
crystallization (S5C) approach, in which the sub-micrometer sized ZSM-5 zeolites can be
obtained in a controllable manner [50, 54, 55]. More importantly, the growth of crystalline end
products is achieved in a heterogeneous, SDA-free crystallization system, which is good basis
for their further industrial-scale production and use in various applications.

In this chapter, SDA-free, SSC approach for the crystallization of sub-micrometer sized
ZSM-5 zeolites including the influence of various synthesis parameters on the product
properties and the crystallization mechanism will be discussed in detail. The relevant
content is divided into five parts: (1) Controllable synthesis, (2) Influence of batch alkalinity,
(3) Influence of sodium ions and gel ageing, (4) Crystallization mechanism, and (5)
Modeling approach.

2. Controllable synthesis of sub-micrometer sized ZSM-5 zeolites

Batch oxide molar chemical composition of the reaction mixture (hydrogel) for the synthesis
was 1.0 AlO3/100 SiO»/28 NaxO/4000 HxO. A series of silicalite-1 nanocrystals having
different mean diameters (90, 180, 220, 260 and 690 nm; Fig. 2) were prepared by synthesis
from clear solution and used as seeds for the further growth of ZSM-5 nanocrystals.

Fig. 3 shows that the well crystalline ZSM-5 crystals are obtained after 2 h of hydrothermal
treatment at 483K with addition of 4 wt.% of seeds (with respect to the total amount of silica
in the reaction mixture). The crystal size of product increases with increasing size of seed
crystals as can be seen in the corresponding SEM images (Fig. 4).

On the other hand, using different amount of the same seed crystals (260 nm in this case), the
crystal size of the product decreases with increasing amount of added seed crystals (Fig. 5).
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Fig. 2. SEM images of silicalite-1 nanocrystals with diameters of 90 (a), 180 (b), 220 (c), 260

(d), and 690 nm (e). The scale bars in a-d are of 1 pm, and of 2 pm in e. (Adopted from Ref.
[50] with permission of Publisher.)

20 nm

Intensity

1.1 10 15 20 25 an 35
()

Fig. 3. The SEM (a), TEM (inset of a), High magnification TEM images (b), electron
diffraction (ED) pattern (inset of b) and XRD pattern of ZSM-5, synthesized using 4 wt. % of
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seed (260 nmsilicalite-1 crystals). The scale bars are of 2 pm in (a) and 20 nm in (b). (Adopted
from Ref. [50] with permission of Publisher.)

Fig. 4. SEM images of ZSM-5 samples synthesized with using 4 wt. % of: 90 nm (a), 180 nm
(b), 220 nm (c) and 690 nm (d) silicalite-1 seed crystals. The scale bars in all the images are of
2 pum. (Adopted from Ref. [50] with permission of Publisher.)

Fig. 5. SEM images of ZSM-5 samples synthesized by using 4 (a), 8 (b), 16 (c) and 32 (d) wt.
% of 260 nm silicalite-1 seed crystals. The scale bars in all the images are of 2 pm. (Adopted
from Ref. [50] with permission of Publisher.)



264 Advances in Crystallization Processes

All the products are entirely crystalline and have adjustable size in the range from 270 nm to
1100 nm. This indicates that the SSC approach is a powerful tool for controlling the crystal
size of the ZSM-5 zeolites. Besides the crystal size, the morphology of the product could also
be controlled via changing the morphology of the seed crystals. The surface-stacking
morphology of the silicalite-1 seed crystals (synthesized via microwave heating method)
could be fairly well ‘cloned” to the final ZSM-5 products (Figure 6). Based on the above
phenomena, it could be found that the product properties could be adjusted via a ‘seed-
dependent’ manner.

Fig. 6. The silicalite-1 seed crystals with surface-stacking morphology (a) and the
corresponding ZSM-5 product (b). The scale bars is of 1 pm. (Adopted from Ref. [50] with
permission of Publisher.)

3. Influence of batch alkalinity

Although the controllability of SSC approach has been proved by successful syntheses of
sub-micrometer sized ZSM-5 zeolites by using different kinds of silicalite-1 seed crystals,
another interesting aspect of this investigation is a study of the critical processes which
occur during the crystallization. The materials with more controllable functionalities may be
synthesized only with the thorough understanding of the crystallization mechanisms. In
order to achieve this goal, the parameters influencing the crystallization pathway and
properties of the products are adjusted. Since it is well known that the batch alkalinity play
the key role in zeolite synthesis [13, 22, 30, 56-58], the influence of batch alkalinity,
A=[NaxO/SiO]s, of this SDA-free system, is in detail studied in this part. In this part of
study, the reaction mixtures (hydrogels) having different batch alkalinities, A, were seeded
with 4 wt. % of 260 nm silicalite-1 seed crystals. The samples were characterized by SEM,
XRD and PSD analyzes.

Fig. 7 shows the SEM images of the crystalline end products (zeolite ZSM-5) synthesized at
different batch alkalinities. It can be clearly observed that at low batch alkalinities (A <
0.003), the ZSM-5 crystals are either surrounded or covered with amorphous species,
indicating that the crystallization process is not completed. Increase of the batch alkalinity
causes the morphological change of the samples from irregular particles (0.004 < A < 0.005)
to cubic crystals (0.006 < A < 0.010). With further increase of the batch alkalinity (0.011 < A <
0.012), the morphologies of the samples again return to irregular shapes.
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Fig. 7. SEM images of the products hydrothermally synthesized (at 438 K for 2 h) from the
reaction mixtures (hydrogels) having: A = 0.001 (A), A= 0.002 (B), A = 0.003 (C), A = 0.004
(D), A=0.005 (E), A =0.006 (F), A =0.007 (G), A =0.008 (H), A =0.009 (I), A =0.010 (J),

A =0.011 (K), and A = 0.012 (L). The scale bars in all figures are of 1 pm.

(Adapted from Ref. [54] with permission of Publisher)

XRD analysis of the products revealed that fully crystalline zeolite ZSM-5 are obtained
within the alkalinity range of 0.006 < A < 0.010, which is in accordance with the observation
in the corresponding SEM images (Figs. 7F - 7L).

In order to find more details of particulate properties, the Laser Light Scattering analysis of
the obtained samples has been carried out. The particle size distribution (PSD) curves of the
samples, measured by Mastersizer 2000 (Malvern) particle size analyzer, are shown in Fig. 8.
The crystalline end products obtained under optimal alkalinity range (0.006 < A < 0.01)
appear as a mixture of single crystals (50 - 60 % by number) having the size between 400
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and 600 nm and aggregates of the single particles (40 - 50 % by number) having the size
higher than 600 nm.
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Fig. 8. Particle size distribution (by volume) of the products hydrothermally synthesized (at
438 K for 2 h) from the reaction mixtures (hydrogels) having: A = 0.001 (A), A = 0.002 (B),

A =0.003 (C), A=0.004 (D), A =0.005 (E), A = 0.006 (F), A =0.007 (G), A = 0.008 (H),

A =0.009 (I), A =0.010 (J), A = 0.011 (K), and A = 0.012 (L). Dashed curves represent the
particle size distribution of silicalite-1 nanocrystals. Vp is volume percentage of crystals
having the sphere equivalent diameter D. (Adopted from Ref. [54] with permission

of Publisher)

Besides the phase purity and particulate properties, the Si/Al ratio of final products also
correlates very well with the batch alkalinity. Table 1 summarizes the influence of alkalinity on
the product properties. It could be concluded that the well crystallized ZSM-5 zeolites with
adjustable Si/ Al ratio from 10 - 18 can be obtained in the alkalinity range of 0.006 < A < 0.010.
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Batch alkalinity? Phase? Si/ Al ratioc Particle shape?
0.001 Amore+ZSM-5 47 f
0.002 Amore+ZSM-5 43 f
0.003 Amore+ZSM-5 32 irregular
0.004 ZSM-5 28 irregular
0.005 ZSM-5 23 irregular+cubic
0.006 ZSM-5 18 cubic
0.007 ZSM-5 15 cubic
0.008 ZSM-5 12 cubic
0.009 ZSM-5 10 cubic
0.010 ZSM-5 9 cubic
0.011 Phillipsite+ZSM-5 +Amore¢ 11 Spherical+irregular
0.012 Phillipsite+ZSM-5 + Amore 11 Spherical+irregular

a. A=[Na:O/H20}»

b. Determined from corresponding XRD patterns

c. Calculated from XRF results

d. Obtained from SEM observations

e. Amor, abbreviation of amorphous

f. Exact information cannot be provided because of the existence of large portion of amorphous
impurities

(Adopted from Ref. [54] with permission of Publisher)

Table 1. Summary of structural, chemical and morphological properties of the products
obtained at different alkalinities

4. Influence of sodium ions and gel ageing

It is expected that, besides the influence of alkalinity, sodium ions [13, 22, 56-58] and
duration of room-temperature gel ageing [59] also influence the crystallization pathway and
properties of zeolite ZSM-5. The sodium ion is recognized as the potential template ions
which make the influences on the nucleation process of MFI zeolites especially in the SDA-
free system [13, 22, 57, 58].

On the other hand, room temperature ageing of the reaction mixture shortens not only the
duration of ‘induction period” and the entire crystallization process, but also diminishes the
differences in crystal size distributions of the final product [59, 60]. Moreover, in some cases,
the ageing of the reaction mixture (hydrogel) influences also the morphology [61] and even
phase composition of the final product [62]. From the above reasons, the influences of the
mentioned parameters on the properties of crystallized zeolite ZSM-5 are described in this
part. Since the increase of batch alkalinity (A=[NaO/H2Olp) is accompanied with the
increase of sodium content, the related studies are performed at different batch alkalinities
with the addition of sodium sulphate as the source of sodium ions excess. The batch content
of sodium ions is expressed as B = [Na*/SiOx],. The batch molar composition of the reaction
mixture  for  the  synthesis of  zeolite @ ZSM-5 is  expressed as,
1.0A1,05/100Si02/xNa0O/4000H20/yNaxSO4, where the values x and y are changed to
adjust the batch alkalinity and batch content of sodium ions, respectively. The samples
synthesized at different alkalinity and different sodium ion content are denoted as A/B
(e.g.,0.003/0.24 for A = 0.003 and B = 0.24).
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Fig. 9. SEM images of the products obtained by hydrothermal treatment (at 483 K for 2 h)
of the reaction mixtures 0.001/0.08 (A), 0.001/0.64 (A"), 0.002/0.16 (B), 0.002/0.64 (B'),
0.003/0.24 (C), 0.003/0.64 (C’), 0.004/0.32 (D) and 0.004/0.64 (D’). The scale bars are of

1 pm. (Adopted and reproduced from Ref. [55] with permission of Publisher)

Fig. 9 shows the SEM images of the product obtained by hydrothermal treatment (at 483K for
2h) of the reaction mixtures having low alkalinities (A = 0.001 - 0.004) and different batch
contents of sodium ions (B = 0.08 and 0.64). It can be observed that the increase of the batch
content, B, of sodium ions at the same batch alkalinity, A, does not significantly influence the
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morphology of the final product, as can be seen comparing of the samples prepared without
(Figs. 9A, 9B, 9C and 9D) and with addition of sodium sulphate (Figs. 9A’, 9B’, 9C" and 9D’).
Also, the addition of sodium sulphate in the reaction mixture does not affect the phase
composition (crystallinity) of products as revealed by XRD analysis of the product samples.

Knowing the templating role of sodium ions in the TPA-free synthesis of MFI-type zeolites
[13, 22, 56-58], these findings indicate that the rate-determining factor is concentration of
“free” low-molecular weight silicate species, in the short synthesis duration of this seed-
induction system
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Fig. 10. Particle size distributions by number (A, B, C and D) and by volume

(A, B, C" and D) of the products obtained from reaction mixtures having two batch content
(B = [Na*/SiOz]p) of Na ions 0.08 (dashed curves) 0.64 (solid curves). Alkalinity

(A = [Na2O/H:O]p) were: 0.001 for A and A’, 0.002 for B and B’, 0.002 for B and B’, 0.003 for
Cand C/, 0.003 for C and C’, 0.004 for D and D’. Np is number percentage and Vp is volume
percentage of crystals having the sphere equivalent diameter D. (Adopted from Ref. [55]
with permission of Publisher)

Since the generation of these species is mainly caused by hydrolysis of silica precursors
which depend on the concentration of “free” OH- ions and thus, on the batch alkalinity, A
[54], it is evident that the alkalinity of system, A, determines the rate of crystallization and
not the concentration of “free” Na* ions. In the other words, when A < 0.004, fully
crystalline product cannot be obtained for t. < 2 h regardless to the content of sodium ions in
the reaction mixture [54,55].
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Fig. 10 shows that the fraction of the small single particles (ZSM-5 crystals formed by
growth of silicalite-1 seed crystals) having the size 400 - 600 nm increases with increasing
alkalinity, A, of the reaction mixture and that, for a given batch alkalinity, the fraction of the
single 400 - 600 nm particles increases with increasing value of B.

According to the principals of aggregation of zeolite particles, the tendency to aggregation
decreases with the increase of the (negative) crystal surface charge (repulsion effect), and
increases with the increase of the concentration of the “compensating” Na* ions [55]. It is
evident that at the simultaneous increase of OH- ions and Na* ions with increasing
alkalinity, A, the repulsive force prevails the “compensating” effect of Na* ions. In this
context, addition of sodium sulfate additionally increases the negative charge of the crystal
surface by oxy-anion effect of SO42 ions [63] and, at the same time, additionally reduces the
“compensating” effect of Na* ions. The result is that the aggregation is considerably reduced
in the presence of sodium sulphate.

When the batch alkalinity further increases to A = 0.007, the perfect small-sized ZSM-5
crystals can be obtained, as described in previous section. An increase of the batch amount
of sodium ions does not influence the phase purity of products as it was revealed by XRD
analysis of the samples. However, the surface of the crystals become rough as it can be
observed in the corresponding SEM images (Fig. 11). This phenomenon could be attributed
to the effect of sodium ions on the cross-linking and polymerization of the silicate species in
solution [64]; the species formed by cross-linking and polymerization are further deposited
onto the crystalline surface of the final crystals, causing the roughing of the surface
morphology of the product. This assumption is further supported by the increase of Si/ Al
ratio of the crystalline end product from 15 for [Na*/SiOx], = 0.56 to 20 for [Na*/SiO], = 1.0
and simultaneous decrease of Si concentration in the liquid phase of the reaction mixture
from 20.23 mg/ml for [Na*/SiOy]y = 0.56 to 14.00 mg/ml for [Na*/SiO:], = 1.0,
accompanying with the increase of the solid recovery yield from 42% to 50%. The surface
roughing phenomena caused by the deposition of active species from liquid to solid phase
(crystals) can also be evidenced by the increase of the average size of the crystalline end
products (see PSD curves in Fig. 12). More interestingly, the particle size distribution also
becomes narrower with the increased amount of sodium ions. This indicates that the
addition of sodium sulphate into reaction mixture also prevents aggregation of the ZSM-5
crystals formed during hydrothermal treatment as was already shown in the cases of low
batch alkalinities.
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Fig. 11. SEM images of the products obtained by hydrothermal treatment (at 483 K for 2 h)
of the reaction mixtures 0.007/0.56 (A) and 0.007/1.0 (B). The scale bars are of 1 pm.
(Adopted from Ref. [55] with permission of Publisher)
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Fig. 12. Particle size distributions by volume of the products obtained by hydrothermal
treatment (at 483 K for 2 h) of the reaction mixtures 0.007/0.56 (A) and 0.007/1.0 (B).
(Adopted from Ref. [55] with permission of Publisher)

From the above results, it could be concluded that the addition of excess amount of sodium
ions into the crystallization system has apparent effect on the particulate properties of the
product. At low batch alkalinity, the additional sodium ions causes de-aggregation of the
final products, rendering the particles with more uniform size distributions. At high batch
alkalinity, the excess amount of sodium ions triggers the surface condensation reactions on
the crystalline end products. However, the crystallization rate is not enhanced by the
increase of batch sodium ion content, indicating that the determining factor of crystallization
of ZSM-5 zeolites in SDA-free system is concentration of low molecular weight silicate
species, determined by batch alkalinity.
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Fig. 13. SEM images of the products obtained by hydrothermal treatment (at 483 K for 2 h)
of the reaction mixtures aged at room temperature for 0 (A), 3 (B) and 48 h (C) in the
presence of silicalite-1 seed crystals. The scale bars are of 1 pm. (Adopted from Ref. [55] with
permission of Publisher)
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In addition, the influence of room temperature ageing of the reaction mixture on the product
properties has also been investigated. Since in the investigated crystallization system, the
seed crystals are added as one of the gradients of the gel precursors, the relevant studies are
separated as ageing in the presence or absence of seed crystals.

Figs. 13 and 14 show the SEM images and PSD curves of the ZSM-5 zeolites crystallized
from the reaction mixtures aged for different times in the presence of silicalite-1 seed
crystals. Although the ageing does not change morphology of the crystals, the particle size
distribution becomes narrower with increasing the ageing duration. Moreover, it can also be
observed that the particle size of the product slightly decreases with ageing.

Fig. 14. Particle size distributions by volume of the products obtained by hydrothermal
treatment (at 483 K for 2 h) of the reaction mixtures having aged at room temperature for 0
(A), 3 (B) and 48 h (C) in the presence of silicalite-1 seed crystals. (Adopted from Ref. [55]
with permission of Publisher)
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Fig. 15. SEM images of the products obtained by hydrothermal treatment (at 483 K for 2 h)
of the reaction mixture (A = 0.008; [Na*/SiO,], = 0.64) aged at room temperature for 5 (A),
20 (B), 48 (C) and 120 h (D) before addition of seeds and heating. The scale bars are of 1 pm.
(Adopted from Ref. [55] with permission of Publisher)

Similar like in the cases of the ageing in the presence of seeds, the results from the ageing of
the seed-free reaction mixture also show the same trend (Figs. 15 and 16). The crystallinity of
the product does not markedly change with ageing. On the other hand, the PSD curves in
Fig. 16 show a gradual decrease of the fraction of large-size “particles” (10 - 500 pm) and
simultaneous increase of the fraction of discrete particles (crystals) having the size in the
range from 0.45 - 10 um, with the increase of the ageing duration. This undoubtedly shows
that the ageing of the seed-free reaction mixture prevents the agglomeration of growing
crystals of zeolite ZSM-5.

The independence of the properties of crystalline end products on the duration of room
temperature ageing of reaction mixtures indicates that the formation of precursors for the
subsequent growth of ZSM-5 zeolites does not occur during the room-temperature ageing in
the current system and, at the same time, this confirms the hypothesis that, under such
conditions, the active growth precursors can only be formed at reaction temperature. Since
in SDA-free crystallization systems, the formation of new nuclei is greatly suppressed in the
presence of seed crystals [51], the size of discrete crystals in the product depend only on the
amount and size of the seeds present in the reaction mixture.
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Fig. 16. PSDs by volume of the products obtained by hydrothermal treatment (at 483 K for
2 h) of the reaction mixture (A = 0.008; [Na*/SiO;], = 0.64) aged at room temperature for

5 (A), 20 (B), 48 (C) and 120 h (D) before addition of seeds and heating. (Adopted from Ref.
[55] with permission of Publisher)

On the other hand, the influence of the hydrogel ageing on the PSDs of the crystalline end
products is probably connected with the change (increase) of the concentration of Si (most
probably in the form of low-molecular weight silicate species) in the liquid phase of the
reaction mixture with prolonging ageing duration (Fig. 17). Although the increase of the
concentration of Si in the liquid phase during ageing (Fig. 17) does not cause the formation
of the growth precursor species at the ageing (room) temperature, it certainly facilitates the
formation of the growth precursor species during heating of the reaction mixture, i.e., higher
starting concentration of low-molecular weight silicate species causes higher rate of
formation of the growth precursor species and thus, higher rate of growth of zeolite ZSM-5
on the silicalite-1 crystals. From this reason, particle (crystal) size at given crystallization
time increases with increasing time of hydrogel ageing (Fig. 16). Since, on the other hand (i)
crystal growth and agglomeration take place simultaneously and (i), the rate of
agglomeration increases with decreasing particle size [65], tendency of agglomeration
decreases with increasing time of hydrogel ageing (Fig. 16).
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Fig. 17. Influence of the room-temperature ageing of the seed-free reaction mixture

(A =0.008; [Na+/SiO2], = 0.64) on: (A) changes in the concentrations of silicon () and
aluminum (@) in the liquid phase. (Adopted and reproduced from Ref. [55] with
permission of Publisher)

5. Crystallization mechanism

With the above studies, the influence of various parameters on the three most important
properties (phase purity, particulate properties and chemical composition) of ZSM-5 zeolites
can be clearly concluded in Table 2. From this summary, the most pronounced influence is
attributed to the batch alkalinity, which changes all the relevant properties of the crystalline-
end product. In the large-scale synthesis of ZSM-5 zeolites for application, the batch
alkalinity should be strictly controlled to obtain the qualified product. On the other hand,
among the mentioned three properties of ZSM-5 zeolites, the particulate properties are most
sensitive to the change of the environment of crystallization. Thus, the synthesis of ZSM-5
zeolites with controllable uniform crystal sizes is always a hot, attractive and enduring topic
in the field of zeolites.

Seed size & Seed amountBatCh Batch sodiumGel ageing
morphology alkalinity ion content effect
Phase purity ) ) + ) )
(structural property)
Particulate property + + + +
(size and distribution)
Chemical composition + + v )

(Si/ Al in framework)

a. The influences are expressed as pronounced influence (+), less influence (-), and influence depends on
the detailed condition

Table 2. Summary of the influences of synthetic parameters on the properties of ZSM-5
product. s
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The systematic analysis of the parameters governing the crystallization of zeolite ZSM-5 also
makes a chance to define the crystallization mechanism of ZSM-5 zeolites in SDA-free
system. To achieve the controllable synthesis of ZSM-5 zeolites with designed particulate
and chemical properties, the thorough understanding of the critical processes during the
crystallization is the only way. Such goal is achieved by both efforts, the kinetic analysis of
crystallization processes and the alkaline, post-treatment of final products.

Fig. 18 shows the crystallization curves of the systems containing various amounts
(expressed as the weight percentage of silica amount in the batch) of silicalite-1 seed crystals
of different sizes. It can be clearly observed that the rate of crystallization considerably
depends on both the size and the amount of the added silicalite-1 seed crystals. The time for
the completion of crystallization decreases with both decreasing seed size (at constant
amount) and increasing amount of seeds (at constant seed size). Furthermore, the
crystallization process of the system with 4 wt.% of 260 nm seed crystals was followed by
TEM observations (Fig. 19). At the initial stage of crystallization, the seed crystals and
amorphous precursors (existing as small particles) can be identified clearly (Fig. 19a). At
prolonged hydrothermal treatment, the amorphous precursors start to stack onto the surface
of seed crystals and agglomerate together (Figs. 19b and c), followed by depleting of the
amorphous precursors and complete ordering of the structure into ZSM-5 crystals (Fig. 19
d). High magnification TEM image (Fig. 20) shows a “core-shell” transformation process of
amorphous to crystalline phase (zeolite ZSM-5), which happens at the seed-amorphous
interface.
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Fig. 18. Crystallization curves of systems with using silicalite-1 seeds of 90 nm-4wt.% (a), 260
nm-4wt.% (b), 690 nm-4wt.% (c), 260 nm-8wt.% (d), 260 nm-16wt.% (e), and 260 nm-

32wt. %(f). t. is the time of crystallization. The percent crystallinity was calculated from the
corresponding XRD patterns. (Adopted from Ref. [50] with permission of Publisher)
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Fig. 19. TEM images of the samples obtained by using 4 wt. % of 260 nm silicalite-1 seed
crystals at f. = 0.5 h (a), t. = 1.0 h (b), t. =1.5h (c), and t. = 2.0 h (d). The scale bars in (a), (b),
(c), and (d) are of 0.2 pm, 0.2 pm, 0.2 pm, and 0.5 pm, respectively. (Adopted from Ref. [50]
with permission of Publisher)

Fig. 21 displays the PSD curves (by number) of the 260 nm silicalite-1 seed crystals (Fig.
21A) and that of the ZSM-5 zeolites obtained using same type of seeds (Fig. 21B). It can be
observed that both curves possess almost the same shape and trend. The only difference is
the size of crystals. Such phenomenon, although simple, clearly revealed the fact that the
total number of crystals during the process of crystallization remains unchanged. It can be
deduced that the nucleation process is completely suppressed under the current synthesis
condition (SDA-free system with the presence of seed crystals), further proves the only
occurrence of the growth of ZSM-5 zeolites on the surface of silicalite-1 seeds.

In addition, the post-synthesis alkaline treatment was carried out on the obtained samples.
Since the tetrahedral aluminium centres are relatively inert to hydroxide attack due to the
negative charges associated with these centers, and the aluminum atom protects not only
the adjacent silicon atoms but also those in the positions of next nearest neighbours [17, 57,
58], it could be expected that, after the alkaline treatment of the final products, the all-silica
seed crystals would be dissolved away, leaving behind the aluminium-containing
framework of ZSM-5. To check this assumption, the samples are treated with 0.8 M sodium
carbonate solution at 80 oC for 36 h under stirring. Fig. 22 shows the TEM images of the
alkaline treated samples. By comparison of untreated and alkaline-treated samples, it can be
found that both the size and crystal structure remains unchanged, but the hollow core
appears in the centres of particles (crystals) after alkaline treatment. This finding indicates
that the crystallization takes place on the surface of seed crystals, which is in accordance
with the analysis of the results of kinetic study.
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Fig. 20. High magnification TEM image of the sample separated from the reaction mixture
containing 4 wt. % of 260 nm silicalite-1 seed crystals at t. = 1 h. The scale bar is of 20 nm
and the crystalline lattice can be identified from the indicated area. (Adopted from Ref. [50]
with permission of Publisher)
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Fig. 21. The PSD curves (by number) of silicalite-1 seed crystals (A) and ZSM-5 product
(B) synthesized using 4 wt.% % of the same seed crystals.
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Fig. 22. TEM images of ZSM-5 samples, synthesized from the reaction mixture containing 4
wt. % of 260 nm seed crystals, before (a) and after (b) alkaline treatment. The scale bars in (a)
and (b) are of 0.5 pm and 0.2 pm, respectively. (Adopted from Ref. [50] with permission of
Publisher)

Taking into consideration of all the relevant mechanistic studies, the crystallization process
of SDA-free seed-induced approach can be described as the growth of active species on the
surface of seed crystals without formation of new nuclei. All the synthetic parameters
influence the properties of the final products by changing either the relative rate or the
environment of the growth step during crystallization process.

6. Modeling approach

After the relevant mechanistic studies, the mathematical analysis of the growth step of ZSM-
5 zeolites on the surface of silicalite-1 seed crystals becomes possible. Compared with the
phenomenological description, the quantitative explanation of the crystallization step makes
the further control of the process much easier and convenient. On the basis of above
presented data, it can be assumed that the crystallization process is a typical seed-induced
one which can be mathematically expressed by a cubic function [50, 59, 60], i.e.

my =y + K+ K+ K 1)

where m; is the mass of zeolite crystallized up to the time ¢ and my is the mass of the seed
crystals added into the reaction mixture. From the above observations and general
knowledge on the crystal growth of zeolites [61], it can be assumed that the crystallization
proceeds by a linear, size-independent growth of seed crystals and thus, that the crystal size,
dy, at the crystallization time t, can be expressed as:

dy=dy+ Kt )

where, dy represents the size of the seed crystals and Kj is the growth rate constant. Taking
into consideration that the formation of nuclei in the crystallizing system is depressed by
both by the absence of SDA [50] and presence of seed crystals [50, 59, 60] it is reliable to
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assume that the number of growing crystals, Ny, is constant and equal to the number, No, of
the added seed crystals. Then, the change of the mass, m;, of the crystallized zeolite ZSM-5
with the crystallization time £, can be expressed as,

&
m = GoN,(d,)’ = Goly(dy +Kt)* = G (dy ) 1+ =17 o
]

where, G is the geometrical shape factor of the growing crystals, p is the density of
crystalline phase (zeolite), and the mass, m,, of seed crystals can be expressed as:

wy = G ol (dy)* (4)
The Eq. (3) can be transformed into
K £ K £
= mg (14 510 = g [143(—502 + 3507 8% +( 5%
= (1 2L =143 D 3D 4 5] ©)

where,

Kg Kg 2 £ 3
£=3)my, £y =3(=)"my and & = (=D'm
dy dy d .
Since the total silica-alumina source in the reaction mixture is constant during the synthesis,
the values of m; and my can also be expressed as the fractions x; and xo of aluminosilicate
material in the reaction mixture at different crystallization time t. Thus, the Eq. (5) can also
be expressed as [59]:

X = %(1+E.c)3
' d, (6)

where, X is fraction of aluminosilicate material contained in seed crystals at ¢ = 0, and x; is
the fraction of aluminosilicate material in the crystalline phase (seeds + newly crystallized
zeolite) at > 0.

Then, the crystal growth rate constant, K, can be obtained by solving the Eq. (6), e.g.,

—(JE oy
Kg‘(\/; v )

Thus, the value of K, can be calculated by Eq. (7) using do = seed size and x/xo = (crystallinity
at t/crystallinity at t = 0) (see Fig. 18); K; = 0.15 pm/h for all investigated system. Then,
inserting the calculated value of Ky = 0.15 pm/h and the appropriate values of dp = 0.26 pm
and xo =1 wt. % into Eq. (5), the kinetics of crystallization of zeolite ZSM-5 from the reaction
mixture containing 1 wt. % of 260 nm silicalite-1 seed crystals is calculated (curve in Fig. 23)
and compared with the measured kinetics (points in Fig.23). Almost perfect agreement
between calculated and measured kinetics indicates that the crystallization process proceeds in
expected way, namely by a linear, size-independent growth of silicalite-1 seed crystals.
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Fig. 23. Correlation between measured kinetics of crystallization of zeolite ZSM-5 from the
reaction mixture containing 1 wt. % of 260 nm silicalite-1 seed crystals (points) and the
kinetics of crystallization calculated by Eq. (5) (dashed curve). (Adopted from Ref. [50] with
permission of Publisher)

On the other hand, an almost perfect correlation can be observed between measured sizes,
di(det), of the crystalline end products and the corresponding sizes, di(cal), calculated by Eq.
(2), using the value K; = 0.15 um/h, and the corresponding seed sizes, do (Table 3). This
phenomenon is an additional evidence to prove that the process of crystallization takes
place by the mechanism mathematically described by Egs. (1) - (6).

do Seed addition amount (wt.%) ta dy(cal)? di(det)c
(nm) (h) (nm) (nm)

90 4.0 15 315 270
690 4.0 25 1065 1100
260 4.0 2.0 560 520
260 8.0 1.5 485 440
260 16.0 1.0 410 410
260 32.0 0.75 373 350

a. determined from the corresponding crystallization curve in Fig. 18 by choosing the first 100%
crystallinity data point

b. calculated from Eq. (2) using crystal growth rate of 0.15 pm/h

c. determined from the corresponding SEM images

(Adopted from Ref. [50] with permission of Publisher)

Table 3. The comparison of measured, di(det), and calculated, di(cal), final crystal sizes of
zeolite ZSM-5 synthesized from the reaction mixtures containing different amounts of
silicalite-1 seed crystals having different sizes.
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Based on the analysis of experimental data in both phenomenological and mathematical
way, the crystallization mechanism and the corresponding critical processes occurring
during crystallization are depicted in Fig. 24. These processes are: (i) dissolution of
amorphous silica and/or alumina sources, (ii) formation of alumino(silicate) gel by poly-
condensation reactions and the partial deposition of gel onto the surface of seed crystals, (iii)
formation of growth precursor species in the gel matrix at high temperature, (iv) deposition
of growth species onto the surface of seed crystals, and (v) final ordering of growth species
to form the crystalline end products.

eie. @ @ e R e
§, Jni & & LR

Crystallization Time
_—
@ Silicalite-1 seed
silica-alumina species

Fig. 24. Schematic presentation of the crystallization process of seed-induced SDA-free
approach for the synthesis of sub-micrometer sized ZSM-5 zeolites. (Adopted from [50] with
permission of Publisher)

7. Conclusion

In this chapter, the seed-induced, SDA-free crystallization system for the growth of sub-
micrometer sized ZSM-5 zeolites is carried out, which clearly shows that:

- The crystallization process is predominantly determined by the growth steps in which
the product size and morphologies could be well tuned by the variations of size and
amount of silicalite-1 seed crystals;

- The batch alkalinity, expressed as A = [Na)O/SiO;], plays the key role on the
crystallization processes, which influences the phase purity, particulate and chemical
composition (Si/ Al ratio) of the final product. The optimal alkalinity for growth of pure
phase ZSM-5 zeolite is 0.006 < A < 0.010;

- The excess batch content of sodium ions and prolonged duration of hydrogel ageing do
not enhance the rate of crystallization. Instead, the aggregation behaviour/size uniformity
of the products is influenced by these two parameters. This indicates that the precursor
species for the growth of ZSM-5 are generated at high temperature controlled by batch
alkalinity, rather than by the concentration of sodium ions at room temperature;

- The crystallization mechanism of the seed-induction SDA-free approach is revealed as
the typical size-independent, linear growth process on the seed surface.

With the understanding of the critical processes occurring during the crystallization of
ZSM-5 zeolites, it is expected that the ZSM-5 zeolites possessing more interesting
properties could be obtained by the co-ordinately variation of multi-synthesis parameters
at the same time. This work will also make corresponding contributions on the rational
design of ZSM-5 zeolites with desired functionalities in the domain of both materials and
industrial catalysis.
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1. Introduction

The Rajidae Family are weakly electric fish (Fessard, 1958). Psammobatis extenta (Rajidae
Family) is a South American electric fish. Electric organs of the electric fish have constituted
the choice system for studying the biochemistry, morphology, physiology and cell biology
of the nervous cholinergic system (Barrantes ef al., 1983; Changeux, 1981; 2010; Fox et al.,
1990; Prado Figueroa et al., 1995; Wittaker, 1977). Electric organs derive embryologically
from myoblasts and are constituted by cells called electrocytes.

The electric organs (EO) of Psammobatis extenta produce weak electrical discharges to the
surrounding environment. Electrocytes have evolved and differential independently, losing
the contractile ability. In previous works we employed a microanalysis (EDS-SEM) and
documented the presence of aluminium and silicon in significant concentrations. Zinc,
oxygen and cupper were also localized.

Silicon (Si) is an essential nutrient for animal biology (Carlisle 1982). It has been shown that
silicon is required for bone, cartilage and connective tissue formation (Bissé et al. 2005).
Silicon may function as a biological cross-linking agent and may contribute to the
architecture and resilience of connective tissue (Schwarz 1973). Aluminium (Al) and Si
accumulations have been detected in electric organs by a combination of scanning electron
microscopy and X-ray spectrometry (EDS-SEM) (Prado Figueroa et al., 2008). Al and Si have
been also detected in the human cerebral cortex from elderly people by using EDS/SEM
(Perl and Brody 1980, Candy ef al. 1985). These inorganic elements are related to
pathological changes in the human brain (Candy et al. 1985, Tokutake et al. 1995).

Biomineralization is the process by which living organisms produce minerals, often to
harden or stiffen existing tissues. Chalcedony is a microcrystalline fibrous form of silica
(SiO) and it is the product of biomineralization by silica (Erhlich et al., 2010). We have
identified chalcedony in living fish electric organs by using a standard polarized light
microscope (Prado Figueroa et al., 2008). In plane-polarized light, chalcedony is rounded in
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shape, 12-15 micron in size, translucent, with a low refraction index. The crossed-polarizer
image shows first order birefringence colour (grey-white) and radial extinction.

In this chapter, we document the visualization and identification of chalcedony crystals in
electric organs, by using a Leica TCS - SP2 Laser Scanning Confocal Microscope (LSCM).
Three ion lasers were used i.e.: argon with emission band in 458 nm (cyan), 476 nm (blue-
green), 488 nm (green) and 514 nm (yellow); He/Ne in 543 nm with emission band in red,
and He/Ne with emission band in 633 nm (blue). The autofluorescent character of
chalcedony (a mineral) allowed us to obtain images of the crystals together with a
topographic study. Chalcedony consists of nanoscale intergrowths of silica polymorphs:
quartz and moganite (Heaney & Post, 1992). These silica polymorphs, with their two
different nanocrystal structures, are described in the present chapter. Quartz and moganite
are both identified in three-dimensional (3-D) images using a LSCM and Leica software. 3-D
images were generated as “surface”: the blank spaces between the pixels are filled. 3-D
images were also generated as “wireframe”: all pixels are linked with lines, while the blank
spaces remain free. Many images generated by differential interference contrast (DIC) are
also shown in this chapter.

2. Biomineralization by silica in electric fish

Biomineralization by silica is a complicated process observed in living organisms. Of the
intriguing topics that are receiving renewed attention, the study of biomineral formation
based on organic templates is one of the most fascinating topics today (Ehrlich, 2010; Ehrlich
et al, 2010). Biosilicification is an evolutionarily old and widespread type of
biomineralization both in unicellular and multicellular organisms, including sponges,
diatoms, radiolarians, choanoflagellates, and higher plants (Schroeder et al., 2008).

We have studied Psammobatis extenta electric organs from the Rajidae family, a group of
elasmobranch electric fish. Electric organs are structures specialized in the production of
electric discharges (Fessard, 1958). Their major cell components, called electrocytes, are
highly polarized. We could detect biomineralization by microcrystalline silica in P. extenta
electric organs (Prado Figueroa ef al., 2008).

2.1 Psammobatis extenta: A Rajidae family fish

Adult female and male P. extenta were collected from the Bahia Blanca Estuary (38° 40’S and
39°30°S, 62°16'W and 63°26’W) in the Buenos Aires Province, Argentina and transported to
the laboratory in sealed polyethylene bags containing oxygen-saturated seawater.

The fish were anesthetized by immersion in ice cold seawater for 10 min and then killed by
pithing. Immediately after dissection of the ray, the electric tissue was frozen in liquid
nitrogen at -198°C.

Electrocytes from P. extenta are cup-shaped cells, multinucleated and polarized. They have
an anterior, concave, innervated face and a posterior, convex, non-innervated face, that
shows a very large system of caveolae (Prado Figueroa et al., 1995). These cup-shaped
electrocytes are plesiomorphic, phylogenies based on morphological data (Jacob et al., 1994).
Neuronal cell death and synaptic terminal degeneration have been noted in the adult
electric organs of fish from the Rajidae family (Fox ef al., 1990 and our observations).
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Understanding cellular and molecular mechanisms participating in neurodegenerative
process is thus an important field of research.

2.2 Silicon in electric organs

Silicon is an essential element for animals (Carlisle, 1982). Silicon may function as a
biological cross-linking agent and may contribute to the architecture and resilience of
connective tissue (Schwarz, 1973). It has also been documented that silicon is present as a
silanolate, i.e.,, an ester-like derivative of silicic acid and plays a role in the structural
organization of glycosaminoglycans and polyuronides (Schwarz, 1973).

We could observe aluminium and silicon in the cytoplasmic extracts of P. extenta electric
tissue (Prado Figueroa et al., 2008) using a combination of scanning electron microscopy and
X-ray spectrometry (EDS/SEM) (see Fig. 1). The result of this microanalysis is an energy-
dispersive spectrum in which the peaks are localized at energy lines characteristic for each
element

Element Weight % Atomic %

AlK g 7

SiK 13 10

KK 5 2

Cak 2 1

ZnK 20 7
Total 100 100 -
by

Zn
2.00 4 .04 6.00 8.00 10.00 1200 KeV
FS: 4288 CPS 213 Crts: 444 Kew: 3.38

Fig. 1. Electric organ cytoplasmic extracts from Psammobatis extenta on lyophilised paper and
metalized with gold were microanalyzed by using EDS/SEM. This energy dispersive
spectrum (a) shows high peaks localized at energy lines characteristic for oxygen, silicon
and aluminium. Sodium, potassium, calcium and zinc are also observed. Weight and atomic
percents for these elements are indicated next to the spectrum (b).
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An electric organ cytoplasmic extract (50 ul) on lyophilised paper (Labconco Corp., USA)
was fixed in 2.5% glutaraldehyde in a 0.05 M sodium phosphate buffer (pH 7.2) for 60 min at
4 °C. Samples were washed with buffer and bi-distilled water for 2 h, then, dehydrated. (For
more detail of this method, see Prado Figueroa et al., 2008).

This method (EDS/SEM) has also been used for studying photosensitizers in electric tissue
(Prado Figueroa & Santiago, 2004).

2.3 Microcrystalline silica in electric organs

Based on the evidence of aluminum and silicium accumulation in P. extenta, we documented
the presence of silica minerals in P. extenta electric tissue by means of mineralogical
techniques (Prado Figueroa et al., 2008). It was thought that these compounds could form
minerals (i.e, solid inorganic substances with a defined chemical composition and
determined crystallography).

Fractionation of electric tissue homogenates by differential centrifugation was carried out
as described for other tissues (Beaufay and Amar-Costesec, 1976; Amar-Costesec et al.,
1985)

50 um

Fig. 2. Photomicrograph of a cytoplasmic extract of the electric organ from P. extenta in
crossed-polarizers, by using a standard polarized light microscope.

The crossed-polarizer image of a cytoplasmic extract shows SiO, replacements in grey and
white arrangements, with undulatory extinction.
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using isotonic 3 mM imidazole-HCl-buffered 0.25 M sucrose (pH 7.4). The following
fractions were obtained: cytoplasmic extract (E), nuclear fraction (N), large granules (ML),
microsomes (P) and supernatant (S). Drops of the fractions were collected on glass slides,
dried and mounted in PBS/glycerol. These fractions were inspected using a Leica polarized
light microscope (DMLP). This microscope has a polarizer and a switchable analyzer. In
mineralogical microscopy, when the light enters an anisotropic mineral, one which
transmits light at different rates in different orientations, it is decomposed in two rays,
oscillating in two orthogonal planes. This phenomenon is known as birefringence and
allows for the identification of each mineral. In this microscope, with a circular graduated
stage capable of a 360° rotation, minerals in different positions display their optical
properties, such as birefringence colour and extinction position, with crossed polarizers.

All electric organ fractions in crossed-polarizers show SiO, replacements in grey and white
arrangement, with undulatory extinction. The crossed-polarizer image of a cytoplasmic
extract shows SiO; replacements in grey and white arrangements (chalcedony), Fig. 2.

Electric organs without any treatment were also used for X-ray diffraction analysis.
Different peaks were obtained from diffractometric analysis; specifically peaks belonged to a
quartz (low quartz; Moore and Reynolds, 1997). (See: Prado Figueroa et al., 2008).

3. Autofluorescent crystalline silica detected by using a LSCM

Autofluorescence characteristics of minerals have been described by Henkel (1989). In this
chapter, we document the visualization and identification of chalcedony crystals in electric
organs, by using a Leica TCS - SP2 Laser Scanning Confocal Microscope (LSCM). This
microscope has three ion lasers i.e.: argon with emission band in 458 nm (cyan), 476 nm
(blue-green), 488 nm (green) and 514 nm (yellow); He/Ne with emission band in 543 nm
(red) and He/Ne with emission band in 633 nm (blue). Since chalcedony is characteristically
an autofluorescent mineral, we were allowed to obtain images of crystals.

3.1 Autofluorescent microcrystalline silica (chalcedony)

Adult female and male P. extenta were collected from Bahia Blanca Estuary in Buenos Aires
Province, Argentina. Fractionation of electric tissue homogenates by differential
centrifugation was carried out as described in Section 2.1.

Fractions (nuclear fraction “N”; microsomes “P” and supernatant “S”) were used and
observed with a LSCM. A nuclear fraction shows many autofluorescent crystals and also
little electrocytes, Fig. 3. Electrocytes from the electric organ of the Patagonian ray
Psammobatis extenta are very unusual cells: semicircular in shape, multinucleated and highly
polarized. Their anterior face is concave and innervated by numerous nerve-endings.

Fig. 3 shows an unbroken electrocyte with many autofluorescent crystals, these were
observed with an argon ion laser with emission band at 488 nm (green). This image was
merged with (DIC).

Normally, the microsomal fraction contains membranes from the synaptic region. The
microsomal fraction has many autofluorescent crystals. A crystal of chalcedony from the
microsomal fraction, its dimensions and autofluorescent intensity (I, arbitrary units) are
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100 pm

Fig. 3. Photomicrograph of a nuclear fraction of the electric organ from P. extenta in LSCM.
This fraction shows a little electrocyte, which is unbroken. Many autofluorescent crystals
were observed in the electrocyte with an Ar ion laser with emission band at 488 nm (green).
This image was merged with DIC.

shown in Fig. 4. This image was obtained with an argon ion laser with emission band at 488
nm (green). This crystal is about 20 micron.

The crystal dimension and autofluorescent intensity (I) are shown in this image. This crystal
was observed by using an argon ion laser with emission band at 488 nm (green).

Images of a chalcedony crystal from the microsomal fraction in LSCM are shown in Fig. 5.

Crystals from this fraction are rhombohedral in shape and they are in large quantities. This
crystal is about 20 micron. The chalcedony crystal has autofluorescence with different ion
lasers and is about 20 micron. A He/Ne ion laser with emission band in 543 nm (red), a
He/Ne ion laser with emission band in 633 nm (blue) and an Ar ion laser with emission
bands in 458 nm (cyan), and 514 nm (yellow) were used. An image DIC of the crystal is
shown (top, right side) and also all the images merged (botton, right side).
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Fig. 5. Images of a chalcedony crystal from the microsomal fraction in LSCM.
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The chalcedony crystal has autofluorescence with different ion lasers: a He/Ne ion laser
with emission band in 543 nm (red); a He/Ne ion laser with emission band in 633 nm (blue);
an Ar ion laser with emission bands in 458 nm (cyan), and 514 nm (yellow) were used. An
image DIC of the crystal is shown and also all the images merged (right side, top and
botton). This crystal is about 20 pm in size.

An image of a chalcedony crystal from the supernatant fraction in LSCM is shown in Fig. 6,
it was observed by using an argon ion laser with emission band at 488 nm (green). The
chalcedony crystal has autofluorescence with different ion lasers and is about 10 micron in
size. The supernatant fraction has many crystals.

3.2 Autofluorescent nanocrystalline silica (silica polymorphs)

Chalcedony is a microcrystalline fibrous form of silica which actually consists of nanoscale
intergrowths of quartz and the optically length-slow fibrous silica polymorph moganite
(Conrad et al., 2007; Deer et al., 1966; Heaney & Post, 1992; Heaney, 1993; Heaney et al., 1994,
2007). Quartz and moganite are both silica minerals, but they differ in that quartz has a
trigonal crystal structure (o, B, v different to 90°), whilst moganite has a monoclinic crystal
structure (o different to 90° and B, y = 90°). An image of silica polymorphs were obtained by
using a LSCM with different emission bands, Fig. 7. This Fig. 7 shows a crystal of
chalcedony from the microsomal fraction using an argon ion laser with emission bands in
458 nm (cyan) and 514 (yellow) merged and contrasted with DIC.

24 um
. ________________________________________________|

Fig. 6. A crystal of chalcedony from a supernatant fraction in LSCM.
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This chalcedony crystal was observed by using an argon ion laser with emission band at 488
nm (green). This crystal is about 10 pm. This fraction has many little autofluorescent
crystals.

The same crystal of chalcedony (from Fig. 7) is shown in 3D images, Fig. 8. An argon ion

Fig. 7. A crystal of chalcedony from the microsomal fraction in LSCM. An argon ion laser
was used, with emission bands in 458 nm (cyan) and 514 nm (yellow). Emissions were
merged and contrasted with DIC.

Fig. 8. 3-D images of the silica polymorphs from the microsomal fraction in LSCM .
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These images were obtained of the same crystal from Fig. 7. Cyan colour nanocrystals are
acicular (pinacoid) in shape and nanocrystals in yellow are trapezohedral in shape.

laser was used with emission band in 458 nm (cyan) and 514 nm (yellow). Both nanocrystals
are very different. Nanocrystals in cyan colour are acicular in shape. Nanocrystals in yellow
are trapezohedral in shape. Quartz and moganite were detected by using ion lasers with
different emission bands.

Fig. 9. 3D images of silica polymorphs nanocrystals from the microsomal fraction in LSCM.

The chalcedony crystal has autofluorescence with different ion lasers: a He/Ne ion laser
with emission band in 543 nm (red); a He/Ne ion laser with emission band in 633 nm (blue);
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an Ar ion laser with emission bands in 458 nm (cyan), 514 nm (yellow) and 488 nm (green).
A DIC image of the crystal is shown (Top, right). This crystal is about 20 pm in size.

Moganite nanocrystals are pinacoid (acicular) in shape and about 1 micron in size. Quartz
nanocrystals are trapezohedral in shape, about 2 or 3 micron in size, and they are present in
large quantities in chalcedony crystal.

3D images of nanocrystals from the microsomal fraction, shows silica polymorphs, Fig. 9.

The chalcedony crystal has autofluorescence with different ion lasers: a He/Ne ion laser
with emission band in 543 nm (red); a He/Ne ion laser with emission band in 476 nm (blue);
an argon ion laser with emission bands in 458 nm (cyan), 514 nm (yellow) and 488 nm
(green). A DIC image of the crystal is shown (Fig. 9, top, right). This chalcedony crystal is
about 20 micron in size and shows very different autofluorescent images. May be, this
crystal image shows different degree of crystallization. This mineralization of the
electrocytes implies the death of the cell and the nerves, revealing that these conditions of
pH and Eh are necessary for this process to occur.

4. Conclusion

The origin of chalcedony (SiO2) has been widely discussed in the literature.
Biomineralization by silica can occur under a wide variety of circumstances (Heaney, 1993;
Fernandez Loépez, 2000; Nash & Hopkinson, 2004). A slight oversaturation of silicon is
necessary for allowing chalcedony formation from the solution.

A crystal is a solid material whose constituent atoms, molecules, or ions are arranged in an
orderly repeating pattern extending in all three spatial dimensions (Hahn, 2002). Crystal
habit depends on two main factors: the inner, crystalline structure determines the faces the
crystal can present; growth conditions, however, determine the relative size of each face,
and hence also the overall shape (Rasmuson, 2009).

The conditions at which silica formation occur is at a pH 7 or near a pH of 8 and an Eh
(oxidation potentials) of 0.0 to -0.2 (Fig. 10; Krumbein & Garrels, 1952). It was documented
oxidative stress in electric organs from Rajidae family fish (Prado Figueroa, 2005). In such
oxidative conditions, the presence of iron could contributed to silica formation.

Crystal growth is a major stage in the crystallization process, and consists in the addition of
new atoms, ions, or polymer. Details of the early stages of chalcedony genesis are not fully
understood but could involve either the direct precipitation of amorphous silica from a
hydrous fluid, which then evolves into chalcedony, or the direct growth of crystalline
chalcedony (Moxon & Carpenter, 2009).

The proportion of moganite decreases with age (Moxon, 2004; Moxon & Carpenter, 2009).
There is a correlation of crystallite growth with moganite content. The recrystallization of
moganite to alfa-quartz clearly occurs at the same time as crystallite growth. Water has an
important role: In the absence of water vapour, crystallite growth and transformation of
moganite to quartz ceases (Moxon & Carpenter, 2009). Moganite is abundant in arid
environment, this is probably due to the lack of water available to support the dissolution of
moganite and the simultaneous precipitation of quartz (Bustillo, 1992).
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The change in composition of internal water is proposed as a method for approximate
dating of agates (a variety of chalcedony) (Moxon, 2004). It has been demonstrated in
geological environments that less stable silica polymorphs appear to have transformed over
time to chalcedony and microquartz (Nash & Hopkinson, 2004).
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Fig. 10. Chalcedony formation. Krumbein, W.C., Garrels, R.M., (1952).
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It is possible to identify the silica polymorph components of chalcedony: quartz and
moganite in 3-D images of nanocrystals, by using a Laser Scanning Confocal Microscope
and Leica software, see Fig. 7. These quartz and moganite nanocrystals can be differentiated
by using an argon ion laser with two emission bands: 514 nm (yellow emission) and 458 nm
(cyan emission). These are shown at the Figs. 7 to 9. These figures perhaps show the growth
of chalcedony in the electric organ from marine fish.

Quartz is estimated to occupy circa 12 % of the earth’s crust, so it is not surprising that
research into its diverse applications has been of major interest for over 100 years. Important
uses are made of quartz minerals that range from piezoelectric devices to the literal down-
to earth quartz aggregates required by the construction industry. During the past (1950s
and 60'0s, there were commercial demands for quality quartz crystal required in the
manufacture of medical and aerospace sensors (Moxon, 2004; Moxon & Carpenter, 2009).

Of the intriguing topics that are receiving renewed attention nowadays, the study of the
“triangle” biomineralization/demineralization/remineralization is among the most
fascinating (Ehrlich et al., 2010).

Electric organs of the electric fish have constituted the choice model for studying the
nervous cholinergic system (see: Changeux, 1981; 2010). This chapter shows the
autofluorescent chalcedony in electric organs. Autofluorescent chalcedony was also
documented in human brains from elderly patients (Prado Figueroa & Sanchez Lihén, 2010).

There are many similarities in the occurrence of biosilicification in both systems. One of the
major neurochemical features of Alzheimer’s disease is the marked reduction of nicotinic
acetylcholine receptor in relevant diseased brain regions such as the cerebral cortex and
hippocampus (Oddo & LaFerle, 2006). An important use of chalcedony crystals from electric
organs is, maybe, in relation with the human medicine.

This paper has demonstrated, using different samples of electric organs, the way Laser
Scanning Confocal Microscope with three dimensional (3D) images obtained by using a
Leica Confocal Software can be employed to identify chalcedony and nanocrystalline silica
polymorphs (quartz and moganite) in electric organs from marine fish.

This communication provides the first experimental evidence of biologically produced
crystalline silica mineral phase (i.e., chalcedony) and its growth (crystallinity) in electric
organs from living electric fish.
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1. Introduction

Zirconium titanate (ZT)-based ceramic materials, ZrTiO4, have many attractive properties:
high resistivity, high dielectric constant, high permittivity at microwave frequencies and
excellent temperature stability for microwave properties (Bianco et al, 1999; Leoni et al, 2001).
These materials have an extremely wide range of technological application, such as in
microwave telecommunications (as capacitors, dielectric resonators in filters, and oscillators)
(Navio et al, 1993; Navio et al, 1994; Azough et al 1996), in the manufacture of high-
temperature pigments (Hund and Anorg, 1985; Dondi et al, 2006) in catalysis (as effective
acid-base bifunctional catalysts and photocatalysts) (Tanabe, 1970; Araka and Tanabe, 1980),
as structural ceramics (Parker, 1990) and, more recently, as biomaterial coated on 316L SS for
biomedical applications (Devi et al, 2011).

The formation of ZrTiO; has been studied by several authors (McHale et al, 1989;
Christoffersen et al, 1992a; Bhattacharya et al, 1996; Hom ef al, 2001; Ananta et al, 2003; Kim ef
al, 2004; Troitzsch et al, 2005; Vittayakorn et al, 2006; Licina et al, 2008).

Zirconium titanate is normally synthesized by solid-state reaction of oxide mixtures between
ZrO; and TiO; at elevated temperatures (1200-1600°C) and long heating times and also
requires post treatment such as energy-intensive grinding/milling procedures for powder
formation and this process usually leads to inhomogeneous, coarse, and multiphase powders
of poor purity (Lynch, 1972; Swartz, 1982; McHale et al, 1983; McHale et al, 1986; Parker, 1990;
Christoffersen et al, 1992b; Park et al, 1996; Stubicar et al, 2001; Troitzsch et al, 2004; Dondi et al,
2006). ZrTiOy4 ceramics have the orthorhombic structure of o-PbO, (Blasse, 1966, Newnham,
1967) and belongs to the space group Pbcn. Above 1200 °C the Zr ion and Ti ion of the high
temperature normal phase are randomly distributed on octahedral site in o-PbO. type
structure. (McHale et al, 1983; Christoffersen et al, 1992b; Azough et al, 1993; Ul'yanova et al,
1995). In contrast to the displaced transitions which take place at discrete temperature, ZrTiO4
ceramics undergoes a continuous phase transition of the normal to incommensurate over the
temperatures of 1200°C to 1100°C by increasing order in the Zr-Ti distributions.

The chemical preparation of reactive precursors offers advantages over traditional
processing techniques because of the higher purity and better homogeneity obtained the
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lower processing temperatures and improved material properties. Table 1 summarizes the
procedures currently used to prepare pure ZrTiO, materials by non-conventional or

chemical routes (Navio et al, 1992a; Pol et al, 2007).

Precursors Preparation procedure References
Z1(SO4)o, 1.Coprecipitation of mixed oxides using Ikawa
Ti(SO4)2 concentrated ammonia water et al, 1988;
2.Calcined precipitates shaped into pellets, pressed Ikawa
at 100 MPa, sintered at 1600 °C for 10 h and post- et al, 1991
treated at 1500 °C for 5 h, quenched to room-
temperature air and annealed at 700 °C for 3days
Zirconium 1. Using 2-propanol as solvent, mixing for5hat ~ Yamagushi
isopropoxide 82 °C, hydrolysis with H,0 at room temperature et al, 1989
titanium and increased to 75 °C
isopropoxide 2. Solid filtered, washed with hot water and dried
at 120 °C under reduced pressure
Zirconium Partial and controlled hydrolysis using Mufioz
propoxide CH3COOH-propanol, and a ratio et al, 1990
titanium h = [CH3COOH]/[metal] 1<h<8
isopropoxide If h <3, homogeneous gels were obtained
If h > 3, white precipitate M(OR),(CH3COO)y
Zirconium Classical hydrolytic sol-gel, where metal alcoxides ~ Hirano
alcoxide, are dissolved in alcohol, after o gel is dried and et al, 1991;
titanium alcoxide  calcined. Komarneni
et al, 1999;
Karakchiev
et al, 2001
Zirconyl chloride 1. Mixing and precipitation with methanol, Navio
hydrogen peroxide solution and aqueous et al, 1992b
ammonia solution at pH 8-9
2. The gelled mass was washed with acetone,
filtered and dried slowly for several days
Zirconium Process involves hydrolysis of the starting salts, Gavrilov
oxychloride and nucleation of zirconia and titania, nucleus growth, et al, 1996
titanyl chloride and the formation of ZrTiO,above 1150 °C.
Ti(OBut)s, Mixing with ethylene glycol, Ti(OBut)s, Bianco
ZrOC1,.8H;O ZrOC1,.8H,0 and citric acid, at 110-120 °C et al, 1998
(Polymeric
precursor)
TiCly and ZrOCl, Chemical precipitation using ammonia, produced  Leoni
ZT nanopowders et al, 2001
Titanium sulfate, Sol-gel process produced long ZrTiO4 fibers Lu et al, 2003

ZrOC1,.8H,O

Table 1. Wet-chemical routes for synthesizing ZrTiO, materials
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Actually the sol-gel processes were developed both in academic research and in industry,
producing glasses by straightforward polymerization of molecular precursors in solution.
Basically, sol-gel process carried out in a liquid medium. This process involves the evolution
of inorganic networks through the formation of a colloidal suspension which is called sol
and gelation of the sol to form a network in a continuous liquid phase which is denoted as
gel. Three reactions generally describe the sol-gel process: (1) hydrolysis reaction, (2) alcohol
condensation process, and (3) water condensation process. The sol-gel approach also
provides an alternative and usual way for synthesis of nanomaterials. Combined with
chemical nanotechnologies, remarkable progress has been achieved and sol-gel techniques
have taken their place as a fundamental approach to the development of new nanomaterials.
The sol-gel synthesis method has been used for the production of metal, metal oxide and
ceramic nanoparticles with high purity and good homogeneity. If an organic surfactant is
added to the sol as the structuring agent, it is even possible to obtain an ordered porous
structure in two dimensions or three dimensions. The sol-gel process is considered as a low-
temperature synthesis method that gives pure, homogeneous nanoparticles with good size
distribution in the design of complex nanoarchitectures. Furthermore, many kinds of
nanoparticles including oxides, sulfides, metals, and semiconductors with nanoporous
structures can be synthesized through a precise heat treatment. The versatility of the process
is largely due to the rich and varied chemistry of organometallic precursors, combined with
the low processing temperature (Qiao et al, 2011).

Samples containing multi-phases are important from the technological perspective and are
strongly superposed (Sham et al, 1998). Consentino et al. prepared ceramic powders from the
mixture of zirconium oxychloride and titanium chloride in stoichiometric quantities in the
presence of citric acid (60 °C) and ethylene glycol. By using this technique, the authors
observed that after treated at 600 °C for 1 hour still amorphous. In 730 °C, had the crystalline
phase of orthorhombic ZrTiOs, contrary to reported by Karakchiev et al which obtained
zirconium titanate by sols hydrated in 1:1 ratio of Zr:Ti with the presence of TiO; as anatase,
below 600 °C. At 600 °C this form disappears and gives way to the ZrTiO4 peaks. The
preparation of ZrTiO4 and ZrosSno2TiO4 by pulsed laser deposition was reported by Viticoli
et al. Films of ZrTiO4 were prepared, deposited between 450 and 550 °C. At 450 °C, a weak
intensity peak at 20 = 30.48° indicates the presence of crystalline zirconium titanate, peaks at
20 = 32-35° also suggest the presence of phases for TixOs, TiO, and ZrO,. Raising the
temperature to 550 °C the intensity of reflections (1 1 1) characteristic of ZrTiO; and the
reflections (0 2 0), (2 0 0) and (2 2 2) at 26 = 32.6°, 35.7° and 63.3 can be identified. Under
these conditions only the contributions of ZrTiO, can be observed, indicating the formation
of a single crystalline phase of ZrTiO, The crystallographic structure for the films deposited,
containing tin presents an intense peak at 450°C at 26 = 33.06° associated with reflection (1 0 4)
of Ti,O;. Peaks at 20 = 32-35° suggest the presence of phases for SnO,, TiO; and ZrO,, while
a weak intensity peak indicates the crystallization of ZrogSng2TiO4 (0 0 2). (Bhattacharya et
al, 1996; Troitzsch et al, 2005).

In this study, ZT powders were obtained from hydrolysis reactions of zirconium
n-propoxide (NPZ) and titanium isopropoxide (tetra-isopropyl titanate - TPT). These
reactions were performed by hydrolyzing the alkoxides separately, at the molar ratio of
Zr:Ti of 1:1, in n-propanol, using the sol-gel process at ambient temperature (20°C) and
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influence nitric acid, in order to verify the form of crystallization of ZrTiO4 under these
conditions. The results were compared to the previous work (Santos et al, 2010).

2. Materials and methods

The hydrolysis reaction to obtain zirconium titanate (ZT), ZrTiO4, was performed with the
alkoxides zirconium n-propoxide (NPZ) (Dupont), and titanium isoproxide (TPT) Dupont,
deionized water in the presence of nitric acid (Merck). The solvent used was n-propanol
(Merck).

2.1 Preparation of the zirconium titanate powders

The preparation of zirconium titanate powder from hydrolysis for alkoxides precursors,
which was carried out separately, is illustrated in the block diagram reported in Figure 1.
The synthesis performed with the mixture of alkoxides is described in Santos et al.

8.21 mmol Ti[OCH(CHzs)2]4 + 5.5 mmol 1.37 mmol Zr(OCs;Hz)4 + 0.35 mmol deionized
deionized water in n-propanol ; pH= 3 (HNO:) water in n-propanol
Magnetic stirring constantly for 7 h, T = 20 °C Magnetic stirring constantly for 7 h, T = 20 °C
(sol I) (sol II)

sol I+ sol II
Magnetic stirring constantly for 2 days, T =20 °C

(The system became turbid when mixed)

L

The gel was dried in a chamber with an infrared lamp for 72 h

L

Thermal treatment at 500, 600 and 700°C for 8 h

Fig. 1. Process of preparation of zirconium titanate powder from hydrolysis for alkoxides
precursors.

2.2 Characterization methods
2.2.1 Thermal analyses

Thermogravimetric analyses (TGA) and thermodifferential analyses (DTA) of the powders
were performed with an Harrop thermal analyzer, model STA 736, at a heating rate of
10 K- min1in air, with a 10 L-min-! flow.
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2.2.2 X-Ray diffraction

In order to determine the mineralogical phases by X-Ray Diffraction (XRD), a Philips X-Ray
Diffractometer was used (model X'Pert MPD) equipped with a graphite monochromator
and rotational anode, operated at 40 kV and 40 mV. The data were collected via Cu-K,
radiation at a step of 0.01° and time per step of 2 s, in order to determine the phases present
in the samples.

2.2.3 Fourier transform infrared spectroscopy (FT-IR)

Fourier transform infrared spectroscopy (FT-IR) analysis of dried and annealed powders were
carried out in an Impact 400, Nicolet spectrometer in the wavenumber range 400-4000 cm! at
resolution of 4 cm! for studying the chemical groups. For this analysis, KBr pellets were
pressed to hold the samples to be analyzed.

2.2.4 Particle size distribution by LASER diffraction spectrometry

The particle size distribution of agglomerates and particles of sintered powder was
determined by a laser diffraction spectrometer Cilas, model 1180. The detection range of this
equipment is between 0.04 and 2500 um.

3. Results and discussion

Thermogravimetric and thermodifferential analyses are shown in Figures 2a for hydrolysis
of alkoxides together and 2b for alkoxide hydrolysis separately. The curves obtained are
very similar, initially, with a great loss of mass between approximately 40 °C and 200 °C,
which is due, probably, to dehydration, accompanied by an endothermal peak due to the
energy consumed to release volatiles. An exothermal mass can be seen in Figure 2a, at 703 °C.
It is ascribed to crystallization of the orthorhombic phase of zirconium titanate. According to
Khairulla and Phule (1992), the peaks by differential thermal analysis (DTA) at 350 and 550 °C
are related to the removal of organic compounds and an exothermal event without loss of
mass at approximately 710 °C is caused by the formation of the crystalline phase of ZrTiOs.
Macan et al2, describe that a first loss of mass seen in the TGA and DSC curve as
accompanied by an endothermal peak at 83 °C due to the evaporation of adsorbed water.
Loss of mass diminishes constantly as temperature increases as a function of the slow
degradation of residual organic matter, and the exothermal peak at 703°C is due to the
crystallization of amorphous ZrTiOy, confirmed in the preliminary research (Consentino et
al, 2003).

In Figure 2b two exothermal peaks were observed, 261°C and 460 °C, accompanied by loss
of mass, due to the burning of the remaining organic matter. Bhattacharya et al suggest that
this inflexion is due to the removal of structural anionic species. As the temperature
increases, decomposition reactions occur and a broad exothermic peak at 460 °C. The weight
loss continues and stabilizes at about 500 °C. At 703°C no exothermal peak that could be
attributed to the crystallization of zirconium titanate was observed. During the cooling
process endothermal events occurred, with hardly any loss of mass at 1260, 948 and 897 °C,
which may be related to crystalline phase transitions, as described by Park et al (1996) in the
solid-state reaction of oxide mixtures between ZrO, and TiO, at elevated temperatures.
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According to Navio et al, Figure 3 shows different structures for ZrTiO,. The structure I
could be postulated as the amorphous and it is expected to change to the structure II, III
and IV (crystalline structures) as the temperature increases.
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Fig. 3. Structures for ZrTiO4. The structure I could be postulated as the amorphous and it is
expected to change to the structure II, IIl and IV as the temperature increases (Navio et al,

1992b).
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Fig. 4. ZrO,-TiO; phase diagram (Troitzsch et al, 2005).
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The ZrO,-TiO; phase diagram, Figure 4, has been investigated by McHale and Roth (1986).
Above 1100 °C there exists a stable solid solution, Zr;+,Ti;.xO4, with approximate limits —0.17
<x <01 (x ~ = 0.17 corresponds to Zrs-TiOz). At lower temperatures ZrTiO4 is not
thermodynamically stable, but a solid solution centered around the composition ZrTi;Os is
stable. However, a wide range of compositions in the solid solution Zri+,Ti1«O4 can be
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obtained in metastable form either by wet chemical methods (35-75 mol % Ti) or by
quenching from high temperatures as the decomposition kinetics are very slow. The
structure of ZrTiO4 was first investigated in 1967. It was reported to be a close structural
relative of columbite, (Fe,Mn)Nb,Os, a compound that has an a-PbO, substructure
(Newnham, 1967).

The results of XRD of powders treated thermally at 500, 600 and 700 °C for 8 h are shown in
Figure 5a (joint hydrolysis) (Santos et al, 2010) and 5b (separate hydrolysis). Figure 5a shows
that below 700°C, the samples are amorphous. No presence of crystalline phases related to
titania could be seen, probably because it presents in an amorphous form. The peak of
orthorhombic ZrTiO4 (26=30.595°) was observed in the diffractogram of the sample at 700 °C
(Lopez-Lopez et al, 2010; Santos et al, 2010). Lépez et al. prepared ZrTiOs films, deposited
between 450 and 550 °C. At 450 °C, a weak intensity peak at 20 = 30.48° indicates the
presence of crystalline zirconium titanate, peaks at 26 = 32-35° also suggest the presence of
phases for Ti;Os;, TiO, and ZrO,. Raising the temperature to 550 °C the intensity of
reflections (1 1 1) characteristic of ZrTiO4 and the reflections (02 0), (20 0) and (22 2) at 20 =
32.6° 35.7° and 63.3 can be identified. Under these conditions only the contributions of
ZrTiO4 can be observed, indicating the formation of a single crystalline phase of ZrTiO4, The
crystallographic structure for the films deposited, containing tin presents an intense peak at
450°C at 20 = 33.06° associated with reflection (1 0 4) of Ti,Os. Peaks at 20 = 32-35° suggest
the presence of phases for SnO,, TiO; and ZrO,, while a weak intensity peak indicates the
crystallization of ZrogSng,TiOs (0 0 2) (Lopez-Lopez et al, 2008). Figure 5b shows that
baddeleyite, JCPDS data for baddeleyite (13-0307), is formed at 26 = 28.22°, at 600 °C and 700 °C
from powder treated thermally at 500 °C. Besides the crystalline phase related to zirconium,
the peak of titania, JCPDS data for anatase (04-0477), was observed in the anatase crystalline
form and the peak of orthorhombic zirconium titanate, JCPDS data for zirconium titanate
(34-415), at angles 25.2° and 30.6°, respectively.

Rodrigues et al (2010) reported the synthesis and characterization of nanostructures of
sodium titanate/zirconium oxide obtained from the hydrothermal treatment of mixed oxide.
Based on these results, we showed that the morphology and crystal structure of the
productsobtained via hydrothermal treatment depend of the x value of the precursor Ti.
L1, Or-nH>O (Ti/Zr molar ratio). For example, for sample with x equal to 0, only the
presence of sodium titanate nanotubes were observed, while for small x values (less than
0.50) the nanoparticles showed morphology of nanoribbons and the presence of the sodium
titanate phase and tetragonal ZrO,. For large values of x (greater than 0.50, high amount of
zirconium) no morphological changes occurred and the tetragonal ZrO, phase was observed
for samples. Furthermore, only for the product obtained from x equal to 0.15, we observed
the presence of three-dimensional flower-like arrangements. Thus, the influence that the
Ti/ Zr molar ratio of the precursor plays on the phase and morphology of the hydrothermal
products obtained is significant. Second Rodrigues, the preferential coordination of Zr4* ion
is between 7 and 8, while for Ti** it is always 6. The ionic radius of Zr** in ZrO, is 0.84 ,
assuming the coordination number equal to 8, and for the Ti** in TiO,it is 0.61 A , assuming
the coordination number equal to 6. This significant difference in the ionic radius results in
the differences in behavior of incorporation of the Ti** into the lattice of the ZrO,and of the
Zr*+ into the titanate lattice. When Zr#* was introduced into the titanate structure this ion
tends to interrupt the crystal arrangement of the titanate. On the other hand, the Ti4* ion can
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be easily introduced into the ZrO, structure, because of its smaller radius and lower
coordination number. However, because of its greater radius and coordination number Zr4*
ions could not be easily introduced into the titanate structure.

Figure 6 and 7 shows spectra obtained by means Fourier transform infrared spectroscopy
(FT-IR) analysis of the dried and annealed ZT powders at different temperatures ranging
from 100 °C to 800 °C with and without addition of nitric acid, respectively. The bands at
3380 cm? and 1565 cm correspond to the vibration of stretching and deformation of the
O-H bond due to the absorption of water and coordination water, respectively. As the
annealing temperature increased, the formation of these bands gradually decreased,
eventually disappearing. The absorption band at 466 cm-! can not be observed, this band is
related to the vibration of the Zr-O bond (Hao et al, 2004). According to Devi et al the bands
between 3.500 and 3.300 cm?! was assigned to fundamental stretching vibration of hydroxyl
groups. Another peak related to hydroxyl group was found at 1.650 cm?. The set of
overlapping peaks in the range of 810-520 cm are related to Zr-O and Zr-O-Ti groups,
respectively. From the above results it is indicated the presence of zirconium titanate on 316L
SS (AISI stainless steel) substrate was confirmed. Similar results were also observed by Zhu et
al (2009). The peaks between 500 and 710 cm! are related to Ti-O and Zr-O-Ti vibrations.

From the evaluation of the infrared spectra can be observed that the presence of nitric acid
influences the absorption bands of OH, Zr-O and Zr-O-Ti. Hoebbel et al (1997) suggest that
a low hydrolytic stability of metal oxide without functionality result in an additional, mostly
indefinite number of H* groups, of the HNO; at the metal centres which causes a higher
degree of hydrolysis reactions compared to stable complexes with a defined organic
functionality.
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Fig. 6. FT-IR of the dried and annealed ZT powders at different temperatures ranging from
100, 500, 600 and 700 °C, with addition of nitric acid.
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Fig. 7. FT-IR of the dried and annealed ZT powders at different temperatures ranging from
100, 500, 600 and 700 °C, without addition HNOs.

With the thermal treatment at the temperatures evaluated in this study, the particle size
increased. The mean size of the particle (D50) was 23 pm, determined by LASER diffraction
spectrometry for powders after thermal treatment at 600°C. Generally in the sol-gel process,
the particles are polydispersed and sometimes they can be multimodal, and/or
nonspherical. In the sol-gel particles generally exhibit nanometer size, but in this work,
the particle sizes presented in the order of micrometer size due to aggregation between the
particles. Research on oxide-based materials have shown that dissolution reactions of
titanium are initiated by the surface coordination of the material with H* and ligands that
polarize, weaken and tend to break the metal-oxygen bonds of the surface (Blackwood et al,
2002). Therefore, durability of titanium oxide in acidic solutions can be envisaged as
occurring by a parallel dissolution mechanism involving H* and ligands existing in solution.
Unlike preferred complexing anions such as SO42" or CI, NOs  is a much weaker
complexing agent, with very dilute HNO3; known to be non-oxidising (Housecroft, 2005).
The pronounced durability of zirconium oxide in nitric acid is well known for nanoparticles
and films and can be extended here to zirconium titanate mesoporous materials from the
results obtained (Gao et al, 1996; Andreeva et al, 1961). Moreover, Hoebbel et al suggest that
a low hydrolytic stability of metal oxide complexes without functionality result in an
additional, mostly indefinite number of H* groups at the metal centres which causes a
higher degree of hydrolysis reactions compared to stable complexes with a defined organic
functionality (Hoebbel et al, 1997).

It was possible to prepare ZrTiOs powders from zirconium n-propoxide and titanium
isopropoxide, at a Zr:Ti molar ratio of 1:1, in propanol, with and without addition of nitric
acid using the sol-gel process at ambient temperature (20 °C) and low thermal treatment.
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Synthesis together with  the alkoxides was obtained crystalline orthorhombic phase,
confirmed by XRD and an exothermal peak without loss of mass by DTA analysis. When
the synthesis was performed with separate alkoxides was not possible to obtain only
zirconium titanate, probably due to the factformed crystalline forms anatase,
and baddeleyite observed by XRD, which competes with the formation of ZrTiO4, which can
be detected only at 700 °C. The ZrTiOs powders treated thermally at 700°C present. The
thermal analysis showed also a great loss of mass, between 40 and 200 °C approximately,
probably due to dehydration. The peaks in DTA at 350 and 550 °C are related to the removal
of organic compounds. The water loss was confirmed in the spectrum FTIR. It was observed
that the formation of the bands related to the presence of hydroxyl group showed a decrease
with the increase of annealing temperatures, and at 700 °C they disappeared, indicating that
the material structure no longer contains zirconium hydroxide. The sol-gel process was
efficientin the preparation of ZrTiOs using the two routes compared, butshould be
studied the addition of other acids, as nitric acid caused the aggregation of the powers.
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1. Introduction

A very great number of metal oxide thin films are produced by sol-gel methods. Metallic
compounds dissolved in organic solvents are hydrolyzed and polymerized by adding H,O
with an acid or a base and heating to obtain metal oxide sols. Metal oxide thin films are
prepared by coating the sols on substrates followed by firing (Kozuka, 2005).

The sol-gel method produces amorphous or crystalline thin gel films of metallic solid
compounds by solidifying a sol formed by hydrolyzing and polymerizing a solution
containing metallic compounds. Sol-gel processes are widely employed in the field of
chemistry to prepare ceramic powders and thin films of hafnium oxide (HfO) (Nishide et
al., 2000) and zirconium oxide (ZrO,) ( Liu et al., 2002) for obtaining high-quality ceramics
and insulators, offering the advantages of low cost, relative simplicity, and easy control of
the composition of the layers formed. This chapter describes the characterization of sol-gel-
derived and crystallized HfO, and ZrO; thin films intended for use as gate insulators with
high dielectric constants in electronic devices.

In the electronic device field, the continuing miniaturization of silicon (Si) ultra-large-scale-
integration (ULSI) devices has required an ultrathin gate Si dioxide (5iO2) and oxynitride film;
upon scaling down to 32-22 nm technology nodes and beyond, thinner SiO, gate oxide films
have been required. At these thicknesses, gate leakage currents due to direct tunneling become
comparable to the off-currents of metal-oxide-semiconductor (MOS) field-effect transistors
(FETs), increasing the off-state power consumption of the devices. In further scaled-down
advanced Si complementary MOS (CMOS) devices, scaling trends have required the
substitution of gate SiO. by insulators with higher dielectric constants (high-k) ( Huff &
Gilmer, 2004). The aim of using high-k materials is to increase the film thickness, thus reducing
the tunneling leakage current, while scaling the capacitance of the equivalent oxide thickness
(EOT) below the direct tunneling limit of SiO, ( Huff & Gilmer, 2004). Several high-k material
candidates, such as HfO, (Blanchin et al., 2008), ZrO, (Niinisto et al., 2004), AL,Os, ZrO»-Y>,03
(YANG, 1996), Y,Os (Nishide & Shibata, 2001), La;O3 (Ng et al., 2005), and gate stack structures
have been proposed and some materials have been put into practical use. All of them are
either oxides or silicates of 4d or 5d transition metals or rare earth elements.
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HfO; and ZrO; thin films are the most promising candidates as alternative high permittivity
(high-k) oxides for replacing the SiO; gate dielectric material used in CMOS devices (Gusev,
2005, Wilk et al., 2001). Because of the higher permittivity, the dielectric gate insulator
thickness can be increased for a given capacitance, resulting in reduced tunneling leakage
current. HfO, has promising properties such as high permittivity (25~40) (Oniki et al. 2009,
Wilk et al., 2000, 2001), a conduction band offset as high as 1.5 eV (Lucovsky, 2002), and a
wide band gap (~5.68 eV) (Robertson & Chen, 1999, Robertson, 2000).

In device fabrication processes, HfO, and ZrO, thin film layers are deposited by chemical
vapor deposition (CVD) or physical vapor deposition (PVD) or sputtered onto Si substrates
(Gao et al., 2000, Wang et al., 2005) using argon (Ar) and O, mixed gases. A sol-gel process
offers various advantages for fabricating ZrO,, HfO,, ZrO,-Y>03 (YANG, 1996) and HfO» -
Y-03 (Nishide et al., 2000) thin films. The properties of a sol-gel-derived thin film depend on
the composition of the sol solution, and residual H,O may affect the performance of the film.
Investigations of the basic structural and optical properties of sol-gel-derived HfO, films
have shown that HfO, films formed on quartz substrates begin to crystallize at a firing
temperature of 550 °C as determined from X-ray diffraction (XRD) patterns (Nishide et al.,
2000). From the interplanar spacing they derived from the XRD patterns and a comparison
of their data with data from a Joint Committee on Powder Diffraction Standards (JCPDS)
card, they determined the crystalline phase of the sol-gel-derived HfO, film to be
monoclinic. Recently, on the basis of high-resolution transmission electron microscopy
(HRTEM) measurements in combination with results of electron beam nanodiffraction
analyses, sol-gel-derived HfO, thin films on Si(001) wafers were found to crystallize in a
monoclinic face-centered cubic (fcc) structure (Shimizu et al., 2004). Sol-gel-derived ZrO,
thin films fired in air at 350 and 450 °C on Si(001) wafers are reported to be amorphous and
around 9-10 nm in thickness. Crystallization occurs first at 550 °C as amorphous/ tetragonal
(011), and finally at 700°C, the ZrO» film crystallizes into tetragonal (011)/monoclinic (111)
and (111) structures (Shimizu et al., 2009). Electrical characteristics have been evaluated
using capacitors with an Al/ZrO, and/or HfO,/Si sandwich structure. The leakage current
and dielectric constant of the films have been examined using current-voltage (I-V) and
capacitance-voltage (C-V) methods. On the basis of C-V characteristics, the dielectric
constant (relative permittivity: ez.o» and enso2) of sol-gel derived ZrO; and HfO; thin films
fired in air were shown to be far higher than that of silicon dioxide (SiOa: 3.9) (Shimizu et al.,
2009, 2010). This chapter summarizes the characterizations of sol-gel-derived HfO,, ZrO;
and ZrO,-Y;0; thin films on Si(001) wafers with the aim of showing their suitability as
alternative gate insulator materials in advanced CMOS devices.

2. Formation of sol-gel-derived HfO, on Si(001) wafers fired in air

A Hitachi HF-3000 transmission electron microscope (HRTEM) equipped with a cold type
field-emission-gun (C-FEG) was used to obtain cross-sectional views of HfO, films on
Si(001) wafers fired at 450 °C (amorphous state) and 700 °C (crystallized) [Figure 1 (a) and
1(b)]. The film fired at 700 °C did not show Moire patterns, indicating that the film consisted
of single-crystal grains. Some subgrain boundaries or defects such as dislocations and twins
were present, so overall the HfO; film fired at 700 °C was poly-crystalline.

Sol-gel-derived HfO, films on Si(001) wafers were evaluated by X-ray photoelectron
spectroscopy (XPS). The XPS spectra of the Hf 4f [Figure 2(a)] and O 1s emissions [Figure 2(b)]
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I
Fig. 1. Cross-sectional views of HfO» films obtained by using a high-resolution TEM:
(a) a HfO, film fired at 450 °C and (b) a HfO, film fired at 700 °C (Shimizu et al., 2004).
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Fig. 2. XPS spectra of sol-gel-derived HfO, films. Solid lines are observed spectra and those
fitted by the nonlinear least-squares algorithm. Dashed lines for O 1s spectra have two
Gaussian peaks corresponding to Hf-OH (531.8 eV) and Hf-O (530.1 eV)

(Shimizu et al., 2007).
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from the sol-gel-derived HfO, film fired at 450 °C indicated that the HfO, film was
amorphous. The Hf 4f 7,» line was determined to be at 16.2+0.1 eV, which is in good
agreement with that of the bulk HfO, (Chiou et al., 2007, Moulder et al., 1995).

Crystallized HfO; films fired at temperatures of 550 and 700 °C showed similar XPS spectra
regardless of whether they were amorphous or crystalline. The crystallization of sol-gel-
derived HfO» films will be discussed later. The O 1s spectrum at 450 °C [Figure 2(b)] was
separated into two Gaussian-Lorentzian features corresponding to two chemical states by
using the nonlinear least-squares method. One large peak at 530.1 eV (designated as the
low-binding-energy component: LBC) was from Hf-O bonds and the other low peak at 531.8
eV (designated as the high-binding-energy component: HBC) was from Hf-OH bonds near
the bulk at the surface area. However, since the binding energy of H,O was slightly larger
(533.2 eV) than that of OH, the peak due to physisorbed H,O may have been included in
HBC in the present XPS measurements.

3. Formation of sol-gel-derived ZrO, on Si(001) wafers fired in air

The XPS spectra of the Zr 3d and O 1s emissions from sol-gel-derived ZrO; thin films fired
at 350 °C are shown in [Figure 3(a)] and [Figure 3(b)], respectively. ZrO; thin films fired at
450, 550, and 700 °C were also evaluated and similar results were obtained. The Zr 3d 5,2 line
was at 182.1+0.1 eV, which is in good agreement with that of the bulk ZrO, (182~182.5 eV)
(Moulder et al., 1995). The O 1s spectrum at 350 °C was separated into two Gaussian-
Lorentzian features corresponding to two chemical states by the nonlinear least-squares
method [Figure 3(b)].
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Fig. 3. XPS spectra of sol-gel-derived ZrO; thin films: (a) XPS Zr 3d spectrum and

(b) XPS O 1s spectrum. Solid lines are the observed XPS spectra and dashed lines are for

Zr 3d and O 1s spectra, which have two Gaussian peaks fitted by the nonlinear least-squares
algorithm (Shimizu et al., 2009).
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One large peak at 530.2 eV (designated as the low-binding-energy component: LBC) was
from Zr-O bonds and the other low peak at 532.0 eV (designated as the high-binding-energy
component: HBC) was from Zr-OH bonds near the bulk at the surface area. However, since
the binding energy of H>O was slightly higher (533.2 eV) than that of OH, the peak due to
physisorbed HO may [have been included in HBC?] in the present XPS measurements.

4. Crystallinity of sol-gel-derived HfO, thin films on Si(001) wafers

The XRD patterns for HfO, films on Si(001) wafers fired at 450, 550 and 700 °C were found to
be in good agreement with previously reported results (Nishide et al., 2000) by using a
spectrometer (Rigaku RAD-2 XRD) with CuKaradiation (Figure 4). Specifically, the film was
still amorphous at 450 °C, and at 550 °C, new peaks appeared at 20 = 28.4 and 31.8°, as well
as small peaks in the region from 18 to 41° these have been assigned to monoclinic
crystalline HfO, components (Nishide et al., 2000). At 700 °C, the HfO, film was completely
crystallized.
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Fig. 4. XRD patterns obtained for HfO: films on Si(001) wafers fired at 450, 550 and 700 °C.
Open circles indicate monoclinic HfO, (Shimizu et al., 2004).

In the electron beam (EB) nanodiffraction pattern for a cross section of the HfO, film fired at
550 °C, the Debye ring indicates the beginning of crystallization [Figure 5(a) and 5(b)].
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(a) (b)

Le=542 mm, A=0.001969 nm at 300 KV, spot size=1.0 nm
(Debye ring: r1=3.7 mm d1=0.288 nm)

Fig. 5. Electron beam nanodiffraction pattern for the (110) plane of the HfO- film fired at
550 oC. r is the distance between diffracted spots in (111) in the HfO; film and d is the
corresponding interplanar spacing (Shimizu et al., 2004).

The crystalline structure of the sample fired at 700 °C was determined by analyzing the EB
nanodiffraction patterns as follows. First, the camera length (Le) of the HRTEM was
determined on the basis of the EB nanodiffraction pattern for a cross section of the Si (110)
substrate [Figure 6(a)] and the assignment of the diffraction spots [Figure 6(b)]. Using the
data for Si from the International Centre for Diffraction Data, the camera length of the
HRTEM was determined to be 542 mm (Shimizu et al., 2004).

Based on the EB nanodiffraction pattern for the sample fired at 700 °C [Figure 7(a)], the
distances (r) between spots in the electron diffraction pattern appearing on the
microscopic film were r; = 3.7 mm, r, = 3.4 mm and r3 = 6.9 mm for the (111), (111) and
(220) planes, respectively [Figure 7(b)]. The corresponding interplanar spacings were
determined to be d; = 0.288 nm, d> = 0.314 nm and d3 = 0.181 nm using the camera length.
A detailed analysis of the alignment of the nanodiffraction spots, with the (000) spot at the
center surrounded by 4 (111) spots and 2 (220) spots, together with the interplanar
spacings, revealed that the HfO; film sintered at 700 °C had a monoclinic fcc (face centered
cubic) structure. One of the measured interplanar spacings of the crystalline HfO, was
0.314 nm, which is in good agreement with the spacing of the Si (111) planes. This implies
the possibility of the epitaxial growth of HfO, films on the Si (111) surface (Shimizu et al.,
2004).
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Fig. 6. Electron beam nanodiffraction patterns: (a) diffracted pattern on (110) plane of Si

crystal and (b) schematic diffraction spots. r is the distance between diffracted spots in (111),

(220) and (004) in the diamond structure and d is the corresponding interplanar spacing
(Shimizu et al., 2004).
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Fig. 7. Electron beam nanodiffraction patterns: (a) diffracted pattern from a cross section of
the HfO; film sintered at 700 °C and (b) schematic of the diffraction spots. r is the distance
between diffracted spots in (111) and (220) in the HfO; film and d is the corresponding
interplanar spacing (Shimizu et al., 2004).
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5. Desorption of H,O from sol-gel-derived HfO, and ZrO, thin films on Si(001)
wafers during firing

During the firing of hafnia gel films, H>O is not vaporized completely. Even after HfO, films
are crystallized on the Si(001) surface, Hf-OH bonds and/or H>O may be trapped between
nanopores in HfO, films. Thus, the thermal properties, especially the desorption of H>O
from HfO, films, must be clarified after firing hafnia gel films. The electrical properties of

sol-gel-derived HfO; films should also be characterized, in view of their possible application
as gate insulators in next-generation CMOS devices.

Temperature-programmed desorption (ITPD) is an excellent technique, not only for

analyzing adsorbed gases on the surfaces of bulk sol-gel-derived HfO, films, but also for
analyzing the species that evolve from the films.

5.1 Basic principles of TPD

TPD, also called thermal desorption spectroscopy, is essentially a method of analyzing
desorped gases from samples heated under vacuum conditions using quadruple mass
spectroscopy (QMS). The sample is heated by infrared light at a linear rate and evolved
gases are introduced into a quadruple mass spectroscope that indicates the intensity of the
signal according to the mass (m) and electric charge (z). TPD is now widely used to
investigate the surfaces of ceramics and also semiconductors. In typical TPD spectra, the
vertical axis shows the variation of the ion intensity of QMS (in amperes) for a specific m/z
and the horizontal axis is the desorption temperature (Figure 8) (Nishide et al., 2004).

1st order

Intensity (arb. unit)

Temperature (°C )
Fig. 8. Typical TPD curves plotted as a function of temperature (Shimizu et al., 2007).
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TPD curves can be obtained for various m/z’s with increasing temperature, thereby
enabling quantitative identification of species desorped from materials and films.
Simultaneously, the desorped species can be physically and chemically analyzed. In
addition, reaction rate analyses of desorped gases can be performed. Figure 8 shows
examples of (a) a nonsymmetrical TPD curve indicated by the solid line (the first-order
reaction) and (b) a symmetrical TPD curve indicated by the dashed line (the second-order
reaction) as a function of temperature. The arrow on the nonsymmetrical TPD curve
corresponds to the evolution of physisorbed and chemisorbed H>O, which is specified to be
a liquid such as water and water molecules hydrogen-bonded to Si-OH bonds at nanopore
sites in the films (Hirashita et al., 1993).

For chemical-vapor-deposited SiO; films, three distinct H>O desorption states have been
defined (Hirashita et al., 1993). They are physisorbed H>O evolved at temperatures between
100 and 200 °C and chemisorbed H,O evolved at temperatures between 150 and 300 °C in a
TPD measurement. The higher desorption peak between 350 and 650 °C is ascribed to Si-OH
bonds formed during film growth. Thus, TPD is a useful technique for evaluating surfaces
and thin films of ceramics and semiconductors.

5.2 TPD spectral analyses of sol-gel-derived HfO; thin films

The desorption of HO (m/z = 18) that evolved from sol-gel-derived HfO, films on Si was
analyzed by TPD (Figure 9). The HfO, films were fired at 450, 550, and 700 °C for 30 min.
The vertical axis indicates the current value of QMS. The small peaks below 200 oC are due
to the physisorbed H>O (mere adsorption of H>O) on the surface of the HfO, films and/or
chemisorbed Hf-OH in the bulk at the surface area. Based on experiments, the small peaks
are attributed to the adsorption of

H,O immediately after the samples were taken out of the furnace and the amount of
desorbed water (i.e., adsorbed water) saturated. The desorption states of physisorbed H,O
and/or chemisorbed Hf-OH bonds originate from liquid-like water, water molecules, and
Hf-OH bonds at nanopore sites in the HfO; films.

Regarding the major peaks in the TPD spectra, two types of desorption curves are observed
at temperatures higher than 200 °C. One has the form of a symmetrically shaped peak
(Lorentzian distribution shoulder as shown by the dashed line) at around 320 °C (fired at
450 °C), which is reaction-controlled (Soraru, 2002) (the second-order reaction) (Nishide et
al. 2004). The other consists of nonsymmetrical peaks at approximately 420 °C (fired at 550
°C) and 480 °C (fired at 700 °C) which are diffusion-controlled (the first order reaction)
(Nishide et al., 2004). When the curve is symmetrical in shape, the peak at around 320 °C
(fired at 450 °C) is not caused by physisorbed H>O from the nanopores at the surface area,
but can be ascribed to the associated desorption of chemisorbed water (Hf-OH) from the gel
film, resulting in the formation of H>O during firing, which is specified to be the second-
order reaction (Nishide et al., 2004).

For the samples fired at 450 °C, Hf-OH bonds in the HfO, film bulk convert to HfO, and/or
H,O during heating and the resulting H>O contributes to the major desorption peak in the
TPD curve [Figure 10(a) and 10(b)], as a result of the following reaction

=Hf-OH HO-Hf= — =Hf-O-Hf = +H,0. 1)
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Fig. 9. TPD curves of H>O (m/z = 18) that evolved from sol-gel-derived HfO; films on Si
when fired at 450, 550, and 700 °C for 30 min (Shimizu et al., 2007).
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Fig. 10. A schematic speculation of H>O desorption from HfO: films during TPD
measurements for both amorphous and crystalline states. (a) Hf-OH bonds in the sol-gel
derived HfO: films and (b) the formation of desorbed H;O as a result of the following
reaction: = Hf-OH HO-Hf= — = Hf-O-Hf= + HO (Shimizu et al., 2007).
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In contrast, most of the HfO, films fired at 700 °C crystallized, where Hf-OH bonds in the
films are conjectured to be tightly locked between crystallized grains and incorporated H,O
needs greater energy to percolate by the diffusion control mechanism through small gaps
between grains. Therefore, in the TPD curve, the H,O desorption peak shifts to higher
temperatures and decreases steadily as the firing temperature increases.

5.3 Adsorption mechanism of physisorbed H;O clarified by TPD using sol-gel-derived
Zr0O; thin films

To clarify whether the small peaks (small protrusions) between 100 and 200 °C in the TPD
curves were due to physisorbed HO (mere adsorption of H,O) on the surface of the ZrO;
thin films and/or chemisorbed Zr-OH in the bulk at the surface area (Figure 11), the
following three experiments were carried out (Shimizu et al., 2009). First (process (1), a
sample immediately after firing at 350 °C for 30 min was measured by TPD until 350 °C and
then (process (2)) successively measured by TPD again from room temperature to 350 °C;
finally (process (3)), the sample was exposed to air for 59 h and then measured by TPD from
room temperature to 700 °C. The TPD curve of H,O in process (1) was in good agreement
with the typical curve of a ZrO; thin film fired at 350 °C for 30 min. No peaks were observed
in process (2), indicating that the small protrusions and major peak vanished during heating
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Fig. 11. TPD curves for processes (1), (2), and (3). In process (1), a sample immediately after
firing at 350 °C for 30 min was measured by TPD until 350 °C, followed by process (2) in which
the sample was successively measured by TPD again from room temperature to 350 °C;

finally, process (3) in which the sample was exposed to air for 59 h and then measured by
TPD from room temperature to 700 °C (Shimizu et al., 2009).
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until 350 °C in the first TPD measurement. In contrast, in process (3), the small protrusions
between 100 and 200 °C appeared again. This result provides evidence that the small peaks
(small protrusions) were caused by adsorption of H,O immediately after the samples were
taken out of the furnace and that the amount of desorbed water (i.e., adsorbed water)
saturated during the exposure time. Thus, the small protrusions in the TPD curves can be
attributed to physisorbed H>O and/or chemisorbed Zr-OH bonds at the surface area.

6. Characterization of sol-gel-derived HfO, thin films on Si(001) wafers
dependent on sol solution: “HCOOH sol” and “HNO; sol” HfO, thin films

6.1 Crystallization temperature dependent on sol solution of HfO; thin films on Si(001)
wafers

In sol-gel-derived HfO; thin films on Si(001) wafers, the crystallization temperature depends
on the composition of the sol solution. Upon preparing the sol solution, (a) a formic acid
(HCOOH) or (b) a nitric acid (HNO3) is used as the catalyst for Hf(OH)4 to form a soluble sol
in H>O, resulting in a hafnia sol solution.

O:monoclinic(-111) ‘@ :monoclinic(111)
i O :monoclinic(-111)]
5 1
2 2 i 470 °d
g g
£ k= M
= 460 °
20 25 30 35 40 45 50 20 25 30 35 40 45 50
20 (deg) 20 (deg)
() (b)

Fig. 12. (a) XRD patterns of “HCOOH sol” HfO; films on Si fired at 560 and 570 °C and (b)
XRD patterns of “HNOs sol” HfO, films on Si fired at 460 and 470 oC (Shimizu et al., 2010).

In the X-ray pattern for “HCOOH sol” HfO; films fired at temperatures below 560 °C, only
halo patterns representing the amorphous state were observed. At 560 °C [Fig. 12(a)], a
small diffraction peak was observed at 260 = 28° in the halo pattern. At 570 °C, the diffraction
peak at 20 = 28° became clearer and higher, indicating that partial crystallization from the
amorphous state commenced at 560 °C. The observed diffraction peak was identified to
correspond to monoclinic (111) (JCPDS card) and full crystallization was attained at 700 °C.

In contrast, “HNO3 sol” HfO: films fired at 460 °C showed no diffraction peaks (only halo
patterns were observed). At 470 °C, two diffraction peaks were identified, corresponding to
the monoclinic structures (111) and (111) according to the JCPDS card [Fig. 12(b)]. By using
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a HNOj3 solution as the catalyst, the crystallization temperature was reduced to less than
470 °C compared with 560 °C for the “THCOOH sol” HfO, films. The lattice interplanar
distances calculated using the Bragg equation were 0.319 and 0.286 nm, in contrast to the
reported values of 0.314 and 0.288 nm, respectively (Shimizu et al., 2004). These results
probably differed from the crystallization temperature for the monoclinic structure (111)
(Nishide et al., 2000) because different sol solutions were employed in each case. The
“HCOOH sol” HfO; films remained in the amorphous state up to a higher temperature
(560 °C) than the “HNOj3 sol” films (crystallized at 470 °C). Based on TPD measurements,
HCOOH and HNO; desorb at temperatures below 350 oC, indicating that an intrinsic
amorphous HfO; film without using a catalyst for either film stably exists above 350 °C
(Shimizu et al., 2010).

6.2 Thicknesses and refractive indexes dependent on sol solution of HfO; thin films

The thickness of the sol-gel-derived HfO; films decreased with increasing firing temperature
(Figure 13). It is seen that the smallest thickness was 6 nm for the “HCOOH sol” HfO; film
fired at 700 °C, which is about 1 nm thinner than the thinnest “HNOs3 sol” HfO, film. The
difference is due to the properties of the catalyst used and this result shows that the
“HCOOH sol” HfO; film may be suitable for use as the gate insulator of highly integrated
CMOS devices. However, its electrical performance should be superior to that of
conventional HfO; films.
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Fig. 13. Thicknesses and refractive indexes of sol-gel-derived HfO, films based on both
(@) “HCOOH sol” and (b) “HNOzsol” fired at 350, 450, 550, and 700 °C for 30 min in air
(Shimizu et al., 2010).

The refractive indexes began to increase at approximately 550 °C for the “HCOOH sol” film
and at 450 oC for the “HNO; sol” film. These temperatures are in good agreement with those
at which crystallization occurs, as obtained by XRD analysis [Figures 12(a) and 12(b)]. The
maximum refractive indexes obtained were 1.70 for the “HCOOH sol” film and 1.95 for the
“HNOs sol” film, although the reported value for the HfO; crystal (monoclinic) is 2.19. The



328 Advances in Crystallization Processes

packing densities of the HfO, films were calculated using the Lorentz-Lorentz equation
(Nishide et al., 2001),

nf2—1 nm2+2
B A
n+2 n,°—-1

, (2)

where p is the packing density, n is the refractive index of the film, and ny, is the refractive
index of the crystal. The calculated packing densities indicated that nanopores remained in
the amorphous state. However, upon the crystallization of the film, the packing densities
became greater than those in the amorphous state in both the “HCOOH sol” and “HNO3
sol” HfO, films.

6.3 Surface morphologies of HfO; layers for both “HCOOH sol” and “HNO; sol” HfO,
films

Images of surface microstructures were obtained with an atomic force microscope (AFM) for
both “HCOOH sol” and “HNO; sol” HfO» films fired at 350, 450, 550, and 700 °C (Figures 14
and 15). The progress of the microstructure development depended on the firing
temperature. The surface of the “HCOOH sol” HfO, thin films fired at 350, 450, and 550 C
showed homogeneous glass-like structures. The root mean square (RMS) surface roughness
was determined to be 0.13, 0.14, and 0.15 nm at firing temperatures of 350, 450 and 550 °C,
whereas it was 0.34 nm at 700 °C, which indicated the presence of grain boundaries caused
by crystallization. These values are in good agreement with the XRD and refractive index
results. For the “HNO; sol” HfO, films, the RMS values were 0.14 and 0.15 nm at firing
temperatures of 350 and 450 °C, respectively. At firing temperatures of 550 and 700 °C, the
RMS values were 0.17 and 0.34 nm, resulting in grain boundaries due to crystallization. In
this case, the surface roughness was also due to crystallization.

6.4 TPD spectral analyses of sol-gel-derived HfO; thin films based on “HCOOH sol”
and “HNO; sol”

The desorption of HyO (m/z = 18) was analyzed by TPD for both “HCOOH sol” and “HNO;
sol” HfO, films on Si(001) wafers fired at 350, 450, 550, and 700 °C for 30 min [Figures 16(a)
and 16(b)]. The vertical axis indicates the QMS current and the horizontal axis shows the
heating temperature of the samples in the TPD chamber. The film thicknesses ranged
approximately between 6 to 10 nm. The overall intensities of the desorption of HyO in the
TPD curves are related to both the “THCOOH sol” and “HNO3 sol” HfO; films. The intensity
of both TPD curves decreased with increasing firing temperature. The “HCOOH sol” HfO,
films fired at 350, 450, and 550 °C, which were amorphous, showed small peaks at
approximately 500 °C in the TPD curves. These peaks are presumably associated with
crystallization during heating in the TPD chamber, because no corresponding peak was
observed in the film fired at 700 °C (crystallization temperature: 560 °C).

TPD curves for the HfO; thin films fired at 350 °C using the “HCOOH sol” and “HNOssol”
on Si are separated into five Gaussian waveforms shown by dashed lines [Figure 17(a) and
17(b)]. Component (a) is thought to be due to HO physically adsorbed (simple adsorption
of H,O) on the surface of the HfO,. Component (e) can be ascribed to the desorption of HO
through nanopores in the crystallized HfO, film. Component (b) is probably due to the
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Fig. 14. AFM images showing the surface microstructures of “HCOOH sol” HfO; thin films
fired at (a) 350, (b) 450, (c) 550 and (d) 700 oC (Shimizu et al., 2010).
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Fig. 15. AFM images showing the surface microstructures of “HNO3 sol” HfO, thin films
fired at (a) 350, (b) 450, (c) 550 and (d) 700 °C (Shimizu et al., 2010).
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Fig. 16. TPD curves of HyO (m/z = 18) released from sol-gel-derived HfO, thin films fired
at 350, 450, 550, and 700 °C for 30 min: (a) HfO; films using “HCOOH sol” and (b) HfO,
films using “HNO; sol” on Si. The vertical axis indicates the QMS current and the

horizontal axis shows the heating temperature of the samples in the TPD chamber
(Shimizu et al., 2010).
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Fig. 17. TPD curves for sol-gel-derived HfO, thin films fired at 350 °C using

(a) "THCOOH sol” and (b) “HNOs3so0l” on Si, separated into five Gaussian waveforms shown
by the dashed lines (Shimizu et al., 2010).

desorption of HO and/or chemically adsorbed Hf-OH bonds on the surface. On the other
hand, the desorption of O in the TPD curves has main peaks at ~260 °C and subpeaks at
~350°C, corresponding to the peak temperatures of components (c) and (d). For components
(c) and (d), the desorption of the chemically adsorbed Hf-OH bonds and/or a small amount
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of O can occur from the nanopores of the HfO; film via the reaction OH + OH—H,O + O. In
addition, the H>O desorption of chemically adsorbed Hf-OH may occur by the
abovementioned reaction (= Hf-OH +HO-Hf= — =Hf-O-Hf = +H0).

HCOOH and/or HNO; adsorbs or bonds on the surface of the sol. In the “HCOOH sol”,
HCOOH ions form a bridge structure coordinated with Hf ions (Nishide et al., 2004). In the
TPD measurements performed after the firing process, HCOOH and HNO; were found to
desorb at less than 350 oC. Thus, “HCOOH sol” and “HNOs sol” HfO, films in the
amorphous state without an acid exist stably on Si wafers above 350 °C. This result may
affect the I-V characteristics, as will be discussed later.

On the basis of the foregoing results, a speculative schematic diagram of physically
adsorbed HyO and the chemically adsorbed Hf-OH attached to a sol-gel-derived HfO; film
is shown in Fig. 18 The gaps in the figure correspond to nanopores.

Chemically adsorbed water

Physically adsorbed water

Fig. 18. Speculative schematic diagram of physically adsorbed H>O and chemically adsorbed
Hf-OH attached within the sol-gel-derived HfO; film (Shimizu et al., 2010).
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6.5 Electrical characterization of both “HCOOH sol” and “HNO; sol” HfO; thin films on
Si(001) wafers

To measure the electrical characteristics (i.e., I-V and C-V characteristics) of both “HCOOH
sol” and “HNOj sol” HfO, thin films on Si(001) wafers, a 0.4-mm-diameter aluminum (Al)
electrode was deposited on the surface of the films. Al/HfO,/SiO,/n-Si capacitors were
fabricated on the Si wafers using a shadow mask in a vacuum. Using these capacitors, the I-V
characteristics, i.e., the current vs electric field relationships, were investigated for the
“HCOOH sol” and “HNOs sol” HfO; thin films fired at 350, 450, 550, and 700 oC in air.
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Fig. 19. I-V characteristics of HfO, thin films fired at 350, 450, 550, and 700 °C in air using
both (a) “HCOOH sol” and (b) “HNOssol (Shimizu et al., 2010)”.

The absolute values of the reverse bias are plotted in Figure 19. For the “HCOOH sol” HfO,
thin films, a small bias dependence on firing temperature was detected for the forward bias
condition. In contrast, for the reverse bias condition, the smallest leakage current was
observed at a firing temperature of 550 °C (amorphous film) for which the leakage current
was ~107 A/cm? in an electric field of -2 MV /cm. These data indicate that the amorphous
film is more promising than the crystallized film as a gate insulator. The leakage current was
comparable to previously reported results (Suzuki & Kato, 2007, 2009), but was smaller than
that of a HfO, film deposited using atomic layer deposition (Chiou et al., 2007). At 700 C,
crystallization roughens the layer structure of the film as described in section 4.2 and
provides a short leakage path through grain boundaries (Chiou et al., 2007, Zhu et al., 2002).
The I-V characteristics for both forward and reverse biases in the Al/HfO,/SiO,/n-Si
structure are unsymmetrical against bias voltages. This is probably because the potential
barrier in the band diagram between the Al electrode and the HfO; film and that between
the HfO; film and the SiO; film may differ between forward and reverse bias conditions. For
the reverse bias condition, the energy slope of each band diagram of the Al/HfO,/SiO,/n-Si
structure goes upwards and the difference between the work function of Al and the electron
affinity of HfO, presumably creates a potential barrier against the flow of carriers.
Therefore, the flow of electrons or holes may be suppressed by the barrier, resulting in
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current lower than that in the forward bias condition in which a potential barrier may not
exist.

The unsymmetrical I-V characteristics are true in the “HNO; sol” case. The smallest leakage
current in the “HNOj3 sol” HfO; thin films was seen for the amorphous films fired at 450 °C,
which might be attributable to the smooth surface structure of the film. At 450°C, the H,O in
the HfO, thin film desorbed less compared with that in the amorphous film fired at 350 oC.
Therefore, there is some possibility for sol-gel-derived HfO, thin films to be used as
alternative high-k materials for gate insulators in CMOS devices; however, the amount of
HO should be reduced to a minimum (Ragnarsson et al., 2009).
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Fig. 20. C-V curves for Al/HfO,/SiO,/n-Si capacitors with HfO; films using
(a) "THCOOH sol” at a firing temperature of 550 °C and (b) “HNO3sol” at 450 °C
(Shimizu et al., 2010).

The C-V curves for Al/HfO,/SiO,/n-Si capacitors were examined in relation to the “HCOOH
sol” HfO; film fired at 550 °C and to the “HNOs sol” HfO; film fired at 450 °C, respectively. The
C-V curves are plotted in Figure 20 from - 2 to 2 V, representing the practical range for device
operation. The C-V curves show a well-defined transition from depletion and inversion to
accumulation as the applied voltage was varied from - 2 to 2 V, similar to the C-V curves for
normal Al/SiO,/Si capacitors (Nicollian & Brews, 1981). The C-V characteristics do not show
any dependence on firing temperature, but the capacitance decreases with increasing
frequency. On the basis of the well-defined capacitance in the plotting of a C-V curve at a
frequency of 100 kHz, the relative permittivity epsor of the “HCOOH sol” HfO, film was
calculated to be 11, with an effective oxide thickness (EOT) of 2.1 nm (HfO; film thickness: 7.4
nm). The SiO; film thickness was 2 nm, so the relative permittivity epso, was calibrated using
that of SiO». The relative permittivity was much higher than that of silicon dioxide (SiO, 3.9),
but is comparable to previously reported results (10~11) (Suzuki & Kato, 2009). The difference
in the relative permittivity epsoo between the sol-gel HfO» film and bulk HfO, may be due to
the presence of the SiO; film and nanopores in the HfO, film.

For the “HNOj3 sol” HfO; film, the relative permittivity was calculated to be 11 and the EOT
was 3.9 nm (HfO; film thickness: 10.9 nm). The “HCOOH sol” HfO; film is promising, but it
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requires a relatively higher permittivity and a smaller film thickness to achieve a reasonable
EOT for highly integrated CMOS devices. For EOT scaling, the necessity of suppressing the
liberation of HyO from the HfO; film at Si oxidation temperatures has been emphasized
(Ragnarsson et al., 2009).

The reported C-V curves in Fig. 20 show a small reduction with increasing frequency. The
relative permittivity decreases with increasing growth temperature of the high-k film (ZrO,)
and frequency (Kukli et al., 2001, 2002). In general, the relative permittivity is essentially
governed by the polarization of the material, and decreases with increasing frequency. In
the present sol-gel-derived HfO, films, Ho O, OH groups in the nanopores, and other
impurities probably caused electronic and ionic polarizations, thereby giving rise to the
possibility of the frequency dependence of the capacitance. One possible way of refining the
electrical performance of sol-gel-derived HfO, films is to use a firing environment of
oxygen, inert gas, or forming gas. Thus, the amount of H,O, defects, and impurities in sol-
gel-derived HfO; films must be reduced to make the films applicable as a semiconductor
gate insulator material.

7. Characterization of sol-gel-derived and crystalline ZrO, thin films on
Si(001) wafers

7.1 Crystallinity of sol-gel-derived ZrO; thin films on Si(001) wafers

XRD patterns were obtained for sol-gel-derived ZrO, films on Si(001) wafers fired at 450,
550, and 700 °C for 30 min (Figure 21). For the ZrOs film fired at 450 °C, a halo-like pattern
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Fig. 21. XRD patterns obtained for ZrO» films on Si fired at 450, 550, and 700 °C for 30 min.
The XRD pattern for the Si substrate is also shown for reference (Shimizu et al., 2009).
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was observed at approximately 20 = 30°, indicating that the film was still amorphous (Liu et
al. 2002, Shimizu et al., 2009). The diffraction peak of 33° is ascribed to the Si (001) wafer. At
550 °C, a new peak appeared at 20 = 30.3°, which was determined to be tetragonal (011)
(JCPDS card, Liu et al., 2002, Shimizu et al., 2010), and the lattice interplanar distance was
calculated to be 0.295 nm. In addition, at 700°C, three peaks at 20 = 28, 30.3, and 31.3° were
observed. The two peaks at 20 = 28 and 31.3° were determined to be monoclinic (111) and
monoclinic (111), respectively, because the calculated lattice interplanar distances were 0.319
and 0.286 nm, which correspond to the reported values of 0.316 and 0.284 nm. The ZrO, thin
films fired at 700 °C consisted of a mixed crystal of tetragonal and monoclinic structures.
Rapid temperature annealing (RTA) above 700 °C results in a mixture of monoclinic and
tetragonal phases (Liu et al., 2002).

7.2 Spectral analyses of sol-gel-derived ZrO; thin films by TPD

Figure 22 shows the TPD curves of H>O (m/z = 18) that evolved from the sol-gel-derived
71O, thin films on Si, which were fired at 350, 450, 550, and 700 °C for 30 min. The vertical
axis indicates the current value of QMS. The film thicknesses were determined to be 10.2, 9.9,
7.6, and 8.1 nm, respectively. The intensity of the TPD curves decreased as the firing
temperature increased, indicating that the amount of H>O was reduced in the ZrO; films on
Si(001)wafers. Since the TPD curves were unsymmetrical against the heating temperature,
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Fig. 22. TPD curves of HyO (m/z = 18) that evolved from sol-gel-derived ZrO; thin films on Si
fired at 350, 450, 550, and 700 °C for 30 min. The film thicknesses were 10.2, 9.9, 7.6, and
8.1 nm, respectively (Shimizu et al., 2009).
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they were classified into three groups on the basis of the TPD results for SiO; formed by
chemical vapor deposition (Hirashita et al., 1993): a, small peaks (small protrusions)
between 100 and 200 °C; 3, major peaks between 200 and 350 °C; and vy, small sharp peaks at
approximately 410 °C for the samples fired at 350 and 450 °C. The measured TPD curve of
H>O had the main peak at a temperature of 260 °C with an unsymmetrical shape, providing
evidence that several desorbed components were present during heating.

In a detailed analysis, the TPD curve for the sample fired at 350 °C was separated into five
peak components using a Gaussian-type waveform (Figure 23). Component (a) is
presumably due to physisorbed H>O (mere adsorption of H>O) on the surface of the ZrO;
thin films. This was confirmed experimentally as discussed in the next subsection.
Component (e) can be attributed to the desorption of H,O through nanopores of the
crystallized ZrO; thin film. Component (b) can be ascribed to the desorption of HO and/or
chemisorbed Zr-OH bonds at the surface area. For components (c) and (d), H2O desorption
may have occurred because of the following reaction (= Zr-OH +HO-Zr= — =Zr-O-Zr =
+HO).
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Fig. 23. TPD curve for the sol-gel-derived ZrO, thin film fired at 350 °C separated into five
peak components using a Gaussian-type waveform as a function of the temperature
measured with a thermocouple inside the TPD chamber (Shimizu et al., 2009).

7.3 Refractive indexes and film thicknesses of sol-gel-derived ZrO; thin films

The refractive indexes and film thicknesses were determined for sol-gel-derived ZrO, films
fired at temperatures from 350 to 700 °C (Figure 24). The refractive indexes converged at 2.0,
which is in good agreement with deposited ZrO, thin films (Moulder, 1995) and monoclinic
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Fig. 24. Refractive indexes and film thicknesses of sol-gel derived ZrO; films at firing
temperatures from 350 to 700 °C (Shimizu et al., 2009).

ZrOs crystals (Niinisto et al., 2004). The packing densities of the ZrO; films were calculated
using the Lorentz-Lorentz equation (1) (Nishide et al.,, 2001). The refractive indexes were
1.62 at 350 °C, 1.70 at 450 °C, 2.01 at 550 °C, and 2.00 at 700 °C. The basic refractive index of
the ZrO; crystal (monoclinic) for calculating the packing density was 2.22 (Yamada et al,,
1988). Using this value, the packing densities were estimated to be 0.62 at 350 °C, 0.68 at 450
°C, 0.89 at 550 °C and 0.88 at 700 °C. The packing density of the films increased with
increasing firing temperature. This is because more H>O desorbed at higher firing
temperatures and the small gaps of the nanopores were squeezed or evaporated.

7.4 Electrical characteristics of sol-gel-derived ZrO; films on Si(001) wafers

The I-V characteristics (current density vs electric field) were examined for sol-gel-derived
ZrO; thin films on Si(001) wafers fired at 350, 450, 550, and 700 °C in air (Figure 25). For the
sample fired at 550 °C, the leakage current was smaller than that of the amorphous ZrO»
thin films fired at 350 and 450 °C. Leakage current deterioration was partially due to the
considerable amount of H>O in the film, but at 700 °C, crystallization was completed, and
small surface cracks and surface relief observed with the AFM were responsible for the
deterioration. The leakage current (forward bias) for the sample fired at 550 °C was
approximately 4 x10 3 A/cm?in an electric field of 1 M/cm, which is one or two orders of
magnitude higher than that previously obtained (Chim et al., 2003). This difference is due to
the densely compacted ZrO; thin film (Chim et al., 2003). For reverse bias, the leakage
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Fig. 25. I-V characteristics ( i.e., current density vs electric field relationship) for sol-gel-
derived ZrO; thin films fired at 350, 450, 550, and 700 °C in air. The reverse biases are
plotted as absolute values (Shimizu et al., 2009).

current at 550 °C was suppressed more than in the other films measured. Thus, there is some
possibility for sol-gel-derived ZrO; thin films to be used as an alternative high-k material of
gate insulators in densely packed CMOS devices.

To determine the relative permittivity ez:02 of the sol-gel-derived ZrO; films, the C-V
curves of the Al/ZrO,/n-Si capacitors were obtained for the ZrO, thin film fired at 550 oC
for 30 min. The C-V curves are plotted in Figure 26 from - 2 to 2 V, representing the
practical range for device operation. The C-V curves show a well-defined transition from
depletion and inversion to accumulation as the applied voltage was varied from -2to 2V,
similar to the C-V characteristics of normal Al/SiO/Si capacitors (Nicollian & Brews,
1981). The C-V characteristics did not show any dependence on firing temperature, but
the capacitance decreased with higher frequency. On the basis of the well-defined
capacitances in the accumulation region of the C-V curves at a frequency of 100 kHz, the
relative permittivity ez:o2 of the sol-gel-derived ZrO, film was calculated to be 12 and the
EOT was 2.4 nm (ZrO; film thickness: 7.4 nm). The relative permittivity was higher than
that of silicon dioxide (SiO» 3.9) and the EOT was comparable to previously reported
results (~2.5 nm) (Chim et al., 2003). The relative permittivity of ZrO, formed by atomic
layer deposition has been reported to be 23 (Niinisto et al., 2004). The C-V curves decline
slightly with increasing frequency. The relative permittivity decreases with the growth
temperature of ZrO; thin films and increasing frequency (Kukli et al., 2001). Relative
permittivity is essentially governed by the polarization of the material, so it decreases as
the frequency increases. In the sol-gel-derived ZrO; film, H,O, OH groups in nanopores
and other impurities probably induced electronic and ionic polarizations, so there is the
possibility of the frequency dependence of capacitance. To refine the electrical
performance of sol-gel-derived ZrO, films, an alternative firing environment such as
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Fig. 26. C-V curves for Al/ZrO, /n-Si capacitors, showing a well-defined transition from

depletion and inversion to accumulation as a function of the applied voltage. The firing
temperature of the ZrO, film was 550 °C for 30 min (Shimizu et al., 2009).

oxygen, inert gas, or forming gas must be used. Thus, there is some possibility for
applying sol-gel-derived ZrO; thin films as a semiconductor gate insulator material. To
fabricate improved ZrO; films, further experiments should be conducted to find an
effective way of reducing impurities. Sol-gel-derived Y doped ZrO,(ZrO»-Y203 ) thin films
on Si(001) wafers are also promising.

8. Characterization of sol-gel-derived crystalline ZrO, —Y,0; thin films on
Si(001) wafers

Sol-gel-derived Y doped ZrO; (ZrO»-Y203 ) thin films on Si(001) wafers fired in air between
350 and 700 °C provide electrical characteristics, such as lower leakage current, in MOS
capacitors superior to those of sol-gel-derived ZrO, thin films (Shimizu & Nishide, 2011).
This is attributed to the reduced surface roughness of ZrO»-Y>O; thin films. The crystallized
Zr02-Y,0; surface fired at 700 °C clearly shows a crack-free state compared with ZrO, thin
films. Thus, crystallized ZrO»-Y>Os thin films can reduce the leakage current, making them a
promising material for gate insulators in aggressively scaled CMOS devices.

8.1 Film thicknesses and refractive indexes of sol-gel-derived ZrO,-Y,0;

The film thicknesses and refractive indexes were measured for sol-gel-derived ZrO,-Y>0s3
films fired from 350 to 700 °C for 30 min (Figure 27). The film thickness tended to become
thinner at temperatures higher than 450 °C (11 and 7 nm thick at 450 and 700 °C,
respectively). If this ZrO,-Y,0s thin film has excellent characteristics with high permittivity,
this thickness is suitable for a gate insulator material. Though the refractive indices between
350 and 700 °C increased with increasing firing temperature, the present results were lower
than that reported for monoclinic ZrO; crystals (Niinisto et al., 2004).
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Fig. 27. Film thicknesses and refractive indices of sol-gel-derived ZrO,-Y,0Os films fired at
350, 450, 550 and 700 °C for 30 min (Shimizu & Nishide, 2011).

8.2 AFM-observed surface morphologies of sol-gel-derived ZrO,-Y,0; thin films

The surface microstructures of ZrO,-Y-Os thin films fired at 350 and 700 °C were observed
with the AFM [Figs. 28(a) and 2(b)]. The morphology depended on the firing temperature.
The surface of the ZrO,-Y>0Os thin film fired at 350 °C showed a homogeneous structure [Fig.
28(a)]. The RMS surface roughness was 0.15 nm at 350 °C. The RMS value at 700 oC was 0.24
nm and the surface structure was slightly wavy, but it did not show grain boundaries
and/or cracks caused by crystallization [Fig. 28(b)]. Similar results have been reported for
crack-free nano- and microcrystalline ZrO,-Y>0s thin films deposited on sapphire substrates
(Peters et al., 2009).

8.3 Electrical characteristics of sol-gel-derived ZrO,-Y,03; thin films on Si(001) wafers

The I-V characteristics (current density vs electric field) were investigated for sol-gel-
derived ZrO»-Y,0s thin films fired at 350 and 700 °C in air, in comparison with those
obtained for sol-gel-derived ZrO; thin films [Figure 29(a) and 29(b)]. The reverse bias
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Fig. 28. AFM images of the surface microstructures of ZrO»-Y,Oj3 thin films fired at
(a) 350 and (b) 700 °C (Shimizu & Nishide, 2011).
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Fig. 29. -V characteristics (i.e., current density vs electric field relationship) for sol-gel-
derived ZrO»,-Y>0Os3 thin films fired at (a) 350 and (b) 700 °C in air, respectively, in
comparison with those reported for sol-gel-derived ZrO, thin films

(Shimizu & Nishide, 2011).
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quantities are plotted as absolute values. The leakage current of the Al/ZrO,-Y,Os/Si
capacitors was approximately five orders of magnitude lower than that of the ZrO, thin
films for forward bias at an electric field of 2 MV/cm and three orders of magnitude lower
for reverse bias at -2 MV /cm, respectively (Shimizu & Nishide, 2011). This improvement of
the leakage current is noteworthy. For the sample fired at 700 °C, a similar reduction was
observed for the Al/ZrO»-Y>O3/Si capacitor. This is because the lower surface roughness
and crack-free state of the ZrO,-Y>O; film surface may reduce the leakage current in
comparison with the ZrO, thin films as described in subsection 5.4. For the ZrO,-Y,O3 thin
films fired between 350 and 700 °C, the leakage current of the latter was two orders of
magnitude smaller than that of the former [Fig. 29(b)]. This is probably due to the film
quality caused by crystallization such as packing density and/or a considerable difference
in the amount of H,O in the film.

The leakage current (forward bias) for the sample fired at 700 oC was approximately
5x1077 A/cm? in an electric field of 1 M/cm (Shimizu & Nishide, 2011), which is one or
two orders of magnitude lower than previously reported results (Chim et al., 2003). The
latter results may be for densely compacted ZrO; thin films, because they were fabricated
by sputtering in an argon-plus-oxygen gas ambient and annealed at 400 °C in a nitrogen
ambient for 5 min. For reverse bias, the leakage current at 700 °C was superior to that of
the other measured films. Therefore, there is some possibility for sol-gel-derived ZrO,-
Y>0; thin films to be used as an alternative high-k material for gate insulators in
miniaturized CMOS devices. However, the film quality must be improved further
(Shimizu & Nishide 2011).

8.4 TPD analyses of sol-gel-derived ZrO»-Y.0s3 thin films

TPD was used to investigate the desorption of HO (m/z = 18) that evolved from sol-gel-
derived ZrO»-Y>O; thin films on Si(001) wafers, which were fired at 350 and 700 °C for 30
min (Figure 30). The vertical axis indicates the current value of QMS. The film thicknesses
were 11.1 and 6.9 nm, respectively. The intensity of the TPD curves decreased as the firing
temperature increased, indicating that the amount of H,O was reduced in the ZrO,-Y,0;
thin films on Si(001) wafers. For the ZrO,-Y>Oj3 thin film fired at 350 °C, the peaks seen at 370
and 400 oC are attributed to equipment noise.

Two TPD curves are close to those of ZrO, thin films (Shimizu & Nishide, 2011), except that
the sample fired at 350 °C does not show any similar protrusions between 100 and 200 °C
like those seen for the ZrO, thin film (Figure 22) (Shimizu et al,, 2009). The peak was
separated into several components using a Gaussian-type waveform (Figure 23), and the
waveform indicated by the dashed line is shown as a function of temperature (Figure 30).
The desorption temperature of the main peak of the ZrO»-Y>Oj3 thin film was approximately
between 100 and 200 oC. This implies that the TPD peak may be due to physisorbed HO
(mere adsorption of HyO). In contrast, at 700 °C, the TPD curves for H,O desorption are
similar in shape to that of the ZrO, thin film. The peak from 100 to 200 °C is due to the
adsorption of physisorbed H,O and the main peak at approximately 250 °C is caused by Zr-
OH (chemisorbed) (Nishide et al., 2005, Takahashi & Nishide, 2004). The relative
permittivity of ZrO, formed by atomic layer deposition has been reported to be 23 (Niinisto
et al., 2004).
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Fig. 30. TPD curves of H>O (m/z = 18) that evolved from sol-gel-derived ZrO,-Y>O; thin
films on Si(001) wafers, which were fired at (a) 350 and (b) 700 °C for 30 min
(Shimizu & Nishide, 2011)

9. Conclusion

Sol-gel-derived HfO,, ZrO, and Y doped ZrO(ZrO,-Y,05) thin films on Si(001) wafers fired
in air between 350 and 700 °C were characterized physically, chemically and electrically
with the aim of achieving alternative gate insulator materials for advanced CMOS devices.
Crystallinity of the sol-gel-derived HfO,, ZrO» films was found to be dependent on the firing
temperature and sol solution. The relative permittivity of the films converged to that of bulk
HfO; and ZrO; according to the specific sol solutions and firing temperatures. Residual H,O
and OH groups in the thin films were evaluated in reference to electrical characteristics such
as the leakage current of MOS capacitors. The surface of the ZrO,-Y>Oj3 thin films on Si(001)
wafers showed less roughness than the HfO, and ZrO; thin films, resulting in lower leakage
current in MOS capacitors. The leakage current of crystallized ZrO,-Y>O; thin films was
shown to be lower than that of the amorphous state films because of the smooth crystalline
surface of the latter in comparison with the ZrO thin films. In conclusion, crystalline sol-gel-
derived ZrO,-Y,0O; thin films are postulated to be promising as alternative gate insulator
materials of advanced CMOS devices.



Characterization of Sol-Gel-Derived and Crystallized
HfO,, ZrO,, ZrO,-Y,03 Thin Films on Si(001) Wafers with High Dielectric Constant 345

10. Acknowledgments

This work was supported by a grant from Nihon University. The authors are also indebted
to Dr. Masanori Ikeda for his assistance with the experiments.

11. References

Blanchin, M. G., B. Canut, Y. Lambert, V. S. Teodorescu, A. Barau, & M. Zaharescu (2008)
Structure and dielectric properties of HfO; films prepared by a sol-gel route, Journal
of Sol-Gel Science Technology, 47, 165-172.

Chang, S. & R. Doong (2005) ZrO, thin films with controllable morphology and thickness by
spin-coated sol-gel method, Thin Solid Films. 489, 17-22.

Chim, H.,, W. K,, T. H. Ng, B. H. Koh, W. K Chol, J. X Zheng, C. H. Tung, & A. Y. Du (2003)
Interfacial and bulk properties of zirconium dioxide as a gate dielectric in metal-
insulator-semiconductor structures and current transport mechanism. Journal of
Applied Physics, 93, 4788-4793.

Chiou, Y-K. C-H. Chang, C-C. Wang, K-y. Lee, T-B. Wu, R. Kwo, & M. Hong (2007) Effect of
Al Incorporation in the Thermal Stability of Atomic-Layer-Deposited HfO; for Gate
Dielectric Applications. Journal of the Electrical Society, 154, G99-G102.

Copel, M., E. Gibelyuk & E. Gusev (2000) Structure and stability of ultrathin zirconium
oxide layers on Si(001). Applied Physics Letters, 76, 436-438.

Feldman, L. C, E. P. Gusev & E. Garfunkel: in Fundamental Aspects of Ultrathin Dielectrics on
Silicon Based Devices, ed. E. Garfunkel, E. P. Gusev, and A. Vul (Kluwer, Dordrecht,
1998) p. 1.

Dey, S. K., C.-G. Wang, D. Tang, M. J. Kim, R. W. Carpenter, C. Werkhoven & W. Shero
(2003) Atomic layer chemical vapor deposition of ZrOr-based dielectric films:
Nanostructure and nanochemistry. Journal of Applied Physics, 93, 4144-4157.

Gusev, E. 2005, Defects in High-k Gate Dielectric Stacks, Springer.

Feldman, L. C, E. P. Gusev, & E. Garfunkel: in Fundamental Aspects of Ultrathin Dielectrics on
Silicon Based Devices, ed. E. Garfunkel, E. P. Gusev, and A. Vul (Kluwer, Dordrecht,
1998) p. 1.

Hirashita, N., S. Tokitoh, & H. Uchida (1993) Thermal Desorption and Infrared Studies of
Plasm-Enhanced Chemical Vapor Deposited SiO, Films with Tetraethyiorthosilicate,
Japanese Journal of Applied Physics, 32, 1787-1793 .

Huff, H. R. & D. C. Gilmer (2004) High Dielectric Constant Materials-VLSI MOSFET
Applications, Springer, Berlin.

Joint Committee for Powder Diffraction Standards , JCPDS card No. 501089, No. 371484
(Joint Committee for Powder Diffraction Standards, Swarthmore, Pennsylvania).

Kozuka, H (2005) Handbook of Sol-Gel Science and Technology Processing,
Characterization and Applications, Kluwer Academic Publishers, 1, 247-398.

Kukli, K., K. Forsgren, M. Ritala, M. Leskela, ]. Ararik &A. Harsta (2002) Influence of growth
temperature on properties of zirconium dioxide films grown by atomic layer
deposition. Journal of Applied Physics, 95, 1833-1840.

Kukli, K., M. Ritala, J. Ararik, T. Uustare & M. Leskela (2002) Influence of growth
temperature on properties of zirconium dioxide films grown by atomic layer
deposition. Journal of Applied Physics, 95, 1833-1840.



346 Advances in Crystallization Processes

Lee, M. S., C. H. An, J. H. Lim, J.H. Joo, H. J. Lee, & H. Kim (2010) Characteristics of Ce-
Doped ZrO, Dielectric Films Prepared by a Solution Deposition Process, Journal of
Electrochemical Society, 157, G142-G146.

Lucovsky, G. (2002) Correlation between electronic structure of transition metal atoms and
performance of high-k gate dielectrics in advanced Si devices, Journal of Non-
Crystalline Solids 303, 40-49.

Liu, W. C, D. Wu, A. D. Li, H. Q. Ling, Y. F. Tang, & N. B. Ming (2002) Annealing and
doping effects on structure and optical properties of sol-gel-derived ZrO, thin
films, Applied Surface Science, 191, 181-187.

Martinez, E., C. Leroux, N. Benedetto, C. Gaumer, M. Charbonnier, C. Licitra, C. Guedj, F.
Fillot & S. Lhostis (2009) Electrical and Chemical Properties of the HfO,/SiO,/Si
Stack: Impact of HfO, Thickness and Thermal Budget. Journal of Electrochemical
Society 156, G120-G124.

Moulder, J. F., W. F. Stickle, P. E. Sobol & K. D. Bomben (1995) Handbook of X-ray
Photoelectron Spectroscopy, eds. ]J. Chastain & R. C. King (Physical Electronics,
Minnesota,) 2nd ed., pp.44-45, 168-169.(HfO,)

Moulder, J. F., W. E. Stickle, P. E. Sobol, & K. D. Bomben (1995) Handbook of X-ray
Photoelectron Spectroscopy, eds. J. Chastain and R. C. King (Physical Electronics,
Minnesota) 2nd ed., p. 44-45, p. 108-109.

Nicollian, E. H. & ]. R. Brews: MOS (Metal Oxide Semiconductor) Physics and Technology
(Wiley, New York, 1981) Chap.4, pp.99.

Niinisto, J., M. Putkonen, L. Niinisto, K. Kukli, M. Ritala, & M. Leskela (2004) Structural and
dielectric properties of thin ZrO, films on silicon grown by atomic layer deposition
from cyclopentadienyl precursor. Journal of Applied Physics, 95, 84-92.

Nishide, T., T. Tanaka, & T. Yabe (2004) Temperature programmed desorption analysis of
sol-gel-derived titania films, Journal of thermal analysis and calorimetry. 90, 373-378.

Nishide, T. & M. Shibata (2001) Orientation and Surface Properties of Sol-Gel Derived Y>03
Films. Journal of Sol-Gel Science Technology, 21, 189-193.

Nishide T., S. Honda, M. Matsuura, Y. Ito, & T. Takase (2000) Oriented and Non-Oriented
HfO»>-Y>0; Films on Amorphous Quartz Glass Substrates Prepared by Sol-Gel
Processes. Japanese Journal of Applied Physics, 39, L237-L240.

Nishide, T., S. Honda, M. Matsuura, & M. Ide (2000) Surface, structural and optical
properties of sol-gel derived HfO» films. Thin Solid Films, 371, 61-65.

Nishide, T., T. Yabe, N. Miyabayashi, & M. Sano (2004) Analysis of Firing Processes of
Titania Gel Films Fabricated by Sol-Gel Processes. Thin Solid Films, 467 43-49.

Nishide, T., T. Meguro, S. Suzuki, & T. Yabe (2005) Ultraviolet Irradiation Hardening of
Hafnia Films Prepared by Sol-Gel Processes, Journal of Ceramic Society of Japan 113
77-81.

Onili, Y., Y. Iwazaki, M. Hasumi, T. Ueno, & K. Kuroiwa (2009) HfO,/Si and HfSiO/Si
Structures Fabricated by Oxidation of Metal Thin Films. Japanese Journal of Applied
Physics, 48, 05DA01-1-05DA01-4.

Peters, C., A. Weber, B. Buts, D. Gerthsen, & E. I. Tiffee (2009) Grain-Size Effects in YSZ
Thin-Film Electrolytes, Journal of American Ceramics of Society, 92, 2017-2024.



Characterization of Sol-Gel-Derived and Crystallized
HfO,, ZrO,, ZrO,-Y,03 Thin Films on Si(001) Wafers with High Dielectric Constant 347

Parmentier, B., T. Conard, P. Roussel, S. D. Gendt, & M. M. Heyns (2009) The Importance of
Moisture Control for EOT Scaling of Hf-Baced Dielectrics, Journal of the
Electrochemical Society, 156, H416-H423.

Ragnarsson, L-A., D. P. Brunco, K. Yamamoto, Z. Tokei, G. Pourtois, A. Delabie, B.

Parmentier, T. Conard, P. Roussel, S. De Gendt, & M. M. Heyns (2009) Journal of the
Electrochemical Society, 156, H416.

Robertson, ]. & C. W. Chen (1999) Schottky barrier heights of tantalum oxide, barium
strontium titanate, lead titanate, and strontium bismuth tantalite, Applied Physics
Letters, 74, 1168-1170.

Robertson, J. (2000) Band offsets of wide-band-gap oxides and implications for future
electronic devices, Journal of Vacuum Science Technology, B 18, 1785-1791.

Shimizu, H., K. Asayama, N. Kawai, & T. Nishide (2004) Material Microcharacterization of
Sol-Gel Derived HfO, Thin Films on Silicon Wafers, Japanese Journal Applied Physics,
43, 6992-6993.

Shimizu, H., T. Sato, S. Konagai, M. lkeda, T. Takahashi, & T. Nishide (2007) Temperature-
Programmed Desorption Analyses of Sol-Gel Deposited and Crystallized HfO,
Films. Japanese Journal of Applied Physics, 46, 4209-4214.

Shimizu, H., S. Konagai, M. lkeda, & T. Nishide (2009) Characterization of Sol-Gel Derived
and Crystallized ZrO, Thin Films. Japanese Journal of Applied Physics, 48, 101101-1-
101101-6.

Shimizu, H., D. Nemoto, M. Ikeda, & T. Nishide (2010) Characterization of Sol-Gel Derived
and Crystallized HfO, Thin Films Dependent on Sol Solution. Japanese Journal of
Applied Physics, 49, 121502-1121502-6.

Suzuki, K. & K. Kato (2007) Effects of Modified Precursor Solution on Microstructure of (Y,
Yb)MnOs/H{O,/Si, Japan Society of Applied Physics, 46, 6956-6959.

Suzuki, K. & K. Kato (2009) Characterization of high-k HfO; films prepared using chemically
modified alkoxy-derived solutions, Japanese Journal of Applied Physics, 105, 061631-1-
061631-3.

Takahashi, T. & T. Nishide (2004) Fabrication and Ultraviolet Irradiation Hardening of Sol-
Gel-Derived Hafnia Films. Journal of Ceramics Society of Japan, 112 5234-5238.
Tonosaki, A., & T. Nishide (2010) Novel Petal Effect of Hafnia Films Prepared in an
Aqueous Solution and Containing Hydroxy Acids. Applied Physics Express, 3,

125801-1-125801-3.

Wilk, G. D.,, R. M. Wallace & ]. M. Anthony (2000) Hafnium and zirconium silicates for
advanced gate dielectrics, Journal of Applied Physics, 87, 484-492.

Wilk, G. D., R. M. Wallace & J. M. Anthony (2001) High-k gate dielectrics: Current status and
materials properties considerations, Journal of Applied Physics, 89, 5243-5275.
Yamada, T., M. Mizuno, T. Ishizuka, & T. Noguchi (1988) Liquidus-curve measurement in

the system zirconia-hafnia, Advanced Ceramics, 24, 959-964.

Yang, X. M. X1, X. F. (1996) Sintering behavior of (Y203-ZrOx gels). Journal of Material Science,
31, 2697-2703.

Yu, J. J., Q. Fang, J. Y. Zhang, Z. M. Wang & 1. W. Boyd ( 2003) Hafnium oxide layers
derived by photo-assisted sol-gel processing, Applied. Surface Science, 208-209, 676-
681.



Advances in Crystallization Processes

348

Zhan, Z. & H. C. Zeng (1999) A catalyst-free approach for sol-gel synthesis of highly mixed

Z10,-5i0z oxide. Journal of Non-Crystalline Solids, 243, 26-38.
Zhu, W. ], T. Tamagawa, M. Gibson, T. Furukawa, & T. P. Ma (2002) Effect of Al Inclusion
in HfO; on the Physical and. Electrical Properties of the Dielectrics, IEEE Electron

Device Letters, 23, 649-651.




14

Crystalization in Spinel Ferrite Nanoparticles

Mahmoud Goodarz Naseril2 and Elias B. Saion?!

Universiti Putra Malaysia,
2Malayer University,
IMalaysia

2[ran

1. Introduction

The enhanced interest of the researchers in nanoobjects is due to the discovery of unusual
physical and chemical properties of these objects, which is related to manifestation of so-called
‘quantum size effects’. These arise in the case where the size of the system is commensurable
with the de-Brogli wavelengths of the electrons, phonons or excitons propagating in them.A
key reason for the change in the physical and chemical properties of small particles as their
size decreases is the increased fraction of the surface atoms, which occur under conditions
(coordination number, symmetry of the local environment, etc.) differing from those of the
bulk atoms. From the energy standpoint, a decrease in the particle size results in an increase in
the fraction of the surface energy in its chemical potential [1]. Currently, unique physical
properties of nanoparticles are under intensive research [2]. A special place belongs to the
magnetic properties in which the difference between a massive (bulk) material and a
nanomaterial is especially pronounced.The magnetic properties of nanoparticles are
determined by many factors, the key of these including the chemical composition, the type and
the degree of defectiveness of the crystal lattice, the particle size and shape, the morphology
(for structurally inhomogeneous particles), the interaction of the particle with the surrounding
matrix and the neighbouring particles. By changing the nanoparticle size, shape, composition
and structure, one can control to an extent the magnetic characteristics of the material based on
them. However, these factors cannot always be controlled during the synthesis of
nanoparticles nearly equal in size and chemical composition; therefore, the properties of
nanomaterials of the same type can be markedly different [1].Apart from these factors, the
magnetic properties of particles depend on the external conditions: temperature, pressure and,
in some cases, the local environment, i.e., the medium in which the particle occurs, in
particular, the crystalline or amorphous bulk matrix (for a particle), the local crystal
environment (for a single atom) or the substrate (for a film).

2. Ferrites and their structural symmetries

Among the magnetic materials that have found broad practical application in technology,
ferrites deserve attention. Ferrite nanoparticles are the most explored magnetic
nanoparticles up to date. They are widely used in high-frequency applications, because an
AC field does not induce undesirable eddy currents in an insulating material [3,4].To
increase the recorded information density, it seems reasonable to obtain nanocrystalline
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ferrites and to prepare magnetic carriers based on them. Ferrites have three different
structural symmetries: garnet, hexagonal and cubic which are determined by the size and
charge of the metal ions that balance the charge of the oxygen ions, and their relative
amounts [5]. In this review, the focus will be on spinel ferrites nanocrystals because, they are
regarded as two of the most important inorganic nanomaterials because of their electronic,
optical, electrical, magnetic, and catalytic properties.Moreover, the majority of the important
ferrite are spinel ferrite [6].

2.1 Garnets ferrites

The general formula for garnets is MesFesO12, where Me is one of the rare earth metal ions,
including Y, La and Gd. The cubic unit cell contains 8 formula units or 160 atoms, which can
be described as a spatial arrangement of 96 O with interstitial cations. Yttrium iron garnet
YsFesO012 (YIG) is a well-known garnet. The coordination of the cations is considerably more
complex than spinels, with 24 Y3+ in dodecahedral sites, 24 Fe3* ions in tetrahedral sites and 16
remaining Fe3* in octahedral sites. Similar to spinels and hexagonal ferrites, a wide range of
transition metal cations can substitute Y3* or Fe3*; especially rare earth ions may replace the
ions on octahedral and dodecahedral sites. Each type of lattice site will accept other metal ions
at dodecahedral sites, octahedral sites and at tetrahedral sites. Thus pentavalent ions such as
V5+ and As5* can occupy tetrahedral sites, while Ca2+ substitute ions on dodecahedral sites [7].

2.2 Hexagonal ferrites

Hexagonal ferrites are widely used as permanent magnets and are characterized by
possesing a high coercivity [4].Their general formula is MeO 6Fe2O3; where Me can be Ba, Sr,
or Pb. The hexagonal ferrite lattice is similar to the spinel structure, with the oxygen ions
closely packed, but some layers include metal ions, which have practically the same ionic
radii as the oxygen ions. This lattice has three different sites occupied by metals: tetrahedral,
octahedral, and trigonal bi pyramid (surrounded by five oxygen ions).

2.3 Cubic ferrites

Materials which crystallize in the spinel structure, or structures closely related to it, have the
general formula AByOy4 in which A and B display tetrahedral and octahedral cation sites,
respectively, and O indicates the oxygen anion site (Figurel). Spinel ferrites with the general
formula MeO Fe;Os3 or MellFe IO, where Mell represents a divalent metal cation such as
Mn, Fe, Co, Ni, Cu, Zn, Cd, Mg, or (0.5Li! + 0.5Felll), and Felll is the trivalent iron cation,
have the same crystallographic structure as the mineral spinel (MgAl:Os), which was
determined by Bragg [8,9]. The unit cell of spinel ferrite belongs to the cubic structure (space
group Oh7-F3dm) and presents itself the cube formed by 8 MeOFe;O; molecules and
consisting of 32 of O anions. The oxygene anions form the close face-centered cube (FCC)
packing consisting in 64 tetrahedral (A) and 32 octahedral (B) empty spaces partly
populated by Fe3* and Me?2* cations [10].

For the interactions the distances Me-O and Me-O-Me play an important role, ten triangular
configurations of Me-O-Me are illustrated in Figure2, where the shortest distance is shown
as p and other distances are given by q, 1, s and t; these distances are also given in Tablel, as
a function of the variable = u - 3/8 that 6 is oxygen parameter [11].
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Fig. 1. Schematic of two subcells of a unit cell of the spinel structure, showing octahedral
and tetrahedral sites.
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Fig. 2. Interionic distances in the spinel structure for the different types of lattice site
interactions

According to the distribution of cations, there are normal, mixed and inversed spinels
structures which depended on the fact what kind of ions and in what order A and B take
empty spaces. In this review, we will investigate zinc ferrite (ZnFe;O), manganese ferrites
(MnFe;O4) and nickel ferrite (NiFeO4) from normal, mixed and inverse structures
respectively [12].
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Me-O distance Me-Me distance
/1 1 =_aV2
—a | —_= 2
p=a 16 28+38
1 1
q=<§+8)\/§ C—ga 11
f1 1 1
—a |— 4= 2 d=-av3
r=a 24+48+38
3 3 3
- 2 €=3g?
s = 16+28+38
1
t=a(——8)x/§ f==av6

Table 1. Distances in the spinel lattice as a function of 5=u-3/8

2.3.1 Normal spinel ferrites

Normal spinel structure, where all Me?* ions occupy A sites; structural formula of such
ferrites is Me?*[Fe; 3*] O4 2-. This type of distribution takes place in zinc ferrites
Zn2*[Fe?*Fe3+]O4 2-. This type spinel ferrite are schematically illustrated in Figure3.

A[B]
MeX*[Fey

Pt

Fig. 3. Cation distribution in normal spinel ferrites.

2.3.2 Mixed spinel ferrites

Mixed spinel structure, when cations Me?* and Fe3* occupy both A and B-positions;
structural formula of this ferrite is Me;—s 2*Fes 3* [Mes 2*Fes—5 3*] O4 27, where & is the degree
of inversion. MnFe Oy represent this type of structure and has an inversion degree of 6 = 0.2
and its structural formula therefore is Mngg2*Feg23* [Mng22*Fe1g 3*] O4 2-. [12]. This type
spinel ferrite are schematically illustrated in Figure4.
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Fig. 4. Cation distribution in mixed spinel ferrites.

2.3.3 Inversred spinel ferrites

Inversed spinel structure, where all Me2* are in B-positions and Fe3* ions are equally
distributed betweenAand B-sites: structural formula of these ferrites are Fe3*[Me2*Fe3*] Oq
2-. Magnetite Fe30y, ferrites NiFe;O4 and CoFe;O4 have inversed spinel structure [12].In the
inversed ferrites one half of Fe3* is placed in A-sites and another half in B-sites. Their
magnetic moments are mutually compensated and the resulting moment of the ferrite is due
to the magnetic moments of bivalent cations Me?* in the B-positions. This type spinel ferrite
are schematically illustrated in Figure5.
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Fig. 5. Cation distribution in inversed spinel ferrites.

2.4 Domains

Domains, which are groups of spins all pointing in the same direction and acting
cooperatively are separated by domain walls, which have a characteristic width and energy
associated with their formation and existence. The motion of domain walls is a primary
means of reversing magnetization. Experimental investigation of the dependence of
coercivity on particle size showed a behavior similar to that schematically illustrated in
Figure 6 [13].

It was found that the coercivity H. increases with decreasing grain size D down to values of
about 40 nm, independent of the kind of material. The increase of H. is proportional to 1/D.
The reason for this is that in small particles the formation of a closed magnetic flux becomes
energetically less favorable so that the magnetic domain size with a uniform magnetization
becomes more and more identical with the grain size. This grain size is defined as the first
critical size (D., which is characteristic of each material) where the multidomain materials
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change to a monodomain material. This leads to a strong increase of the coercivity (or high
remanence) because a change of magnetization in this case cannot happen only by shifting
the domain walls which normally requires only a weak magnetic field. As the size of
magnetic element scales below20 nm, the transformation from ferromagnetic to
superparamagnetic behavior occurs. In the superparamagnetic state of the material, the
room temperature thermal energy overcomes the magnetostatic energy well of the domain
or the particle, resulting in zero hysteresis. In other words, although the particle itself is a
single-domain ferromagnet, the ability of an individual magnetic “dot” to store
magnetization orientation information is lost when its dimension is below a threshold.
Consequently, the magnetic moments within a particle rotate rapidly in unison, exhibiting
the superparamagnetic relation phenomenon.

Single  g—o
domain
= Multidomain
HE
)
e
=
Super-
paramagnetic |

D (nm)

Fig. 6. Qualitative illustration of the behavior of the coercivity in ultrafine systems as the
particle size changes, where H is the magnetic field amplitude (Oe) and D is the particle
diameter (nm).

a. Magnetostatic or demagnetization energy: The magnetized material behaves like a magnet,
with a surrounding magnetic field. This field acts to magnetize the material in the
direction opposite from its own magnetization, causing a magnetostatic energy which
depends on the shape of the material. This magnetostatic energy can be reduced by
reducing the net external field through the formation of domains inside the material.

b.  Magnetocrystalline anisotropy energy: In some materials the domain magnetization tends
to align in a particular crystal direction (the so-called easy axis). The material is easiest
to magnetize to saturation or demagnetize from saturation if the field is applied along
an easy axis. The energy difference between aligning the domain in the easy and
another direction (hard direction) is called magnetocrystalline anisotropy energy.
Anisotropy energy is the energy needed to rotate the moment from the easy direction to
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a hard direction. For materials with cubic crystalline structure (such as ferrites), the
energy is expressed in terms of anisotropy constants and the direction to which the
magnetization rotates.

Ei=K;sin20+Kosin4d... (Hexagonal structre)

E=Ki (o2 a2+ a2 az?+ a2 ai?) + Ko (o2 ap? az?+...) (Cubic and Garnet structure) (1)

where K is the anisotropy constant, § is the angle between the easy axis and the direction of
magnetization, and a ; are the direction cosines, which are the ratios of the individual
components of the magnetization projected on each axis divided by the magnitude of the
magnetization. A crystal is higher in anisotropy energy when the magnetization points in
the hard direction rather than along the easy direction. The formation of domains permits
the magnetization to point along the easy axis, resulting in a decrease in the net anisotropy
energy.

c.  Magnetostrictive energy: In a magnetic field, the material may change its dimensions on
the order of several parts per million. This change in dimension results in what is called
magnetostrictive energy, which is lowered by a reduction in the size of the domains,
requiring the formation of more domains.

2.5 Magnetization curve and hysteresis loops

The magnetization curve describes the change in magnetization or magnetic flux of the
material with the applied field. When a field is applied to a material with randomly oriented
magnetic moments, it will be progressively magnetized due to movement of domain
boundaries. Initially, when no field is applied, the magnetic dipoles are randomly oriented
in domains, thus the net magnetization is zero. When a field is applied, the domains begin
to rotate, increasing their size in the case of the domains with direction favorable with
respect to the field, and decreasing for the domains with unfavorable direction. As the field
increases, the domains continue to grow until the material becomes a single domain, which
is oriented in the field direction. At this point, the material has reached saturation (Figure7)
[3].As the magnetic field is increased or decreased continuously, the magnetization of the
material increases or decreases but in a discontinuous fashion. This phenomenon is called
the Barkhausen effect and is attributed to discontinuous domain boundary motion and the
discontinuous rotation of the magnetization direction within a domain [14]. The typical
magnetization curve can be divided into three regions:

a. Reversible region: The material can be reversibly magnetized or demagnetized. Charges
in magnetization occur due to rotation of the domains with the field.
Irreversible region: Domain wall motion is irreversible and the slope increases greatly.

c.  Saturation region: Irreversible domain rotation. It is characterized by a required large
amount of energy to rotate the domains in the direction of the field [5].

If the field is reduced from saturation, with eventual reversal of field direction, the
magnetization curve does not retrace its original path, resulting in what is called a hysteresis
loop. This effect is due to a decrease of the magnetization at a lower rate. The area inside the
hysteresis loop is indicative of the magnetic energy losses during the magnetization process.
When the field reaches zero, the material may remain magnetized (i.e., some domains are
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oriented in the former direction). This residual magnetization is commonly called
remanence M. To reduces this remanent magnetization to zero; a field with opposite
direction must be applied. The magnitute of field required to lower the sample
magnetization to zero is called the coercivity H. (Figure 8). A material can present different
hysteresis loops depending on the degree of magnetization. If the maximum magnetization
is less than the saturation magnetization, the loop is called a minor loop [3,4].
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Fig. 7. Magnetization curve with domain configurations at different stages of magnetization.
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Fig. 8. Hysteresis cycle of a multidomain magnetic material, whereHis the magnetic field
amplitude (Oe) and M is the magnetization of the material (emu/g).
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2.6 Magnetic behaviors

Ferrites materials can be classified based on differences between their internal and external
flux and the variation of the magnetization M or magnetic induction B when a magnetic
field is applied (Figure 9) [3,4]. There are two quantities that relate M and B to H: the
susceptibility x and the permeability p .
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Fig. 9. Representation of the behavior of the flux density with respect to the magnetic field
for different classes of magnetic materials.

In SI the permeability p has units of Henry/m. The susceptibility is a measure of the
increase in magnetic moment caused by an applied field, whereas permeability represents
the relative increase in flux caused by the presence of the magnetic material [15].

2.6.1 Diamagnetism

Diamagnetism is an inherent result of the orbital motion of the electrons in a magnetic field.
It is present when the atom has zero net magnetic moment. In this case the orbital motion
generates a field opposite to the applied field (magnetization is directed oppositely to the
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field, as illustrated in Figure 10), described by a negative susceptibility. These materials tend
to move toward regions of weaker field [5, 15].
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Fig. 10. Atomic dipole configuration for a diamagnetic material.

2.6.2 Paramagnetism

Paramagnetic materials possess a permanent dipole moment due to incomplete cancellation of
electron spin and/or orbital magnetic moments. In the absence of an applied magnetic field
the dipole moments are randomly oriented; therefore the material has no net macroscopic
magnetization. When a field is applied these moments tend to align by rotation towards the
direction of the field and the material acquires a net magnetization (Figure 11) [3].
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Fig. 11. Schematic of atomic dipoles for a paramagnetic material.

2.6.3 Ferromagnetism and ferrimagnetism

Ferro and ferri-magnetic materials possess a permanent magnetic moment in the absence of an
external field and a very large permanent magnetization [3]. In ferromagnetic materials, this
permanent magnetic moment is the result of the cooperative interaction of large numbers of
atomic spins in what are called domains, regions where all spins are aligned in the same
direction (see section2.5).In ferrimagnetic materials, on the other hand, incomplete cancellation
of the magnetic dipoles in a domain results in lower permanent magnetization (Figure 12) [5].

The macroscopic magnetization of ferro- and ferri-materials is the sum of the
magnetizations of the domains which make up the sample [3]. Ferrimagnets are ionic solids
meaning that they are electrically insulating, whereas most ferromagnets are metals
(conductors) [4].
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Fig. 12. Ordering of the atomic dipoles in a) ferromagnetic and b) ferrimagnetic material.

2.6.4 Antiferromagnetism

In materials that exhibit antiferromagnetism, the magnetic moments of atoms or molecules,
usually related to the spins of electrons, align in a regular pattern with neighboring spins
(on different sublattices) pointing in opposite directions. This is, like ferromagnetism and
ferrimagnetism, a manifestation of ordered magnetism. Generally, antiferromagnetic order
may exist at sufficiently low temperatures, vanishing at and above a certain temperature,
the Néel temperature (Neel temperature is the temperature at which an antiferromagnetic
material becomes paramagnetic; hence losing its magnetic properties) [16].Above the Néel
temperature, the material is typically paramagnetic. Figurel3 shows ordering of the atomic
dipoles in an antiferromagnetic material

Fig. 13. Ordering of the atomic dipoles in an antiferromagnetic material.

2.6.5 Superparamagnetic

Superparamagnetism is a phenomena by which magnetic materials may exhibit a behavior
similar to paramagnetism at temperatures below the Neel or the Curie temperature (The
Curie temperature is the temperature at which a ferromagnetic or a ferromagnetic material
becomes paramagnetic; hence losing its magnetic properties).Normally, coupling forces in
magnetic materials cause the magnetic moments of neighboring atoms to align, resulting in
very large internal magnetic fields. At temperatures above the Curie temperature (or the
Neel temperature for antiferromagnetic materials), the thermal energy is sufficient to
overcome the coupling forces, causing the atomic magnetic moments to fluctuate randomly.
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Because there is no longer any magnetic order, the internal magnetic field no longer exists
and the material exhibits paramagnetic behavior. Superparamagnetism occurs when the
material is composed of very small crystallites (lower than 100 nm). In this case even though
the temperature is below the Curie or Neel temperature and the thermal energy is not
sufficient to overcome the coupling forces between neighboring atoms, the thermal energy is
sufficient to change the direction of magnetization of the entire crystallite. The resulting
fluctuations in the direction of magnetization cause the magnetic field to average to zero.
The material behaves in a manner similar to paramagnetism, except that instead of each
individual atom being independently influenced by an external magnetic field, the magnetic
moment of the entire crystallite tends to align with the magnetic field. The energy required
to change the direction of magnetization of a crystallite is called the crystalline anisotropy
energy (see section 2.5) and depends both on the material properties and the crystallite size.
As the crystallite size decreases, so does the crystalline anisotropy energy, resulting in a
decrease in the temperature at which the material becomes superparamagnetic [17].
Ordering of the atomic dipoles in a superparamagnetic material is shown in Figure 14.
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Fig. 14. Ordering of the atomic dipoles in a superparamagnetic material.

2.7 Classification and applications of ferrites

Ferrites are grouped into two types, soft and hard. This is the classification based on their
ability to be magnetized and demagnetized, not their ability to withstand penetration or
abrasion. Soft materials are easy to magnetize and demagnetize, so are used for
electromagnets, while hard materials are used for permanent magnets. They can also be
classified based on their coercive field strength into soft and hard materials [12]. With soft
magnetic materials the hysteresis loop is small (low coercive field strength, independent of
magnetic field amplitude); with hard magnetic however it is large (high coercive field
strength). Table 2 gives a comparative account of both types.

H. <10 A/Cm: soft magnetic;
H. > 300 A/Cm: hard magnetic (permanent magnets).

Hard ferrite magnets are made in two different magnetic forms: isotropic and oriented.
Isotropic magnets are formed to desired shapes, sintered and then magnetized. These
exhibit a modest magnetic field and find applications in cycle dynamos and ring magnets.
Oriented magnets are formed to shape under a strong magnetic field and then sintered.
These exhibit a very strong magnetic field and find applications in loudspeakers, magnets of
two wheelers like scooters, etc. [14].
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Soft magnetic Hard magnetic

High saturation magnetization (1-2T) High saturation magnetization (0.3-1.6T)
Low coercivity (H) High coercivity

High permeability Not important, but low

Low anisotropy High anisotropy

Low magnetostriction Not important

High Curie temperature (T.) High T.

Low losses High-energy product

High electrical resistivity Not important

Table 2. The comparative properties of soft and hard magnetic materials

3. Established methods for synthesis of nanocrystalline ferrites

There are two methods for the preparation of magnetic nanoparticles: physical and
chemical. The methods of generation of magnetic nanoparticles in the gas or solid phase
using high-energy treatment of the material are usually called physical, while the
nanoparticle syntheses, which are often carried out in solutions at moderate temperatures
are chemical methods. Different routes have become an essential focus of the related
research and development activities. Various fabrication methods to prepare spinel ferrites
nanocrystals have been reported, e.g., sol-gel methods [18], the ball-milling technique [19],
co-precipitation [20], polymeric assisted route [21] the hydrothermal method [22], the
reverse micelles process [23], and the micro-emulsion method [24]. Various precipitation
agents have been used to produce specific size and shape spinel ferrites nanocrystals, e.g.,
metal hydroxide in the co-precipitation method, surfactant and ammonia in the reverse
micelles process and various micro-emulsion methods, and organic matrices in the sol-gel
method. Most of these methods have achieved particles of the required sizes and shapes, but
they are difficult to employ on a large scale because of their expensive and complicated
procedures, high reaction temperatures, long reaction times, toxic reagents and by-products,
and their potential harm to the environment.

3.1 Thermal treatment method

In the present study, spinel ferrites nanocrystals with different structures were prepared
from an aqueous solution containing metal nitrates, poly (vinyl pyrrolidon), and deionized
water using a relatively low temperature thermal treatment method, followed by grinding
and calcinations. No other chemicals were added to the solution. This method is
environmentally friendly in that it neither uses nor produces toxic substances, and it offers
