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Preface

Boron is a semimetal that is found in low amounts both in the solar system
and in the Earth’s crust. It is a chemical element with atomic number 5 and is
produced by cosmic ray and high-energy radiation from supernovae that impact
boron-containing minerals. Naturally occurring boron is found within chemical 
compounds such as borate minerals; however, the elemental form is not found 
because of its high reactivity. Also, high purity boron is difficult to produce
industrially because of contamination by carbon and other elements at high tem-
peratures. Boron has several allotropes, including amorphous boron, a dark brown
powder, and crystalline boron, a black material with a melting point above 2000°C, 
which is extremely hard and weakly conductive at room temperature, but a good 
conductor at high temperature.

Boron is an important synthetic and research chemical. It is an important compo-
nent of reducing agents such as sodium borohydride and borane. In the
Corey–Bakshi–Shitaba catalyst used to asymmetrically reduce ketones, boron
plays dual roles as a hydride source and a Lewis acid. Boron’s Lewis acid properties
result from an empty p-orbital, which confers electron-accepting abilities, such
as in the familiar boron trifluoride used as a Lewis acid catalyst. Boronic acids and 
esters are key organic building blocks in synthetic chemistry: these oxygen- and 
carbon-containing boron compounds are important cross-coupling partners in
palladium-catalyzed Suzuki–Miyaura reactions. They are also critical to the small 
molecule synthesis of pharmaceuticals, agrochemicals, and veterinary science
products.

Recent developments in the field of boron chemistry have led to a broad range of
applications from medical science to materials uses. Boron-doped drugs have several
biomedical applications, including use in neutron capture therapy for cancer, as an
anticancer, antiviral, antibacterial, antifungal therapeutic agent, and as a component
of optical and nuclear imaging agents. Due to the electron-deficient nature of the
boron atom, boron-based organic materials, such as three-coordinate organoboron
compounds, present electron-accepting centers that give exceptional optoelectronic
functions and significantly amplify performance in energy-conversion systems such
as organic light-emitting diodes, organic photovoltaics, and organic field-effect
transistors. Furthermore, the rapid development of nanoscience and nanotechnol-
ogy has inspired scientists to investigate new features of boron nanostructures at the
nanoscale such as boron-containing nanotubes, nanowires, and nanosheets. These
novel structures have found applications in the field of hydrogen storage, batteries,
catalysts, electronics, superconductors, mechanically strong components, nano-
medicine, and cancer research.

The aim of this book is to present an overview of recent developments in boron-
containing materials with potential applications in many fields. In Chapter 1, the
history of boron and its usage areas are briefly reviewed, including a comprehensive
discussion on boron deposits and sources in Chile. Chapter 2 provides experimental 
and theoretical works for different boron nitride functionalization structures with
potential biomedical applications. Chapter 3 deals with the photophysical and 



Preface

Boron is a semimetal that is found in low amounts both in the solar system 
and in the Earth’s crust. It is a chemical element with atomic number 5 and is 
 produced by cosmic ray and high-energy radiation from supernovae that impact 
 boron-containing minerals. Naturally occurring boron is found within chemical 
compounds such as borate minerals; however, the elemental form is not found 
because of its high reactivity. Also, high purity boron is difficult to produce 
industrially because of contamination by carbon and other elements at high tem-
peratures. Boron has several allotropes, including amorphous boron, a dark brown 
powder, and crystalline boron, a black material with a melting point above 2000°C, 
which is extremely hard and weakly conductive at room temperature, but a good 
conductor at high temperature.

Boron is an important synthetic and research chemical. It is an important compo-
nent of reducing agents such as sodium borohydride and borane. In the  
Corey–Bakshi–Shitaba catalyst used to asymmetrically reduce ketones, boron 
plays dual roles as a hydride source and a Lewis acid. Boron’s Lewis acid properties 
result from an empty p-orbital, which confers electron-accepting abilities, such 
as in the familiar boron trifluoride used as a Lewis acid catalyst. Boronic acids and 
esters are key organic building blocks in synthetic chemistry: these oxygen- and 
 carbon-containing boron compounds are important cross-coupling partners in 
palladium-catalyzed Suzuki–Miyaura reactions. They are also critical to the small 
molecule synthesis of pharmaceuticals, agrochemicals, and veterinary science 
products.

Recent developments in the field of boron chemistry have led to a broad range of 
applications from medical science to materials uses. Boron-doped drugs have several 
biomedical applications, including use in neutron capture therapy for cancer, as an 
anticancer, antiviral, antibacterial, antifungal therapeutic agent, and as a component 
of optical and nuclear imaging agents. Due to the electron-deficient nature of the 
boron atom, boron-based organic materials, such as three-coordinate organoboron 
compounds, present electron-accepting centers that give exceptional optoelectronic 
functions and significantly amplify performance in energy-conversion systems such 
as organic light-emitting diodes, organic photovoltaics, and organic field-effect 
transistors. Furthermore, the rapid development of nanoscience and nanotechnol-
ogy has inspired scientists to investigate new features of boron nanostructures at the 
nanoscale such as boron-containing nanotubes, nanowires, and nanosheets. These 
novel structures have found applications in the field of hydrogen storage, batteries, 
catalysts, electronics, superconductors, mechanically strong components, nano-
medicine, and cancer research.

The aim of this book is to present an overview of recent developments in boron-
containing materials with potential applications in many fields. In Chapter 1, the 
history of boron and its usage areas are briefly reviewed, including a comprehensive 
discussion on boron deposits and sources in Chile. Chapter 2 provides experimental 
and theoretical works for different boron nitride functionalization structures with 
potential biomedical applications. Chapter 3 deals with the photophysical and 



XIV

photochemical properties of boron (III) chelates for photonic and sunlight harvest-
ing applications. Chapter 4 deals with properties and applications of boron nitride 
nanomaterials. Chapter 5 discusses experimental results in hexachlorinated boron 
(III) subphthalocyanine as an acceptor for organic photovoltaics. Experimental and
theoretical studies of mechanical alloying in a transition metal (IV–V group)-boron
system are presented in Chapter 6.

Metin Aydin, PhD
Professor of Chemistry,

Ondokuz Mayıs University,
Samsun, Turkey

Chapter 1

Boron Industry, Sources, and
Evaporitic Andean Deposits:
Geochemical Characteristics and
Evolution Paths of the Superficial
Brines
Ingrid Garcés Millas

Abstract

This study accounts for boron deposits in Chile. In addition, a vision is given of
the geochemical evolution of its waters that depend largely on the evaporation of
water and various factors among which are the geomorphology, climate, and vol-
canic activity that favor the conditions for the deposition of various salts between
that accentuate lithium, potassium, and boron. Borates are found in lenticular
stratified bodies, known as “bars,” interspersed in detrital-saline sequences and
always in the first meters of the saline surface part or as high-grade nodules (up to
30% B2O3) that can reach tens of centimeters. In the first part, a description is made
of the saline deposits to coming of the salars of South America, because it is the most
important reserves of boron-rich minerals known in this continent are directly
related to this type of deposits. Subsequently, the deposits in Chile and their char-
acteristics are described. The only mineral of economic recovery known in Chile is
ulexite. The second part refers to the Pitzer ion interaction model that is applied to
predict the precipitation of salts in multicomponent aqueous systems with high
ionic strength in a temperature range of 0–60°C, using the three natural brines of
Andean borates.

Keywords: deposits of borates, Andean salars, natural brines, Pitzer model,
Salar de Quisquiro, Salar de Aguas Calientes, Salar de Surire

1. Introduction

The boron element does not exist by itself in nature; it appears in combination
with oxygen and other elements in salts, commonly called “borates” and defined as
a compound that contains boric oxide (B2O3). In Babylon, more than 4000 years
ago, the use of borax was known because the Babylonians brought it from the
Himalayas to use in the manufacture of jewelry. The Egyptians used borax for the
mummification process, and by �300 d.C. the Chinese were familiar with borax
glazes, as were the Arabs three centuries later [1–3]. More than 230 minerals
containing boron have been identified [2], with sodium, calcium, or magnesium
salts being the most common. There are many minerals that contain boric oxide, but
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four are the most important minerals from the commercial point of view: borax,
kernite, ulexite, and colemanite. All are derived from continental evaporites that
form the main commercial sources of borates. Deposits that contain these minerals
are mined in a limited number of countries (Figure 1), dominated by the United
States and Turkey, which together furnish 90% of the world’s borate supplies, but
the most important world reserves are in Turkey (borax, ulexite, and colemanite).

The main uses of borates and boron compounds are found in the enamel and
ceramic industry (sanitary ware, crockery, ceramics, tiles), glass industry (crystals,
glass fibers, fire-resistant Pyrex glasses, lamps and spotlights), and fertilizers.
Kernite is used to produce boric acid, tincal is used to produce sodium borate, and
ulexite is used as the principal ingredient in the manufacture of a variety of spe-
cialty glasses and ceramics. Boron is one of the seven essential micronutrients for
plants; it is applied directly to the soil and also is utilized in the fertilizer-type
specialty [4]. It is present in the chemical industry (preparation of detergents,
bleach, fire retardants, abrasives, cosmetics), tanneries (prevents rot), pharmacy
(mild antiseptic), and paints (fungicide) and is used as a wood preservative
(because of its low toxicity) and in capacitors, alloys, catalysis, rubber (fire retar-
dant), and cement (slows setting). Boron hydrides oxidize easily and release large
amounts of energy and for that are being studied as a possible source of fuel
(aircraft and rocket borane); also they are used for shielding against radiation and
for the detection of neutrons. B-10 is used in the control of nuclear reactors, in
optics, and in the production of semiconductors [5].

The majority of commercial borate deposits in the world are extracted by open-
pit methods. Another main source is from saline lakes, whose deposits are associ-
ated with the volcanism of the Neogene age in tectonically active regions on plate
boundaries with arid climates, such as in the Mojave Desert of the United States
near Boron, California, the Tethyan belt in West Asia, and the Andean belt in South
America. The most important continental borates are found in the United States,

Figure 1.
Places where borate deposits are found in the world. The South American borates are located in the 70° W
latitude strip and around the 30° N longitude. Turkish borates, American borates, and Chinese Asians are
located.

2

Recent Advances in Boron-Containing Materials

Argentina, Chile, Peru, and China. The world’s largest known borate reserves are
found in western Anatolia, Turkey [6].

The presence of borates in South America is interesting. Peru has only one site
(Laguna Salinas, Arequipa) with reserves that exceed 10 million tons with a 25%
law of boric anhydride (B2O3) [7]. Bolivia has reserves of ulexite in Coipasa,
Empexa, Uyuni, Chiguana, Pastos Grandes, Capina, Mamacoma, Curuto, Chalviri,
Luriques, and others, while Argentina has the borate salt flats of Hombre Muerto,
Diablillos, Ratones, Centenario, Cauchari, Olaroz, and Salinas Grandes [7].

There are only four major important metallogenic provinces in the world of
continental borates. In order of importance are Anatolia in Turkey; Nevada, Cali-
fornia, United States; the Central Andes of South America; and Tibet in Central Asia
[8] (Figure 1). The Andean Boratífera Province includes a part of the south of Peru,
the central-eastern part of the Great North of Chile, the high plateau sectors of the
northwest of Argentina, and the southwest of Bolivia that has been described by
Alonso [9], corresponding to the region between 16 and 27° S and 66 and 70° W
with its north–south major axis of the order of 1500 km and another east–west of
400 km. Argentina has the best reserves and production in South America [9].

The Central Andean volcanic province coincides with the normal subduction that
accompanies the Altiplano-Puna plateau that has the anomaly in boron and other
volcanogenic elements, such as lithium and arsenic. The Andean borate formation
model was developed by argentine investigators [9–11]. The concentration of boron
that gave place to the formation of deposits of economic interested is related with the
concurrence of several associated factors such as volcanism; presence of closed
basins; semiarid climate; and thermal sources [7] of the Miocene and Quaternary.

The world production of borates is estimated at 5.75 million tons of different
minerals [12], and the main producers are Turkey (2.50 mill ton), United States
(1.15 mill ton), Argentina (600 mil ton), Chile (560 mil ton), Russia (400 mil ton),
Peru (290 mil ton), and others (270 mil ton for the rest of the producers) [13].
The United States and Turkey are the largest producers of boron in the world. Boron
is quoted and sold based on boron oxide (B2O3), which varies according to the
mineral and the compound and with or without sodium and calcium.

In South America, the “Central Andean Boratífera Province” is located between
the Cordillera de la Costa in Chile and the eastern edge of the Altiplano-Puna. The
current production of Bolivia is based on the mineral reserves of boron from saline
deposits in the south of the country and from the Salar de Uyuni. The reserves in
these deposits have been estimated at 15 million tons (Mt) of B2O3. The most
important boron ore that is extracted is ulexite, associated with tincal [13]. In Peru,
there is only one company that extracts natural borates from the Laguna Salinas
deposit, where reserves are estimated at 10 Mt. of ore with 25–27% of B2O3. The
open-pit mine is about 80 km away from Arequipa at an altitude of 4100 m.a.s.l.
The capacity of the mine is 120,000 tpa of ulexite and 8000 tpa of colemanite.
There are two main types of borates in Puna, Argentina: borates in rocks and
borates in salars. The borate deposits in rock are of the Tertiary and Quaternary,
formed in the last 7 million years, being located with greater abundance and eco-
nomic importance in the NOA region (Argentine Northwest). The main mineralogy
that these deposits present are borates of sodium (tincal), calcium and sodium
(ulexite), calcium (colemanite), and calcium and magnesium (hydroboracite). The
reserves in the Tertiary deposits (hard borates) amount to 60 million tons of B2O3

and are represented by Tincalayu (Salar del Hombre Muerto, Salta), Sijes (Pastos
Grandes, Salta), and Loma Blanca (Puna Jujeña), while the reserves in the Quater-
nary deposits (soft borates) amount to 40 million tons of B2O3 and represent salt
flats of Salta, Jujuy, and Catamarca, whose main mineral is ulexite. The brine
reserves of borates from salars of La Puna are not all estimated [14].
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Chile has been the main producer of borate in South America, and the produc-
tion in 2017 reached 560,000 tons of ulexite; the largest ulexite salt deposit in the
world is the Salar de Surire, with estimated reserves of 1.5 Mt. [12]. Chile has ulexite
reserves that together exceed 35 million tons with a 25% grade in B2O3, while world
reserves are estimated at 380 million tons in B2O3 [12]. Canada, China, India, Japan,
and Malaysia are the countries that imported the highest amounts of refined borates
from the United States in 2018.

2. Review of boron deposits in Chile

The discovery and commercial development of borate deposits were accelerated
in the nineteenth century. Chile started to mine borate from the Salar de Ascotán in
1852 (accounting for a quarter of the world’s annual supply of �16,000 tons) by the
British company Borax Consolidated [15]. It is necessary to consider that at that time,
the borate deposits were not part of the Chilean territory. Chile was the world’s
principal producer of boron, with its deposits located in the salars of Surire in the
north of the country; Ascotán, Carcote, Aguas Calientes I, and Quisquiro, located in
the second region; and Maricunga in the third region of Atacama. In 1836 the borates
of the South American region were known, with existing records of the year 1852.
The incipient exploitation of the Salar de Ascotán in 1883 was described with a
production of 36,000 metric tons in 1913 and stopped working in 1967 [16, 17].
Currently, Chile is located after Argentina in reserves and installed treatment capac-
ity among the Andean producing countries. Boron (ulexite) production in Chile
increased by approximately 6%, from 518 tons in 2015 to 560 tons in 2017 [18].

The discovery of deposits of borates “hard” in Turkey of minerals with better
economic performance, greater reserves, and comparative advantages of exploita-
tion and benefit changed to become Chile a country with a status quo in this area,
for more than 70 years. The final chapter seemed to be closed in 1967, when Borax
Consolidated, an English monopoly producing company, which exploited the Surire
(Chilcaya) deposits and, subsequently, Ascotán, abandoned its deposits and the
country [15]. Subsequently, in 1980 it had a vigorous upturn, and in the coming
years, the production of borates and boric acid will be considered strategic because
boron is associated with lithium in these Andean saline deposits. This alternative is
only a potential alternative because it will depend exclusively on market and non-
technological factors.

The Andean sector known as the Code of Santa Cruz (Figure 2), localized
between 14° and 27° south latitude and 68° 30` west longitude until the Pacific
Ocean, has the greatest variety of deposits in relation to that of the neighboring
countries. The Andean orogenic system can reach up to 600 km wide and is char-
acterized by numerous closed basins that serve as local base levels for drainage
systems in the High Cordillera, also known as Puna or Altiplano [18]. These basins
can be of tectonic, volcanic, or other subordinate origin. Their maximum age is
probably middle Tertiary, and they continue formed during the Quaternary. Some
of them are in full evolution, today with few outcrops of Paleozoic and Mesozoic
bases. Its axes, in general, have a meridian to submeridian orientation and, from the
Tertiary, have had an active sedimentary development. Some of them can be big, as
is the great Bolivian basin, which includes the Poopó and Titicaca lakes, and the
great Salar de Uyuni. In Chile, we have the case of the Pampa del Tamarugal [18].
The most outstanding sedimentary aspect of this basin has been the development of
lacustrine systems with fresh or saline waters that, in their terminal stages, have
evolved into evaporitic basins that are known today as “salars.” These are located in
the lower part of the basins and, often, asymmetrically within them. The salars
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result from the breakdown of the balance between the waters contributed to the
basins and the evaporation and evapotranspiration processes. A salt flat (salar) is a
saline detritic body located in the lower part of closed basins, formed in arid to
semiarid environments. In its border, clastic deposits are formed, normally the
distal parts of coalescent alluvial systems, which interdigitate with the salts that fill
the basins themselves [19]. The contributions are both superficial and underground,
with the latter predominant. The salts usually form concentric zones, due to their
different solubility product, while the clastic materials are deposited according to
their relative granulometry (gravel, sand, clays). Lagoons and groundwater levels

Figure 2.
South American Boratífera Province [9]. The Andean sector is known as the Code of Santa Cruz, that is,
approximately between 14° and 27° south latitude. The Andean orogenic system can reach up to 600 km wide
and is characterized by numerous closed basins that serve as local base levels to systems of drains of the High
Cordillera, also known as Puna or Altiplano. It comprises deposits of Neogenic and Quaternary borates, formed
in the last 7 Ma.
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are common in salars. The surface of the salt flat (salar) is characterized by salt
crusts and structures that reach a great variety, due to the dynamism of the salts. In
the major basins, sub-basins with complex hydrological systems have differentiated
over time. These basins, although in time and space are very varied, have as a
common factor that most of their components, both detritic and chemical, have a
majority volcanic origin of Cenozoic age [19]. This includes processes of erosion,
weathering, and leaching of volcanic rocks, in addition to direct volcanic activity
through the geothermal gradient, pyroclastic materials and lavas that enter the
basins, and the contributions of the thermal sources. This is as true for salt flats
inside eroded volcanic systems or boilers, such as those formed by tens or hundreds
of kilometers of current volcanic systems [20]. The size of the salars varies, from up
to thousands of square kilometers, such as the Salar de Uyuni that reaches about
9000 km2, but its in-depth composition constitutes one of its most unknown
aspects. In exceptional cases, such as the Salar de Atacama, it has been recognized
that evaporitic bodies can reach more than 1 km of power [20].

The deposits of the high Andean subprovince of the Chilean sector are exclu-
sively of the salar type, and to date, there are no described deposits associated with
Miocene sedimentary sequences, as happens in Argentina. The latter are not related
to salt flats and present a great mineralogical variety, becoming world-class reserves
(subprovince of the eastern Puna) reaching the order of 100 million tons of B2O3

[15]. The only deposit described in Chile is the Salar de Maricunga, whose age
would be in the “Miocene Superior to the Lower Pliocene” period [21].

The geomorphology of the region corresponds to the block systems in a tecton-
ically active desert. The main blocks, in an integrated profile, from the west, and at
a zero level to approximately at 6000 m altitude, are the mountain range of the
coast (Cordillera de la Costa); the Central Depression, with its most characteristic
section in the Pampa del Tamarugal; the precordillera, with the Cordillera Domeyko
Mountain Range; and the Andean Mountain Range (Cordillera de los Andes),
formed by the Altiplano and the Cordillera de los Andes. These morphological units
may have limits, including sometimes obliterated, or they may be perfectly defined
by regional structures [15]. This position geomorphologic to have permitted to
classify the salars by your geographic position in Salars of the Coast, Central
Depression Salars, Preandean Salars and Andean Salars [22]. The geological frame-
work includes a wide stratigraphic record and igneous rocks, probably the most
complete in the country, presenting a great variety of mineral deposits. In this
region, the optimal conditions are present for the development of this saline
deposits or salars, due to climatic conditions (desert to semidesert environment),
geomorphology (abundance of closed basins), and a varied geological framework,
both in age and in lithology, in addition to a relative abundance of outcrops [23, 24].

A striking characteristic of this area in southern Peru and northern Chile is the
extreme aridity that has prevailed for several million years [25]. Due to this long-
lived hyperaridity, the regional landscape experienced extremely low denudation
rates (<0.5 mMa�1), as supported by several cosmogenic nuclide studies [26, 27] in
southern Peru and in northern Chile [25, 28, 29], allowing a long-term preservation
of geomorphology [30].

Contributions to different basins correspond, mainly, to meteoric and “thermal”
waters that, when they reach the basins, of saline composition, evolve into chlori-
nated brines with lower carbonate and sulfate contents, although the latter can be
enriched in situ [31, 32]. The higher cations are sodium, calcium, potassium, mag-
nesium, and lithium, with significant local amounts of arsenic and mercury, while
the main anions are sulfates, chlorides, and carbonates, in addition to nitrates and
borates [20, 33–35]. Additional factors that contribute in the formation of basins are
erosion and leaching of different types of rocks; the transformation, in situ, of rocks
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by the chemical and physical action of the salts, through “saline tectonics”; biolog-
ical activity; photochemical reactions; and mists (“camanchacas”) and marine spray
[36, 37].

It is evident that, from geological times and even in historical times, there is a
polarization in aridity, from west to east. As a result, there are “fossilized” salt flats,
in the western most part, as is the case of the Salar Grande de Tarapacá (salar of the
coast); others receive occasional recharge such as the salars of the Central Depres-
sion and Salar de Llamara; others such as the Salar de Atacama (pre-Andean salar)
receive contributions from ephemeral rivers and the eastern sector and others that,
at present, are in the process of formation like those found in the Andean Mountain
Range such as Salar de Loyoques or Salar de Surire (Andean salars).

Another source of boron and lithium are the geothermal fields. In the brines of
geothermal fields, there are significant concentrations of salts, including borates. It
has been proven that the brines of the Tatio geothermal field have values of the order
of 200 ppm of boron, and in similar fields in the United States like Salton Sea, average
values of the order of 250 ppm are detected [23, 24]. The basins of the andean salars
have a structural control, some have been formed by entrapment flows of lava or
inside ancient volcanic systems eroded, for example, boilers. The contributions to the
basins are influenced by the volcanic activities that, in some salt flats, are evidenced in
its interior by sources of thermal hot springs (Surire, Aguas Calientes I) [19, 35]. The
volcanic activity provides a high geothermal gradient that directly affects the quantity
and quality of the leached transported ions to the basins [20, 38]. The brines can have
up to 220,000 g/l of dissolved solids and, compared to their environment, can reach
values 100 times more than those found in meteoric waters and 10 times than those of
thermal waters. The main contributions are related to the Cenozoic volcanic rocks,
and the brines are mainly chlorides, having as main ions sodium, calcium, lithium,
magnesium, chlorides, sulfates, borates, and carbonates [20]. They also have signifi-
cant amounts of arsenic, mercury and significant strontium anomaly, and, at the level
of traces, cesium and rubidium [33, 34, 39]. About 90% of the rocks where boron
deposits are formed are volcanic or volcanoclastic, mainly ignimbritas [22].

3. The boron resource in Chilean salars

The different alternatives of exploitation of boron deposits in Chile, either as ore
or by-products, in order of importance in terms of magnitude were described by
Chong and Garcés [15] and subsequently expanded in Garcés and Chong [22] as:

a. Deposits in the Andean salars: The salt flats are located in the high mountain
range at altitudes between 4000 and 4500 m.a.s.l. These are distributed in the
first three regions of the north. The boron deposits are the biggest reserves in
the country, and the predominant geological framework is the Cenozoic
volcanism illustrated by the presence of volcanoes and hot springs. The most
important starting from the north are Surire, Carcote, Ascotán, Aguas
Calientes Norte 2, Quisquiro, Aguas Calientes Sur, Pedernales, and Salar de
Maricunga.

Ulexite in Chilean deposits comes in two forms:

• In lenses of powers ranging from centimeters to, in exceptional cases,
2 m. They can extend of a few tens to hundreds of square meters;
however, the continuity is quite irregular, equal that its quality or law of
mineral. These horizons are called bars.
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• In irregularly distributed nodules in the clay sediments known as
“potatoes,” which do not exceed 15–20 cm in diameter; mostly, these
concretions are 10 cm in diameter and have the highest concentrations in
B2O3 units.

Both types of deposits maintain a genetic relationship with waters from thermal
sources. Among the companions of the ulexite are arsenic, gangue minerals such as
calcium and sodium sulfates, sodium chloride, and varying amounts of clay
minerals or other sulfates and silicates. The presence of other borates such as
probertite, its anhydrous equivalent, is frequent, but in subordinate quantities,
colemanite and borax have also been detected and don’t represent economic
importance [40].

The brines in these salt basins also have anomalous borate contents in some
cases, which must be discarded from the point of view of eventual economic use.
Subsequent works done by Garcés [19, 22, 24, 32], in the Salar de Ascotán,
Quisquiro, and Huasco, show that the presence of boron in its brines reaches
contents of 550 mg/l, 1627 g/l, and 507 mg/l, respectively.

The only ore mineral in those deposits is the ulexite, and its exploitation is carried
out exclusively in the first 2 m of the salt crusts. This limitation is defined by the
shallow position of groundwater levels. In the salars of Ascotán and Quisquiro, with
the ulexite, probertite, hydroboracite, borax, and colemanite were found. The biggest
composition of ulexite in units of B2O3 is presented in potatoes, reaching values of
34.74% B2O3 compared to 18–19% in B2O3, which has the ulexite in bars of the Salar
de Ascotán. For Quisquiro samples, potatoes reach 35.43% in B2O3, while in bars they
range from 9% to 23.8% in B2O3. In the Salar de Huasco, a little further north than the
previous ones (20°18’S and 68°50’W), probertite, hydroboracite, and ulexite are
recognized in a subordinate way; despite the anomalous contents in some sampled
points, the salar does not correspond to a boron deposit, since it consists mostly of
sulfates, such as thenardite and gypsum, accompanied by halite [19].

b. Pre-Andean salars: Those saline deposits are located between the
precordillera and the cordillera of Andes. They correspond exclusively to the
Salar de Atacama and Punta Negra, both are the oldest, the first of these being
the largest and most economically important in the country. Both are part of
the Atacama-Punta Negra system. According to Alpers and Whittemore [41],
the geological framework is varied with a predominance of Cenozoic,
volcanic, and detritic rocks; both salt flats in the past were part of a single
tectonically controlled basin. The Salar de Atacama is closed to a great
volcanic activity on the eastern side, producing a drainage of the basin with
great influence on the geochemistry of its waters, especially of underground
origin, through the contribution of CO2 of volcanic magma. The eastern edge
of the salar presents horizons of ulexite, associated with gypsum, but in
nonsignificant quantities as for its exploitation, usually the presence of the
gypsum makes difficult the visual recognition of the ulexite. The brines of the
Salar de Atacama are rich in trace elements such as lithium (0.15 g/l) and
potassium (1.8 g/l), these being the highest contents that have been found in
Chilean salt flats and are currently exploited jointly with boron and sulfates
that water brings (see Table 1). These brines are concentrated until boric acid
is obtained through a process of concentration by solar evaporation. The boric
acid produced is a product of the recovery process of potassium sulfate that
brine is extracted in boron concentration. Subsequently, the brine is acidified
with sulfuric acid to obtain the crystallized boric acid. The crystals are filtered
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and washed in counter current in three successive stages, to finally dry them
and obtain the boric acid of high purity. For other parts, the Salar de Punta
Negra is the second biggest in the country, located at an altitude of 2956 m,
close to 200 km south of the Salar de Atacama, between the Cordillera de los
Andes and the Cordillera de Domeyko. The salar drainage basin is
approximately 4660 km2. The closest volcanoes to the east edge are the
Llullaillaco (6723 m) and the Socompa volcanoes (6031 m). The geological
framework consists of lithostratigraphic units, which include almost all of the
statigraphic columns, since marine and continental, volcanic, metamorphic,
and intrusive sedimentary rocks are present, ranging from Paleozoic to
Recent. In some sectors in its eastern part, ulexite lenses, intercalated with
sediments and crusts of calcium sulfate, show small-scale exploitation in the
past, but today no eventual future of exploitation of this resource is
estimated. Studies of Gannat and Schlund [42] indicate the western edge of
the Salar de Punta Negra is mostly composed of halite and gypsum and in a
subordinate way at the level of traces, glaserite, nitratite, potassium nitrate,
humberstonite, silvite, darapskite, tenardite, glauberite, singenite, and
polyhalite.

c. Deposit saline of the Central Depression: The Central Depression is a
depressed relief that extends between the Cordillera de la Costa and the
Precordillera. The salt flats found in this plateau are closed watersheds of the
endorheic type, which receive water contributions from the east (Alta
Cordillera), underground and surface. The salt concentration mechanism is
based on the leaching of these materials, associated with mud flows or other
irregular water avenues, which are transported to the Central Depression and
are the formators of this type of salt flats in the distal part of alluvial cones or
isolated bodies in some basins [22]. These deposits include, at the base,
decimetric sequences of clays and saline silts and monomineral decimetric
horizons of tenardite, humberstonite, bloedite, ulexite, and darapskite. It
should be considered that the parts of these mud flows have volcanic origin.
Characteristic deposits of this type are found in Cerros de la Joya and Cerro
Antar in the southern part of the I Region of Tarapacá (21° 500 32″ S and 69°
270 17″W), which were exploited with some intensity in the past. In the same
area, in the upper part of some salt flats, lenticular bodies of centimeters
thickness of ulexite are recognized. These have also been exploited
sporadically, in the area of the Salar de Pintados in the first region was also
exploited in the past, but in general, in all these deposits, they can consider
the ulexite of subordinate economic importance. In the Pampa del Tamarugal

Species Boron Chloride Sulphate Sodium Potassium Lithium

S. Atacama© % p/p 0.06 16 1.78 7.6 1.8 0.15

S. Surire (mg/l) 1627 144,028 13,583 82,225 13,500 472

S. Punta Negra average value (mg/l) 0.0377 54.125 4.17 34.2 0.845 Not analyzed

S. Aguas Calientes N (mg/l) 729 117,655 1984 71,581 1831 227

S. Maricunga average value (mg/l) 596 190,930 709 85,190 8237 1123

© Jacobs Engineering Inc. for Minsal Ltda, 1989.
Source: [19, 42, 48].

Table 1.
Chemical composition in mg per liter of the brines in Andean Salar’s, except Atacama salar’s.
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between coordinates 19° 400 S and 69° 400 W, the minerals found in boron
correspond to ulexite, associated with halite, potassium salts, and carbonates,
in beach-type deposits.

d. Deposits of borates and by-products from the salt industry: This
economic alternative to recover borates from the salt industry requires the
exploitation of large volumes of nitrate ores, and the recovery of borates
would be a by-product of this industry. The geology and mineralogy of these
nitrate deposits are described in various authors [31, 43, 44]. George Ericksen
studied these deposits in detail, from a structural, geological point of view,
their history, mineralogy, and geochemistry. He found and described several
iodine minerals he called brüggenite, hectorflorecite, fuenzalidite, and
carlosruizite, among others. Ericksen [44] includes the presence of borax in
the nitrate deposits, together with inyoita, kaliborita, and gowerita but in low
relations. Inderite, ginorite, hydrochloroboracite, and hydroboracite have also
been recognized, but all of them in minimal quantities. Minerals recognized
in the field of nitrates are halite, silvite, sodium nitrate, potassium nitrate,
darapskite, humberstonite, tenardite, anhydrite, bassanite, gypsum, kieserite,
epsomite, glauberite, bloedite, apthitalite, picromerite, lautarite, ulexite, and
probertite hydroboracite.

The minerals treated from caliche in the Pedro de Valdivia and María Elena
plants contain contents in B2O3 units over 1%, of the minerals treated in plants,
during the period from 1932 to 1967. Data are currently referenced in Wisniak and
Garcés [45].

e. Brine by-products in geothermal fields: It is known that the waters of
geothermal fields, such as the case of Tatio, for example, are enriched with
borates (183 mg/l) [46] as in other salts of economic importance (even of
metallic elements). The economic recovery of borates must be considered in
this case as secondary in all its aspects, since it depends on the initial
exploitation of geothermal energy and the salts contained in the brines.
Currently there is no project that estimates in the near term geothermal
exploitation and would not involve large volumes of production.

4. Description of the area of the deposits studied

Chile only occupies a narrow strip, which extends from 18° to 27° south latitude
and 68° 300 west longitude, from the South American Boratífera Province
(Figure 2); but these appear in all the latitude of the northern part of the country,
from the eastern limit to the coast. The westernmost part is a desert domain
(Atacama Desert in the strict sense), while, to the east, it can be considered semi-
desert (Puna or Altiplano). The aridity of this area, however, is very special, due to
the winter rainfall of the Altiplano, added to those of the summer known as “Boliv-
ian winter,” cyclically carrying large amounts of water to the east sector. This means
a considerable recharge, in addition to mud currents and ephemeral lakes that can
reach the coastal edge. All these waters drain into the interior drainage basins that
have intermediate base levels. The geomorphology of the region corresponds to
block systems in a tectonically active desert. The blocks, corresponding to main
reliefs, are controlled by faults of meridian to submeridian heading, and another
transversal EW. The main blocks, in an integrated profile, range from west to zero
level up to 6000 m altitude.
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Salar de Surire: The salar is located northeast of Chile at 18° 530 S and 69° 030 W
at an altitude of 4300 m with a 140 km2 closed basin. The most characteristic is in
the central part because the volcano Oquecollo emerges to a height of 70 m on the
surface cutting the saline cover [19]. The salar receives water from two forms,
meteoric and groundwater, creating a very shallow body of brine in the south
central area. The region is semiarid with an average annual rainfall of about 230 mm
[19]. During the rainy season, the salar may be brine covered to a depth of 20 cm,
but during the dry season, the brine water table in the dry season cements the upper
crust pores. There are a number of saline thermal springs located on all southeast
border of salar, the principal is Polloquere. Almost all the time the river is dry up
during the dry season. This suggests that it is fed mainly by atmospheric precipita-
tion. Each year rainwater partially recharges the groundwater system which in turn
discharges in topographic depressions. Such waters don’t undergo deep circulation,
which would put them in contact with ancient evaporites. They owe their compo-
sition almost exclusive to the weathering of the volcanic rocks and the resolution of
ancient buried evaporites.

The mean annual air temperature is estimated between 10 and 15°C. Air tem-
perature ranges from �15°C in winter to 20°C in summer. Daily variations may
reach 35°C. The potential evaporation is high 2500 mm/year [36]. The deposits that
make up the salar correspond to carbonates, sulfates, chlorides, borates, and sinter
deposits [19]. The Borax Chemical and Industrial Company operates the ulexite
deposit in the Salar de Surire since 1985, producing a range of boron products,
including boric acid, boron granules (known as granulex), and fertilizers and
insecticides, which combine boron or boric acid with calcium sulfate and sodium
borates [47]. The surface morphology of the salar is practically flat, although with a
slight tilting toward the west, conditioning that the waters that access it go and
accumulate in its western margin. Yellow and red colorations are observed that are
assigned to arsenic sulfides [19] which reveals a markedly arid environment.

A relevant aspect of the hydrology of the Salar de Surire is the existence of a
swampy halo rich in vegetation, which is in the marginal area of the saline body that
constitutes the salt flat. It is a special ecosystem known as bofedal and that consists
of a high-altitude wetland where varied and abundant vegetation develops. This
ecosystem coexists in the middle of a large area of salts, mainly borates that affect
the development of its vegetation and others such as arsenic that give it a certain
toxic character. The importance of these bofedales is the water they contain, and
that is essential for the varied biodiversity to exist into Andean altiplane.

Salar de Quisquiro o Loyoques: It is located in the Altiplano of the Antofagasta
region between the latitudes of 23° 070 and 23° 300 south latitude and the longitudes
67° 100 and 67° 300 west, at 4430 m altitude. This saline deposit is a closed basin of
about 80 km2; it is a beach-type salt flat with few surface lagoons of variable
extension (around 5 km2) and a brine of a few decimeters deep. The main charac-
teristic is that it presents in its center a borate mine with exploitable levels of
ulexite, which in the past was exploited [22, 23]. The main surface contributions in
this salar are the Salado River in the south and in the north the Loyoques estuary, in
addition to the three-deep pass in the west (from north to south) Agua Escondida,
Taina, and Quisquiro. The runoff (tributary to the salar) is 3500 l/s; the surface
evaporation of the waters is 1500 mm/year, and the average annual rainfall is
150 mm [36]. These data show that the high evaporation rate is due to the high
aridity in the area. The maximum average temperature ranges between 10 and 20°
C, while the minimum average temperature is a few degrees below 0° [36]. The
winds in the altiplane follow a pattern, which in the morning is of low intensity with
north orientation, and in the afternoon they start from moderate to high intensity,
with west to east orientation.
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This saline deposit shows an overload exceeding a continuous horizon of ulexite
that varies between 1 and 2 m of power with halite and small amounts of arsenic
sulfide and native sulfur particles. In its upper part (30–40 cm), despite the homo-
geneous aspect of the mineralization, it presents a low grade not exceeding 12% in
B2O3 in dry sample. At the same time, in its lower part, eliminating interstitial water
can reach concentrations of up to 24% in B2O3 [4]. At the edges of the salt flat, the
overload is dry and hardened presenting gypsum crystals and halite with clay and
sand. The underlying ulexite, mixed with abundant gypsum, surpasses sterile clay
horizons. The sections that do not contain mineralization are formed by hard salt
crusts (20–30 cm) that overlap clays and sands with abundant organic material
under which it is found, the water table [22, 23].

The hydrological characteristics are controlled by the conditions of zonal aridity
and affected by summer rainfall from the Amazon Basin. This endorheic type basin
is characterized by presenting potential resources for water use from its confined
layers, as well as mineral species of commercial interest (B, Li, etc.).

Salar de Aguas Calientes I: Evaporitic deposits are located at coordinates 23° 070

22° S and 67° 260 W, at an altitude of 4280 m and have an extension of approxi-
mately 15 km2. It drains to an endorheic basin of about 281 km2, with an orientation
of its main axis NS of 6.5 km and that in its widest part reaches 2.4 km. It is a beach-
type salt flat, with surface lagoons of variable extension which occupies a relatively
small area of depression, and is covered by a crust of saline materials, mostly halite
and gypsum [36, 48]. This situation is due to the current water balance, clearly
deficient, since the rainfall received by the drainage basin is around 150 mm/year,
with the estimated evaporation exceeding 1500 mm/year which reveals a clearly
arid environment. The surface morphology of the salt flat is practically flat,
although a slight tilting toward the west determines that the waters that access the
salt run and accumulate in its western margin. The geological substrate of the area
where the salt flat is located consists mainly of igneous rocks of the Pliocene age.
The most important is the ignimbrite atana with a volume of about 2500 km3 of
white, pink, and gray daffitic tuffs [48]. It belongs to the geological zone known as
the Altiplanic Puna Volcanic Complex (APVC). This unit is stratigraphically located
on other older ignimbrite units, associated with the igneous activity existing in this
sector at least from the Upper Miocene [49, 50], associated with the La Pacana
caldera, which has been interpreted as the oldest collapse boiler of the Cenozoic
volcanism in this region. The combination of climatic aridity and high altitude
translates into rigorous environmental conditions, among which the following stand
out: low partial pressure of oxygen and carbon dioxide, high solar radiation, poorly
developed soils with low nutrient availability, low temperatures with a sharp daily
oscillation, irregular distribution of rainfall, and prolonged periods of aridity. Under
these conditions, the salt flat and its surroundings constitute a crucial water reserve
for the development of life.

From an economic point of view, the salar has important reserves of borates,
highly soluble mineral salts, which are genetically related to the volcanic activity
of the Tertiary Superior-Quaternary [10, 50]. The boron deposit in this salt flat
has been prospected, but not exploited, leaving on the surface of its central zone
a series of open calicatas of up to 2 m deep, at whose bottom the groundwater of
the salar.

5. Geochemical modeling

The physical–chemical processes, including the solubility or deposition of vari-
ous salts, are known to be determined by the ionic composition of the solutions. The
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solubilities of minerals in brines can be calculated from thermodynamic consider-
ations, provided the equilibrium constants are known and activity coefficients can
be obtained. In this context, we have used Pitzer’s ionic interaction model with the
extension formulations of the Harvie and Weare model [51–53] to predict the
precipitation of salts in multicomponent aqueous systems with high ionic strength
in a temperature range of 0–60°C [54–56], using three salt natural brines of Andean
borates.

The code used for the thermodynamic calculations of the brines studied in this
work is the PHRQPITZ [57], which incorporates and extends to temperature ranges
from 0 to 60°C with the Pitzer approximation and the parameterization performed
by Harvie et al. [53] for the Na-K-Mg-Ca-H-Cl-SO4-OH-HCO3-CO3-CO2-H2O sys-
tem. The codes are subject to compliance with conditions of chemical equilibrium
and conservation of mass and/or ionic. These conditions translate into a series of
government equations in which knowledge of the activities of the species present is
essential. This software calculates the individual ionic activities from the analytical
concentration data, based on the specific interaction method. Subsequently, it
evaluates the degree of saturation of the solutions with respect to the mineral phases
of interest and compares the products of ionic activity (PAI) obtained against the
equilibrium constants (Keq) corresponding to the minerals, by means of the
saturation index (IS) through the expression:

I:S: ¼ log P:A:I:=Keqð Þ (1)

where P.A.I. represents the product of ionic activity and Keq the corresponding
equilibrium constant. If the I.S. shows zero value means that the solution is in
equilibrium with respect to that phase, on the other hand, positive or negative
values of the I.S., they determine a situation of supersaturation or subsaturation,
respectively, whose magnitude is a direct function of the absolute value of the
quantity.

The solubility of a mineral in equilibrium is represented as:

XaYb ∙nH2O⇔ aXbþ þ bYa� þ nH2O (2)

If the solubility product of a mineral is defined as (Ksp, XaYb∙nH2O) and it is
considered as the solid phase activity equal to 1, then.

Ksp, XaYbnH2O⇔ aaX ∙ abY ∙ anH2O⇔ mx,sat ∙ γXð Þa ∙ my,sat ∙ γY
� �b ∙ anH2O (3)

where mx,sat and my,sat are the cation and anion mole concentrations, in the
saturated liquid phase with respect to the solid phase. For example, for gypsum,
Eq. (2) looks like:

CaSO4 ∙ 2H2O⇔Ca2þ þ SO4
2� þ 2H2O (4)

The gypsum solubility product (Kps, CaSO4∙2H2O) depending on the activity is:

Kps ¼ ðaCa2þ ∙ aSO4
2� ∙ a2H2OÞ=aCaSO4 ∙ 2H2O (5)

The activity of the solid (mineral) phase is defined as equal to 1 (aCaSO4 ∙ 2H2O = 1),
where Eq. (5) is transformed to:

Kps ¼ mCa2þ ∙ γCa2þ
� �

∙ mSO4
2� ∙ γSO4

2�
� �

∙ a2H2O (6)

13

Boron Industry, Sources, and Evaporitic Andean Deposits: Geochemical Characteristics…
DOI: http://dx.doi.org/10.5772/intechopen.90797



This saline deposit shows an overload exceeding a continuous horizon of ulexite
that varies between 1 and 2 m of power with halite and small amounts of arsenic
sulfide and native sulfur particles. In its upper part (30–40 cm), despite the homo-
geneous aspect of the mineralization, it presents a low grade not exceeding 12% in
B2O3 in dry sample. At the same time, in its lower part, eliminating interstitial water
can reach concentrations of up to 24% in B2O3 [4]. At the edges of the salt flat, the
overload is dry and hardened presenting gypsum crystals and halite with clay and
sand. The underlying ulexite, mixed with abundant gypsum, surpasses sterile clay
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Salar de Aguas Calientes I: Evaporitic deposits are located at coordinates 23° 070
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highly soluble mineral salts, which are genetically related to the volcanic activity
of the Tertiary Superior-Quaternary [10, 50]. The boron deposit in this salt flat
has been prospected, but not exploited, leaving on the surface of its central zone
a series of open calicatas of up to 2 m deep, at whose bottom the groundwater of
the salar.

5. Geochemical modeling

The physical–chemical processes, including the solubility or deposition of vari-
ous salts, are known to be determined by the ionic composition of the solutions. The
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This equation can be rewritten as:

Kps ¼ Kps ∗ ∙ γCa2þ ∙ γSO4
2� (7)

where Kps* is the stoichiometric solubility product, Kps ∗ ¼ mCa2þ ∙mSO4
2�

� �
. In

the equilibrium, the Kps depends on the thermodynamic and stoichiometric prod-
uct. The activity coefficient (γ) and the solubility depend on several factors, the
main one being the ionic force (F.I.). However, as the activity coefficients decrease
with the ionic strength of the medium, the Kps value should increase as a function
of the ionic strength that the thermodynamic solubility constant does not vary. This
increase in stoichiometric constant (Kps) translates into an increase in solubility, as
can be deduced from Eq. (7); this is known as the “saline effect” [58].

6. Material and methods

Sampling of surface was collected in the Salar de Surire, Quisquiro, and Aguas
Calientes I. Samples of water are taken for analysis from river, springs, and pool,
during two seasons, summer and end of winter, at the same previously labeled
extraction points and geographically located with GPS. During transport to the labo-
ratory, the samples were kept refrigerated, protected from light, and sealed. The pH,
temperature, TdS, and Eh were measured in the field with portable devices pH-
conductivity meter (Orion Star A325) which is periodically calibrated with buffer
solutions. After making these measurements, the samples were filtered through
0.45 μm filter papers and preserved for analysis. Each sample was stored in two
polyethylene bottles. One of them was acidified with 10 mL HCl for cation analysis.
The other was kept unacidified for Cl, SO4, and HCO3 analyses. Samples were stored
at 4°C for being envoy to the laboratory analyses. In the laboratory the cations (K, Na,
Ca, Mg, Li, and As) were determined by atomic absorption spectrophotometry
(Perkin Elmer 2380), using the standard protocol, chlorides by the Mohr method, and
SO4 by gravimetry with BaCl and volumetric analysis (Cl, B2O3, CO3, HCO3). Sulfate
determination was carried out by precipitation with BaCl2, using the Mohr method
for the analysis of chlorides [59] and the acid-base technique for borates [60].

The quality of the analytical data is evaluated by calculating the percentage of
charge-balance error, by the expression of Ball and Nordstrom [61]. In parallel,
samples of saline scabs and sediments are taken, in which, once dried, their miner-
alogy is analyzed with a atomic absorption diffractometer (Siemens, mod. D5000):

ð8Þ

With the data of the chemical analysis of the brines, the geochemical modeling
calculations are carried out, using a speciation code. The values of ionic strength
(F.I.), water activity, ionic activities, and saturation indices (I.S.) of the solutions
with respect to the salt phases of interest are determined. The geochemical model-
ing code PHRQPITZ [57] was used, the most suitable for the treatment of concen-
trated solutions. The values of the equilibrium constant of thenardite (Na2SO4) are
included, because it was not in the original database of the software, being of great
interest in natural brines with high concentrations. Similarly, the values, at different
temperatures, of the equilibrium constants of other mineral phases are of interest
such as glauberite (Na2Ca(SO4)2), a mineral that appeared in the original database
of the PHRQPITZ code only at 25°C.
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The accuracy achieved in the calculation of saturation indices depends on the
quality of both the thermodynamic parameters handled (included in the code data-
base and those from the necessary extensions, such as those commented on the
equilibrium constants) and the analytical results obtained. The criterion applied to
assess uncertainty has been �0.15 units of I.S., implying that equilibrium situations
cannot be determined with greater precision than defined [62]. In the case of
carbonated minerals, a slightly higher range of uncertainty is considered, besides
�0.4 units of I.S. This different treatment is due to the existence of important
methodological problems related to the determination of pH in highly concentrated
solutions [63, 64], because the use of conventional buffers for the calibration of the
pHmeter determines the measurement of this parameter in brines is not in the same
scale of activity coefficients as the aqueous model used [57]. This type of problems
related to the behavior of the carbonated system in high-concentration solutions has
been manifested even in experimental studies [65].

The evaluation of the saturation status of the solutions against the selected
mineral phases is performed by calculating the I.S. The equilibrium constants used
are those that appear in the database of the code used. Examples of similar studies
are [35, 66–68].

7. Results and discussion

The analysis of the data from the water samples collected in the different salt
flats allows us to express certain considerations that are detailed below.

The representation of the chemical composition of the surface water samples is
represented in Figure 3. It shows the similarity between the water contributed from
the thermal springs and the surface brines of the salt, because the thermal waters
arise from the interior of the salt flat and, when dissolving salts in their ascent,
acquire ionic proportions similar to the surface brines sampled inside the salar. On
the other hand, the diluted waters that provide the slopes show greater ionic vari-
ability, because the salt drainage basins are made up of different types of volcanic
and sedimentary rocks, which give a different chemical signature to the waters that
flow about them. The waters of the Salar de Surire present greater variability of
chemical types (with a greater number of samples taken) as well as the Salar de
Quisquiro, while the Salar de Aguas Calientes I presents the most homogeneous
waters.

Figure 3.
Graphic comparison of the chemistry of the waters of the Salars of Surire, Quisquiro, and Aguas Calientes I
with the Salar de Atacama and Bolivian salt flats.
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2� (7)

where Kps* is the stoichiometric solubility product, Kps ∗ ¼ mCa2þ ∙mSO4
2�

� �
. In
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In the Salar de Surire, the brines accumulated in its internal surface exhibit a
lower variability, the anionic composition of the Cl-(SO4) and Cl type, and the very
homogeneous cationic of the Na type. On the other hand, the samples of springs
present a high degree of variation in the distribution of both cations and anions. The
anionic composition is of the HCO3-(SO4)-(Cl) and Cl-(SO4) type, with virtually all
intermediate types, and the cationic varies from the Mg-Na-(Ca) type to the Na-Mg
type. These waters are slightly alkaline, with a pH ranging between 6.2 and 9.7. On
the other hand, the waters of the Salar de Quisquiro are of the Na-Cl-SO4 type. Its
anionic relationship is Cl- > SO4

2� >HCO3
� > BO3

3� >NO3
3� > F�, and its cationic

relationship is Na+ > Ca2+ > Mg2+ > K+ > As+ > Li+. The description of ionic
compositions and their temporary changes in closed natural water bodies allows for
an explanation of the formation mechanism and the development of enrichment of
its brines. The flow of water that enters in this closed basin shows a considerable
variety of ionic composition, like in this concentration, the pH varies between 7.2
and 9.02. Finally, the chemical representation of the waters of the Salar de Aguas
Calientes I tells us that these are quite homogeneous; their anionic relationship is
Cl- > SO4

2� > BO3
3� > HCO3

�, and their cationic concentration is Na+ > Ca2+ >
K+ > Mg2+ > Li+ > As3+. They are practically neutral waters, whose pH values range
from 6.4 to 7.9. The chemical nature of these waters (Figure 3) shows that the salar
belongs to the Na-Cl system, and if we consider the equimolar relationship between
[Na] and [Cl], they are practically the same, which has a direct relationship with the
saline composition of the salar; this suggests that the high concentrations of Na and
CI of the most saline waters come essentially from the solution of sodium chloride
or halite (NaCl). Therefore, in the most saline contribution waters, the excess of Na
and Cl (in relation to the more dilute waters) probably comes from the redisolution
of old evaporites associated with sedimentary rocks covered by the extensive vol-
canic formations of the east and northeast of the basin. When comparing the
chemical nature of the waters of the Salar de Aguas Calientes I with the Lipez
Bolivian salars [39] on the diagram (Figure 3), it can be verified that the brines of
the Lipez salars are of the type Na-(Ca)-Cl-(SO4) and vary to Na-Cl type while the
waters of the Salar de Aguas Calientes I, show little variability of the type Na-Cl-
(Ca), which leads to suggest that their brines contain more calcium than sulfate. In
short, the similarity and contrast of the chemistry of our study [48] with that
carried out by Risacher et al. [36] 20 years later are complementary.

The thermal springs that emerge inside the Salar de Surire have an anionic com-
position between the types Cl-(SO4), Cl-(HCO3), and Cl, while its cationic composi-
tion varies between the types Na-(Ca) and Na. The values measured in the thermal
springs in Surire range between 84°C, pH 6.82, and F.I. 0.0832 m and 32°C, pH of
7.84, and F.I. 0.0897 m, while the thermal springs located south of the Salar de Aguas
Calientes (black lagoon) has a composition of the Cl-(SO4) and Na type, with a
concentration of 0.46 molal. It is the most acidic of all waters with a pH 6.4 to 47.3°C.
From these data we can mention that the thermal springs that occur in the Salar of
Surire and Aguas Calientes I are waters of low concentrations and rather neutral.

The evolution of the physicochemical conditions was evaluated with the
PHRQPITZ code that allows to calculate the ionic activity coefficients (γi), activities
of the species present, and the degree of water saturation (I.S.). Figure 4 shows the
evolution of the ionic activity coefficients as a function of the ionic strength. From
these graphs it is observed that there is a first group, whose activity coefficients
decrease to a minimum and then increase as it increases with the F.I. in the solution;
they are γNa+, γMg2+, γCa2+, and Cl�. The second group is the γK+, γSO4

2�, and
γHCO3

�, which is characterized by a progressive behavior with the decrease in F.I.
The saline waters of the Salar de Surire are between 0.004 m to 5.03 m, with

values in the calcite saturation index practically supersaturated in this mineral.
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Water samples with F.I. < 0.07 m is far from equilibrium. If we consider alkalinity,
such as (alk) > 2(Ca2+) in the initial water entering the salar, then the alkalinity
should increase regularly during the evaporation process and only precipitate cal-
cite, so the waters will follow the alkaline pathway (increasing the carbonate con-
centration and decreasing calcium). Our waters have a slightly alkaline pH, so the
process goes in the direction of the precipitation of magnesium silicates, releasing
H+ ions, neutralizing a large part of the carbonate in the solution, and modifying the
Ca/CO3 ratio, therefore changing the alkaline pathway to the neutral saline path-
way, while other waters (to a lesser extent) go through the alkaline pathway. It can
be said that if the alkalinity of the initial solution is greater than the total concen-
tration of the calcium (in milli-equivalents per liter: meq/l) [36], the solution will
begin its evolution toward the alkaline route, raising the pH above 10. But, if the
alkalinity is less than the sum of the calcium and magnesium concentrations (in
meq/l), the solution will change its evolution toward the neutral saline route due to
the precipitation of magnesium silicates, pH less than 9. Interestingly, it is possible

Figure 4.
Activity coefficients of major ions based on ionic strength, calculated from the speciation code PHRQPITZ.
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saline composition of the salar; this suggests that the high concentrations of Na and
CI of the most saline waters come essentially from the solution of sodium chloride
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and Cl (in relation to the more dilute waters) probably comes from the redisolution
of old evaporites associated with sedimentary rocks covered by the extensive vol-
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the Lipez salars are of the type Na-(Ca)-Cl-(SO4) and vary to Na-Cl type while the
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(Ca), which leads to suggest that their brines contain more calcium than sulfate. In
short, the similarity and contrast of the chemistry of our study [48] with that
carried out by Risacher et al. [36] 20 years later are complementary.

The thermal springs that emerge inside the Salar de Surire have an anionic com-
position between the types Cl-(SO4), Cl-(HCO3), and Cl, while its cationic composi-
tion varies between the types Na-(Ca) and Na. The values measured in the thermal
springs in Surire range between 84°C, pH 6.82, and F.I. 0.0832 m and 32°C, pH of
7.84, and F.I. 0.0897 m, while the thermal springs located south of the Salar de Aguas
Calientes (black lagoon) has a composition of the Cl-(SO4) and Na type, with a
concentration of 0.46 molal. It is the most acidic of all waters with a pH 6.4 to 47.3°C.
From these data we can mention that the thermal springs that occur in the Salar of
Surire and Aguas Calientes I are waters of low concentrations and rather neutral.

The evolution of the physicochemical conditions was evaluated with the
PHRQPITZ code that allows to calculate the ionic activity coefficients (γi), activities
of the species present, and the degree of water saturation (I.S.). Figure 4 shows the
evolution of the ionic activity coefficients as a function of the ionic strength. From
these graphs it is observed that there is a first group, whose activity coefficients
decrease to a minimum and then increase as it increases with the F.I. in the solution;
they are γNa+, γMg2+, γCa2+, and Cl�. The second group is the γK+, γSO4

2�, and
γHCO3

�, which is characterized by a progressive behavior with the decrease in F.I.
The saline waters of the Salar de Surire are between 0.004 m to 5.03 m, with

values in the calcite saturation index practically supersaturated in this mineral.
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Water samples with F.I. < 0.07 m is far from equilibrium. If we consider alkalinity,
such as (alk) > 2(Ca2+) in the initial water entering the salar, then the alkalinity
should increase regularly during the evaporation process and only precipitate cal-
cite, so the waters will follow the alkaline pathway (increasing the carbonate con-
centration and decreasing calcium). Our waters have a slightly alkaline pH, so the
process goes in the direction of the precipitation of magnesium silicates, releasing
H+ ions, neutralizing a large part of the carbonate in the solution, and modifying the
Ca/CO3 ratio, therefore changing the alkaline pathway to the neutral saline path-
way, while other waters (to a lesser extent) go through the alkaline pathway. It can
be said that if the alkalinity of the initial solution is greater than the total concen-
tration of the calcium (in milli-equivalents per liter: meq/l) [36], the solution will
begin its evolution toward the alkaline route, raising the pH above 10. But, if the
alkalinity is less than the sum of the calcium and magnesium concentrations (in
meq/l), the solution will change its evolution toward the neutral saline route due to
the precipitation of magnesium silicates, pH less than 9. Interestingly, it is possible

Figure 4.
Activity coefficients of major ions based on ionic strength, calculated from the speciation code PHRQPITZ.
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to determine immediately, from the analysis of the initial solution, which evolu-
tionary path should theoretically follow the solution from the precipitation of cal-
cite and magnesium silicates. For its part, as an explanation of the presence of
calcium sulfate and gypsum, since there is a clear tendency to balance in the
samples that have F.I. greater than 2 m, in this case the existence of the sulfate
source is the additional sulfur brought to the waters of the aquifer where it is
oxidized transforming into sulfate from the sulfated minerals in the area. But, if the
alkalinity is less than the sum of the calcium and magnesium concentrations (in
meq/l), the solution will change its evolution toward the neutral saline route due to
the precipitation of magnesium silicates, pH less than 9. The interesting thing about
this method is that it allows you to immediately determine, from the analysis of the
initial solution, which evolutionary pathway should theoretically follow the solution
from the precipitation of calcite and magnesium silicates. If all alkali cations such as
sulfate are removed, the amount of oxidized sulfate would be the difference
between the total loss of alkali cations and the apparent loss of sulfate. From the
visual observation in the area, there is a very close native sulfur, which is
transported by the winds; probably this is the process that generates the significant
reduction of alkalinity.

The Salar de Quisquiro presents concentrations between F.I. 0.004 m and
2.54 m, and all sampled waters saturated in calcite and aragonite are presented. The
other minerals closest to equilibrium are gypsum and later magnesite but far from
precipitating. Since all waters are supersaturated in calcite, the next step is to
consider alkalinity. If (alc) > 2(Ca2+), in the initial inlet water, then it increases
regularly during evaporation, if only calcite precipitates. In other words, the activity
product of the Ca2+ ions in solution in relation to CO3

2� must remain constant, as
the concentration increases. If one of the solutes increases, then the other should
decrease. In our case, the distribution of all incoming water must be converted into
carbonate-rich brines. However, the evolution of the water represented in the
triangular diagram (Figure 3) is of the Na-Cl-SO4 type with a pH lower than 9. The
usual explanation for this anomaly is the precipitation of Mg silicates [69]. This
suggests that the distribution of the incoming waters should become alkaline but
that they are neutral brines. This induces evaporitic waters to follow two evolution
paths. If during the evaporative process they are enriched with carbonates, becom-
ing an alkaline brine of sodium carbonate, they will have a pH greater than 10. The
other way is when the waters of input present more calcium than carbonate so that
the solution is concentrated in calcium producing neutral brines with pH less than
9, as it is in our case. Therefore, the fundamental relationship if (alc) > 2((Ca2+) + 2
(Mg2+)) does not depend on the nature of the weak anion of the acid associated with
Ca and Mg, during the evaporation concentration process. Another explanation of
the data is the existence of an excess sulfate of origin. In this model, additional
sulfur is put into the waters of the aquifer where it oxidizes to sulfate and removes
sulfate minerals. If every alkali cation is removed as sulfate from the amount of
oxidized sulfate would be the difference between the total loss of alkali cations and
apparent loss of sulfate. In observing the area very close to it, there is native sulfur.
This is transported by the winds. These processes give a significant reduction in
alkalinity.

The Salar de Aguas Calientes I has concentration waters that vary between
0.0237 m and 4.3195 m. The chemical nature of the waters shows (Figure 3) that its
waters are of the Na-Cl type and it is directly related to the salt composition of the
salt, whose sediments are mainly halite accompanied by gypsum and with the
presence of borates in its central zone. The composition of all its waters seems to be
linked to the saline composition of the sediments of the salt flat, since its contact
with both the surface waters that access the salars and the underground
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contributions cause the enrichment in chloride and sodium, thus generating a more
homogeneous composition of the solutions. The only samples that differ from this
behavior are those of the northern sector, presenting a slightly higher anionic
proportion in HCO3 and SO4. According to the results of the samples, the highest
concentration of As and B in the brines is in the central-western sector of the salt,
which is due to the predominantly hydrothermal origin of the recharge solutions.
The lagoons of the central western sector are waters with a variable degree of
chemical concentration. These lagoons are located mainly in the western zone of the
salar, due to a slight slope of its surface toward the sector W, accumulating in this
margin the scarce rainfall and also the solutions coming from the subsurface flow of
the salar like that of its internal zone.

The predominance of water from inside or outside the saline nucleus of the salar
determines the greater or lesser degree of concentration of the solutions, although
they all share the same chemical type. In the southernmost zone, thermal waters
emerge with a degree of concentration in solution similar to that of the brines that
accumulate in the nearby lagoons, from which it follows that the concentration of
the solutions comes in this area controlled by the interaction with the saline sedi-
ments of the salar. The saturation conditions (I.S.) of the solutions analyzed with
respect to saline minerals of interest show a variable behavior; in the northern
sector, the waters are clearly subsaturated with respect to gypsum and halite, while
the waters of the bofedal are saturated with respect to calcite. On the other hand,
the hot springs are subsaturated with respect to these three main saline minerals,
although the degree of subsaturation is lower than that of the nonthermal springs.
Finally, of the samples collected in the lagoons of the central sector, the two most
diluted are in equilibrium with calcite and subsaturated with respect to gypsum and
halite, while the most concentrated appears to be supersaturated with respect to
calcite and gypsum and subsaturated with respect to halite.

8. Conclusion

Chilean salt flats have only ulexite as an economic mineral, these deposits being
related to a shallow saline lake, whose main contributions in boron are from thermal
sources. Boron in Andean salars is mainly linked to the Cenozoic volcanic rocks that
prevail in the eastern Andean territory, particularly in recent or latent volcanic
centers, and there is an increase in boron in areas of active latent volcanism, such as
the hot springs of Salar de Surire [47] and Salar de Aguas Calientes I [48].
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cite and magnesium silicates. For its part, as an explanation of the presence of
calcium sulfate and gypsum, since there is a clear tendency to balance in the
samples that have F.I. greater than 2 m, in this case the existence of the sulfate
source is the additional sulfur brought to the waters of the aquifer where it is
oxidized transforming into sulfate from the sulfated minerals in the area. But, if the
alkalinity is less than the sum of the calcium and magnesium concentrations (in
meq/l), the solution will change its evolution toward the neutral saline route due to
the precipitation of magnesium silicates, pH less than 9. The interesting thing about
this method is that it allows you to immediately determine, from the analysis of the
initial solution, which evolutionary pathway should theoretically follow the solution
from the precipitation of calcite and magnesium silicates. If all alkali cations such as
sulfate are removed, the amount of oxidized sulfate would be the difference
between the total loss of alkali cations and the apparent loss of sulfate. From the
visual observation in the area, there is a very close native sulfur, which is
transported by the winds; probably this is the process that generates the significant
reduction of alkalinity.

The Salar de Quisquiro presents concentrations between F.I. 0.004 m and
2.54 m, and all sampled waters saturated in calcite and aragonite are presented. The
other minerals closest to equilibrium are gypsum and later magnesite but far from
precipitating. Since all waters are supersaturated in calcite, the next step is to
consider alkalinity. If (alc) > 2(Ca2+), in the initial inlet water, then it increases
regularly during evaporation, if only calcite precipitates. In other words, the activity
product of the Ca2+ ions in solution in relation to CO3

2� must remain constant, as
the concentration increases. If one of the solutes increases, then the other should
decrease. In our case, the distribution of all incoming water must be converted into
carbonate-rich brines. However, the evolution of the water represented in the
triangular diagram (Figure 3) is of the Na-Cl-SO4 type with a pH lower than 9. The
usual explanation for this anomaly is the precipitation of Mg silicates [69]. This
suggests that the distribution of the incoming waters should become alkaline but
that they are neutral brines. This induces evaporitic waters to follow two evolution
paths. If during the evaporative process they are enriched with carbonates, becom-
ing an alkaline brine of sodium carbonate, they will have a pH greater than 10. The
other way is when the waters of input present more calcium than carbonate so that
the solution is concentrated in calcium producing neutral brines with pH less than
9, as it is in our case. Therefore, the fundamental relationship if (alc) > 2((Ca2+) + 2
(Mg2+)) does not depend on the nature of the weak anion of the acid associated with
Ca and Mg, during the evaporation concentration process. Another explanation of
the data is the existence of an excess sulfate of origin. In this model, additional
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oxidized sulfate would be the difference between the total loss of alkali cations and
apparent loss of sulfate. In observing the area very close to it, there is native sulfur.
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waters are of the Na-Cl type and it is directly related to the salt composition of the
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contributions cause the enrichment in chloride and sodium, thus generating a more
homogeneous composition of the solutions. The only samples that differ from this
behavior are those of the northern sector, presenting a slightly higher anionic
proportion in HCO3 and SO4. According to the results of the samples, the highest
concentration of As and B in the brines is in the central-western sector of the salt,
which is due to the predominantly hydrothermal origin of the recharge solutions.
The lagoons of the central western sector are waters with a variable degree of
chemical concentration. These lagoons are located mainly in the western zone of the
salar, due to a slight slope of its surface toward the sector W, accumulating in this
margin the scarce rainfall and also the solutions coming from the subsurface flow of
the salar like that of its internal zone.

The predominance of water from inside or outside the saline nucleus of the salar
determines the greater or lesser degree of concentration of the solutions, although
they all share the same chemical type. In the southernmost zone, thermal waters
emerge with a degree of concentration in solution similar to that of the brines that
accumulate in the nearby lagoons, from which it follows that the concentration of
the solutions comes in this area controlled by the interaction with the saline sedi-
ments of the salar. The saturation conditions (I.S.) of the solutions analyzed with
respect to saline minerals of interest show a variable behavior; in the northern
sector, the waters are clearly subsaturated with respect to gypsum and halite, while
the waters of the bofedal are saturated with respect to calcite. On the other hand,
the hot springs are subsaturated with respect to these three main saline minerals,
although the degree of subsaturation is lower than that of the nonthermal springs.
Finally, of the samples collected in the lagoons of the central sector, the two most
diluted are in equilibrium with calcite and subsaturated with respect to gypsum and
halite, while the most concentrated appears to be supersaturated with respect to
calcite and gypsum and subsaturated with respect to halite.

8. Conclusion

Chilean salt flats have only ulexite as an economic mineral, these deposits being
related to a shallow saline lake, whose main contributions in boron are from thermal
sources. Boron in Andean salars is mainly linked to the Cenozoic volcanic rocks that
prevail in the eastern Andean territory, particularly in recent or latent volcanic
centers, and there is an increase in boron in areas of active latent volcanism, such as
the hot springs of Salar de Surire [47] and Salar de Aguas Calientes I [48].
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Functionalized Boron Nitride 
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Milene Adriane Luciano and Lidia Maria de Andrade

Abstract

Due to its interesting chemical, physical, and biological properties, boron nitride 
has received considerable attention by the scientific and technological communities. 
However, there is a strong dependency of its structural quality and compatibility 
in different host systems, regarding its potential applications. The use of these 
different nanostructures involves several challenges due to their low dispersibility 
in water and organic solvents; thus, its chemical modification is an important step 
that gives them specificity. Therefore, the ability to control their surface (physically 
or chemically) is essential for exploring and building blocks in the nanoengineer-
ing of supramolecular structures. In this chapter, we report different boron nitride 
functionalization processes, as well as their important uses as adjuvants in vaccines, 
brachytherapy, or drug delivery. Besides some important theoretical studies that 
have demonstrated the different functionalization possibilities for use in nanomedi-
cine, are also reported.

Keywords: hexagonal boron nitride, boron nitride nanotubes, functionalization, 
nanomedicine, cancer, drugs

1. Introduction

Boron nitride (BN) is a covalent solid constituted by equal numbers of boron 
and nitrogen atoms, and its well-known crystalline forms are hexagonal boron 
nitride (h-BN), diamond-like cubic BN (c-BN), and wurtzite BN (w-BN) [1]. 
In particular, h-BN is the most stable BN phase under standard conditions that 
presents two-dimensional (2D) layered structure. The sp2 hybridization is observed 
for boron atoms, and bond angle expected between the B-N-B or N-B-N is 120° 
that forms a perfect hexagonal ring bond network such as graphite, whereas the 
2D layers are held together by weak van der Waals forces [1, 2]. Due to its similar 
structure with graphite, h-BN has common properties with it, like anisotropy along 
and perpendicular to a basal plane, high mechanical strength and thermal con-
ductivity, and excellent lubrication [1]. Due to its reduced electron delocalization 
in the π BN bonds, it has a large bandgap making it an electrical insulating nano-
material; however, h-BN is used as a lubricant (weakly held layers can slide over 
each other) and can have semiconductor properties. h-BN is also highly thermally 
and chemically stable and thus is also widely used for durable high-temperature 
crucibles, antioxidation lubricants, and protective coatings [1] and also has a wide 
range application in nanomedicine and biotechnology such as cancer therapies [3], 
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different nanostructures involves several challenges due to their low dispersibility 
in water and organic solvents; thus, its chemical modification is an important step 
that gives them specificity. Therefore, the ability to control their surface (physically 
or chemically) is essential for exploring and building blocks in the nanoengineer-
ing of supramolecular structures. In this chapter, we report different boron nitride 
functionalization processes, as well as their important uses as adjuvants in vaccines, 
brachytherapy, or drug delivery. Besides some important theoretical studies that 
have demonstrated the different functionalization possibilities for use in nanomedi-
cine, are also reported.
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1. Introduction

Boron nitride (BN) is a covalent solid constituted by equal numbers of boron 
and nitrogen atoms, and its well-known crystalline forms are hexagonal boron 
nitride (h-BN), diamond-like cubic BN (c-BN), and wurtzite BN (w-BN) [1]. 
In particular, h-BN is the most stable BN phase under standard conditions that 
presents two-dimensional (2D) layered structure. The sp2 hybridization is observed 
for boron atoms, and bond angle expected between the B-N-B or N-B-N is 120° 
that forms a perfect hexagonal ring bond network such as graphite, whereas the 
2D layers are held together by weak van der Waals forces [1, 2]. Due to its similar 
structure with graphite, h-BN has common properties with it, like anisotropy along 
and perpendicular to a basal plane, high mechanical strength and thermal con-
ductivity, and excellent lubrication [1]. Due to its reduced electron delocalization 
in the π BN bonds, it has a large bandgap making it an electrical insulating nano-
material; however, h-BN is used as a lubricant (weakly held layers can slide over 
each other) and can have semiconductor properties. h-BN is also highly thermally 
and chemically stable and thus is also widely used for durable high-temperature 
crucibles, antioxidation lubricants, and protective coatings [1] and also has a wide 
range application in nanomedicine and biotechnology such as cancer therapies [3], 
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drug delivery [4, 5], biosensing [6–8], adjuvant in vaccines [9], and intracellular 
delivery [10, 11]. Hexagonal boron nitride also can be incorporated in ceramics, 
alloys, resins, plastics, and rubbers to give them thermal and chemical stability and 
mechanical resistance as well [12–15]. BN nanomaterials (Figures 1 and 2), such as 
carbon nanotubes (CNT) and graphene, also are awakened as new perspectives in 
prophylactic, diagnostic, and therapeutic areas. However, the use of them depends 
strongly of its chemical and physical modification surfaces that display an impor-
tant role in their compatibility different host environments.

Its modification surfaces results in homogeneous dispersion medium with 
minimum restacking or agglomeration which guarantees biocompatibility in 
different biological or inorganic systems. The nanostructure dispersions in differ-
ent medium of interest are fundamental to their potential applications [16]. The 
nanoengineering interfaces between host (organic or inorganic) systems and these 
nanostructures involve several challenges that need to be overcome. For instance, 
the restacking or agglomeration process of them does not allow transferring their 
expected properties to the host system, resulting in an inhomogeneous medium 
with minimum of compatibility. This undesirable phenomenon of surface can be 
overcome by physical or chemical modification methodologies, such as covalent or 
non-covalent functionalization. Thus, our choices will depend on the nanostructure 
and system desired. There are several types of covalent functionalization, and 
different functional groups can be chosen, according to their selectivity [16]. In 
this case, different organic or inorganic functional groups or nanoparticles can be 
anchored by strong covalent bonds. For instance, it can be introduced on surfaces 
of oxidized CNTs or graphene oxide (GO), functional groups such as alkoxy (−OR), 
amino (−NH2), amine (−NHR), alkyl (−R) [17, 18], heteroatom doping, metallic 
nanoparticles, biomolecules, and biopolymers, among others. These modification 

Figure 1. 
TEM images of (a, b) h-BN in different magnitudes, (c) multilayered BNTs. (d, e) AFM image and profile of 
h-BN nanosheets. (Images courtesy of the UFMG Microscopy Center).
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processes alter significantly their surface interactions, leading them to a large range 
of solubility in water, copolymers, or organic solvents [16].

On the other hand, non-covalent functionalization of nanoparticles is strongly 
dependent on their physical interaction with host system through intermolecular 
forces, such as van der Waals, hydrophilic, hydrophobic, hydrogen bonding, and 
π-π interactions, among others [19]. Using advantages of these physical interactions 
of molecules (conjugated, surfactants, etc.), they form homogenously dispersion 
into different medium with controlled physicochemical properties [20]. The study 
of different modification surface and their potential applications is very impor-
tant. Several studies have presented different types of covalent and non-covalent 
functionalization methodologies in different nanoparticles with several demands, 
such as in cellulose films or fibers [21, 22], chitosan [23], polyethylenimine-grafted 
nanoribbon (for recognition of microRNA) [8], vinyl acetate copolymer [20], 
octadecylamine [1], glucose oxidase biosensing [24], poly (ethylene glycol) [25], 
DNA [26], and metallic nanoparticles, among others. The most important issue 
for success and performance of these compounds is the choice of the best tailored 
functionalization process (bio-nanoengineering) for each type of inorganic or 
biological system. The physical-chemical modification is an essential step for their 
relevant applications, leading to nanocomplex chemically stable, well dispersed, 
and biocompatible with the biological environment of interest. Thus, it is possible 
to produce smart nano-systems with advanced applications in biotechnology and 
biomedical areas, such as ecological packaging, bio-robots, and tumor markers for 
diagnosis and therapy. In this chapter, we propose a brief report about the main 
methods of functionalization of boron nitride and their advances and potential 
applications in biotechnology and nanomedicine.

2. Boron nitride functionalization and its implications in nanomedicine

Hexagonal boron nitride is thermal and chemically layered structure more stable 
than graphitic carbon structures. Due to its excellent chemical stability, a better bio-
logical performance is expected [27]. The key for application of h-BN in different 

Figure 2. 
BNNT and h-BN scheme not functionalized (a, b) and functionalized with different functional groups (c, d).
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processes alter significantly their surface interactions, leading them to a large range 
of solubility in water, copolymers, or organic solvents [16].

On the other hand, non-covalent functionalization of nanoparticles is strongly 
dependent on their physical interaction with host system through intermolecular 
forces, such as van der Waals, hydrophilic, hydrophobic, hydrogen bonding, and 
π-π interactions, among others [19]. Using advantages of these physical interactions 
of molecules (conjugated, surfactants, etc.), they form homogenously dispersion 
into different medium with controlled physicochemical properties [20]. The study 
of different modification surface and their potential applications is very impor-
tant. Several studies have presented different types of covalent and non-covalent 
functionalization methodologies in different nanoparticles with several demands, 
such as in cellulose films or fibers [21, 22], chitosan [23], polyethylenimine-grafted 
nanoribbon (for recognition of microRNA) [8], vinyl acetate copolymer [20], 
octadecylamine [1], glucose oxidase biosensing [24], poly (ethylene glycol) [25], 
DNA [26], and metallic nanoparticles, among others. The most important issue 
for success and performance of these compounds is the choice of the best tailored 
functionalization process (bio-nanoengineering) for each type of inorganic or 
biological system. The physical-chemical modification is an essential step for their 
relevant applications, leading to nanocomplex chemically stable, well dispersed, 
and biocompatible with the biological environment of interest. Thus, it is possible 
to produce smart nano-systems with advanced applications in biotechnology and 
biomedical areas, such as ecological packaging, bio-robots, and tumor markers for 
diagnosis and therapy. In this chapter, we propose a brief report about the main 
methods of functionalization of boron nitride and their advances and potential 
applications in biotechnology and nanomedicine.

2. Boron nitride functionalization and its implications in nanomedicine

Hexagonal boron nitride is thermal and chemically layered structure more stable 
than graphitic carbon structures. Due to its excellent chemical stability, a better bio-
logical performance is expected [27]. The key for application of h-BN in different 

Figure 2. 
BNNT and h-BN scheme not functionalized (a, b) and functionalized with different functional groups (c, d).
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systems is its dispersion by the introduction of specific agents (such as surfactants) 
or by some covalent attachments [28]. The adequate modification process provides 
specific surfaces that allow its better solubility or dispersion in different solvents 
media playing an important role regarding selectivity, for instance, in biological 
systems [28]. These nanoparticles can be coated with biological molecules to facili-
tate their interaction with a living system, binding to a specific target, like tumor 
cells [29]. Regarding the tumor targeting strategies, the enhanced permeability and 
retention (EPR) effect of nanomaterials is a key mechanism for solid tumor target-
ing, and it is considered a gold standard for novel radioisotopes design [30]. There 
are two different types of possible modifications. One is to attach, covalently, a mol-
ecule or molecular structure, and the second approach is through physical adsorp-
tion onto BN or h-BN surface nanostructure. In addition to improve solubility and 
dispersion, an important issue that needs to be addressed is the toxicity of boron 
nitride materials and their behavior in a biological system. The primary objective 
of toxicology studies is to evaluate the safety of potential drug candidates, using 
animal models and validated procedures to access genetic toxicology, acute and 
sub-chronic toxicology, and absorption, distribution, metabolism, and excretion 
(ADME) studies [31]. The ability to design, format, and run assays that are specific, 
sensitive, and robust is crucial in biomedical research and plays an important role 
in launching a drug development project to a successful outcome. One of the most 
important prerequisites that a new drug must fulfill is nontoxicity. Cell culture can 
be used to access toxicity and cytocompatibility of BN, detecting several parameters 
such cytosolic enzyme release, cell growth, and cloning efficiency. Many factors 
can be defined directly related to chemical kinetics like absorption rates, membrane 
permeability, intracellular synthetic pathways, biotransformation, oxidative stress, 
or apoptosis/necrosis induction, distribution, and excretion [32, 33]. The modula-
tion of immune cell response can be evaluated at gene and protein levels, mainly 
regarding the expression of cytokines and chemokines [33].

A study showed that important cytotoxic effects of pure BNNTs on several cell 
lines were observed with a concentration of 20 μg/mL. According to this viability 
test, the levels of toxicity and morphological alterations were cell-type dependent 
and related to the absence of a biomolecule, causing acute toxicity in cell cultures, 
due to the increased nanomaterial accumulation [34].

In an interesting study, Ciofani et al. [10] proposed a technique to obtain BNNT 
stable dispersions for biological applications, dissolving BNNT powder in polyeth-
ylenimine (PEI) water solutions via an ultrasonication process. PEI is a cationic 
polymer for nucleic acid delivery with a high transfection efficiency, enhanced 
cellular uptake, and endosomal escape. In this in vitro testing performed on human 
neuroblastoma cell line (SH-SY5Y), PEI-coated BNNTs showed good cell viability 
in the culture medium. Another study demonstrated that pectin-coated BNNTs 
(P-BNNTs) are nontoxic for macrophages up to 50 μg/mL after 24 h of incubation. 
According to this study, cytokine expression was not affected by the administration 
of the P-BNNT, and its uptake by macrophages did not cause any cell membrane 
impairment, adverse effects, or inflammation processes in the cell [33]. BN coated 
with glycol-chitosan (GC) assay was performed to evaluate the BNNT interac-
tions with biological systems and determine their biosafety, using human vein 
endothelial cells (HUVECs). Various parameters were observed such as cell toxic-
ity, proliferation, cytoskeleton integrity, cell activation, and DNA damage. At the 
highest concentration, only a small reduction in cell viability and the increase of a 
vascular adhesion molecule (a marker of cell activation) expression were identified. 
According to that study, these findings show that GC-BNNTs do not affect endothe-
lial cell biology and can be further investigated for vascular targeting, imaging, and 
drug delivery [35].

29

Functionalized Boron Nitride Applications in Biotechnology
DOI: http://dx.doi.org/10.5772/intechopen.80849

Cytosine-phosphate-guanine (CpG) oligodeoxynucleotides (ODNs) are mol-
ecules that present promising therapeutic properties due to their capability of 
stimulating innate and adaptive immune responses, activating Toll-like receptor 9 
(TRL-9), leading to induction of proinflammatory cytokines [36]. The CpG ODNs 
delivery system was developed by the functionalization of boron nitride nano-
spheres with PEI. The complex BNNs-PEI showed enhanced dispersity and stability 
in aqueous solution. Although PEI itself can be used as a drug delivery carrier, the 
complex BNNs-PEI exhibited much higher efficiency than the PEI alone, increased 
CpG ODNs’ cellular uptake and induced higher expression of interleukin-6 (IL-6) 
and tumor necrosis factor-α (TNF- α) from peripheral blood mononuclear cells. No 
obvious cytotoxicity was observed with concentrations up to 100 μg/mL [35].

It was demonstrated that the complex PEI-BNNTs is internalized through an 
energy-dependent process via endocytosis pathway. PEI coating influences the 
behavior of BNNTs as it enhances the chemical reactivity of the nanotubes, allow-
ing the interaction with a biological system [37]. In another cell viability assay [36], 
the MRC-5 culture, a diploid cell line derived from human fetal lung, normally used 
as a model for early cytotoxicity studies was treated for 48 h with samarium doped 
boron nitride nanotubes (Sm- BNNTs). This study demonstrated that even at the 
highest concentration, the cell viability was higher than 70%. This result reassures 
the findings of previous studies [29, 37, 38], confirming that, in concentrations 
below 200 μg/mL, BNNTs showed low cytotoxicity, and BNNTs do not appear to 
inhibit cell growth or induce apoptotic pathways in the cells. It should be noted 
that the high purity and quality of BNNTs are crucial for their nontoxicity [11, 36]. 
Many studies were conducted to determine possible toxicity to metabolism and 
liver morphology, as well as to renal function. A biodistribution study shows a 
significant elimination of BNNTs by renal excretion and accumulation in the liver, 
spleen, and intestines [36]. Ciofani et al. results indicate a similar pharmacokinetic 
behavior in an in vivo investigation of BNNTs in rabbits, with relatively high clear-
ance of GC-BNNTs from the blood, with quick distribution and excretion [39]. The 
hematological parameters were monitored for up to 7 days. During the observation 
period, neither unusual behavior including sweating, excitement, trembling, head 
nodding, or temperature changes was observed. The study showed excellent hema-
tological results without evidence of adverse effect, liver or kidney impairment [18]. 
A biocompatibility study with planarians indicated that gum Arabic-coated BNNTs 
do not induce oxidative DNA damage and apoptosis and did not show adverse 
effects on animal stem cell biology or on tissue regeneration [40].

As the cytotoxicity and biocompatibility of nanomaterials are being elucidated, 
new approaches overcome this first phase of research, leading to new discoveries 
and opening doors to novel alternatives. The antimicrobial activity of nanoparticles 
was investigated on different microorganisms in a study with h-BN. It was demon-
strated that the h-BN has a bacteriostatic effect and shows a high antibiofilm activ-
ity on preformed biofilm [38]. PEI-BNNTs and other surfactant-coated BNNTs were 
also examined to elucidate their antibacterial activity. The optical density of bacte-
rial growth curves and the transmission electron microscopy morphology images 
revealed that PEI-BNNTs exhibit strong microbial activity against Escherichia coli 
and Staphylococcus aureus [41]. Because of its low toxicity, high mechanical strength, 
and chemical stability, BNNTs also are considered to be a promising bioactive 
material for bone tissue engineering, improving polymers, composites, and scaffold 
properties [42]. In a study, akermanite (AKM), a bioactive material, was reinforced 
with boron nitride nanosheets (BNNSs) to ameliorate its mechanical features [43]. 
Significantly enhancement in compressive strength, fracture toughness, and an 
overall favorable cytocompatibility characteristics were found. Analysis of osteo-
blast gene expression and alkaline phosphatase activity measurement suggest that 
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nanomaterials have a great potential in the orthopedic implant field [28]. Chitosan-
based scaffolds are thoroughly studied owing to their biocompatibility and antimi-
crobial activity. Hydroxylated BNNTs (BNNT-OH) were included into a chitosan 
scaffold and tested for their mechanical strength. The results of this study indicated 
that the inclusion of BNNT-OH increased mechanical strength and induced cell 
proliferation and adhesion decreased the scaffold degradation rate when compared 
to chitosan-only scaffold and did not cause toxicity to human dermal fibroblast 
cells [42]. Despite of some different experimental approaches and nanomaterial 
complexity, most of the studies show very good response of cells and organisms 
toward boron nitride nanocompounds. Researches about boron nitride applications 
in biotechnology are at full expansion, and nanomaterial biocompatibility and 
biosafety require further investigation.

2.1 Functionalized BN as a candidate for imaging and cancer therapy

Nowadays, some challenges regarding the earliest tumor diagnosis and treat-
ment have been discussed considering that time represents a critical point between 
death and surviving. In this way, nanotechnology appears as promising tool due to 
its small size and remarkable physical-chemical characteristics as well, opening the 
as-called nanomedicine era. Traditional imaging resources to identify tumor sites 
have been applying ionizing radiation equipment. One of the most used is com-
puted tomography followed by scintigraphy such as positron emission tomography 
coupled with computed tomography images (PET-CT). Likewise, non-ionizing 
radiation tools are applied such as magnetic resonance image (MRI). However, even 
though all these strategies possess high-image resolution, they are not completely 
able to detect smaller precocious tumors a primary indicative of micrometastasis.

There are several efforts to enhance the quality of images especially those taken 
from MRI. Notwithstanding, technical advances in nanotechnology are creating 
novel classes of MRI contrast-enhancing agents offering much higher relaxivi-
ties than most current clinical contrast agents, which translates into greater MRI 
contrast enhancement. These nanoscale agents also have the potential to revolution-
ize in vivo applications of contrast-enhanced MRI since they offer the multiple 
advantages of low toxicities, extremely high relaxivities, and cell internalization 
capabilities [44]. One of these nanomaterials presenting good possibilities to 
enhance MRI contrast is boron nitride nanotubes (BNNTs) containing Fe paramag-
netic impurities. One drawback of pristine BNNT is its high hydrophobicity, and 
to overcome the low solubility of pristine BNNTs in aqueous solution, they can be 
wrapped with poly-L-lysine creating a PLL-BNNT. This soluble BNNT containing 
Fe has demonstrated values of transverse relaxivities comparable to commercial 
superparamagnetic iron oxide nanoparticles suggesting Fe-BNNT as a potential 
magnetic-enhanced contrast agent for MRI images at a field of 3 T [45]. Much has 
been investigated to improve the beneficial effects of radiotherapy especially in 
that case where radioresistant behavior is observed [46]. Radiotherapy is one of the 
most largely and effective tools to treat cancer using different approaches among 
then 10B through the boron neutron capture therapy (BNCT). The fundamental 
concept of boron neutron capture therapy is the production of high-linear energy 
transfer (LET) particles when one “tags” or “labels” a tumor cell with a compound 
having a large cross section capable of capturing a neutron. After neutron capture it 
goes into excited state releasing local energy driving heavy ion products over short 
distances comparable to the dimensions of cells ~20 μm [47]. The BNCT reaction is 
presented in Figure 3.

BNNTs have been thought as a possible candidate to BNCT due to their 
considerable high B density. Preliminary in vitro studies have suggested 
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folate-functionalized BNNTs (FA-BNNT) as a potential boron delivery agent to 
malignant glioblastoma cells whose results have confirmed a strong and selective 
uptake of these nanotube vectors by human glioblastoma multiforme T98G cells 
and for cervix tumor cell line HeLa, but not by normal human fibroblasts [48, 49]. 
PEGylated BNNT was evaluated as a BNCT strategy in B16 melanoma cell line 
compared with the conventional B carrier sodium borocaptate (BSH). Although 
PEGylated BNNT have shown three times higher cellular uptake than BSH, the 
concentration of 10B delivered wasn’t enough to perform BNCT as well as gold 
nanoparticles functionalized with carboranes as a 10B donator. Even though these 
nanoparticles have demonstrated high accumulation of B atoms inside cells, they 
have failure in therapeutic window for BNCT, then requiring improvements in their 
design as a 10B source [50, 51].

Other applications of BNs in the field of cancer treatment due to their physical 
properties have been proposed. One of them presents a new boron-containing chlo-
rin derivative as an agent for photodynamic therapy (PDT) and BNCT. Using in vivo 
xenographic tumor model, the results have shown significant tumor growth inhibi-
tion suggesting this nanocompound as a promising agent for PDT and for BNCT as 
well [52]. Radioisotopes can be used as image resource in nuclear medicine and in 
some cases as a therapy agent too. BNNT doped with samarium 152, a radioactive 
isotope from a rare earth metal of the lanthanide group, has shown low toxicity in 
MRC-5 fibroblasts suggesting this nanomaterial as a potential nanosized β-emission 
source for nuclear medicine therapy especially for bone metastasis treatment [30].

Another widely used pathway to cancer treatment is chemotherapy. Despite effi-
cient outcomes of chemotherapeutical agents, side effects are usual, and, in some 
cases, enhanced permeability and retention (EPR) effect is hampered. Doxorubicin 
(DOX) and paclitaxel are a broad-spectrum antitumor drugs widely used for the treat-
ment of several kinds of cancers, including prostate, breast and ovarian. As an attempt 
to improve chemotherapy effects, different types of nanocarriers are under investiga-
tion especially as selectively drug deliver, commonly using liposomes and carbon 
nanotubes (CNTs). The utility of BNNTs@NaGdF4:Eu composites as a targeted 
cancer therapeutic for chemotherapy drug delivery, used to load doxorubicin in the 
absence and presence of a magnetic field, has been demonstrated. By using human 
prostate cancer LNCaP cell line, the BNNTs@NaGdF4:Eu composite shows a load-
ing efficiency of doxorubicin of about 30% when a magnetic field is applied [53]. 
Besides, the administration of hollow BN spheres with paclitaxel leads to synergetic 
effects in the suppression of tumor growth of human prostate cancer as in vitro as 
in vivo mainly due to apoptosis death [54].

Figure 3. 
BNCT reaction scheme. 10B bombarded by thermal neutrons resulting in a nuclear reaction where 7Li nuclei 
and α particles are released offering a lethal effect localized within a tumor cell.
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nanomaterials have a great potential in the orthopedic implant field [28]. Chitosan-
based scaffolds are thoroughly studied owing to their biocompatibility and antimi-
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toward boron nitride nanocompounds. Researches about boron nitride applications 
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2.1 Functionalized BN as a candidate for imaging and cancer therapy

Nowadays, some challenges regarding the earliest tumor diagnosis and treat-
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ize in vivo applications of contrast-enhanced MRI since they offer the multiple 
advantages of low toxicities, extremely high relaxivities, and cell internalization 
capabilities [44]. One of these nanomaterials presenting good possibilities to 
enhance MRI contrast is boron nitride nanotubes (BNNTs) containing Fe paramag-
netic impurities. One drawback of pristine BNNT is its high hydrophobicity, and 
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BNNTs have been thought as a possible candidate to BNCT due to their 
considerable high B density. Preliminary in vitro studies have suggested 
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folate-functionalized BNNTs (FA-BNNT) as a potential boron delivery agent to 
malignant glioblastoma cells whose results have confirmed a strong and selective 
uptake of these nanotube vectors by human glioblastoma multiforme T98G cells 
and for cervix tumor cell line HeLa, but not by normal human fibroblasts [48, 49]. 
PEGylated BNNT was evaluated as a BNCT strategy in B16 melanoma cell line 
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concentration of 10B delivered wasn’t enough to perform BNCT as well as gold 
nanoparticles functionalized with carboranes as a 10B donator. Even though these 
nanoparticles have demonstrated high accumulation of B atoms inside cells, they 
have failure in therapeutic window for BNCT, then requiring improvements in their 
design as a 10B source [50, 51].

Other applications of BNs in the field of cancer treatment due to their physical 
properties have been proposed. One of them presents a new boron-containing chlo-
rin derivative as an agent for photodynamic therapy (PDT) and BNCT. Using in vivo 
xenographic tumor model, the results have shown significant tumor growth inhibi-
tion suggesting this nanocompound as a promising agent for PDT and for BNCT as 
well [52]. Radioisotopes can be used as image resource in nuclear medicine and in 
some cases as a therapy agent too. BNNT doped with samarium 152, a radioactive 
isotope from a rare earth metal of the lanthanide group, has shown low toxicity in 
MRC-5 fibroblasts suggesting this nanomaterial as a potential nanosized β-emission 
source for nuclear medicine therapy especially for bone metastasis treatment [30].

Another widely used pathway to cancer treatment is chemotherapy. Despite effi-
cient outcomes of chemotherapeutical agents, side effects are usual, and, in some 
cases, enhanced permeability and retention (EPR) effect is hampered. Doxorubicin 
(DOX) and paclitaxel are a broad-spectrum antitumor drugs widely used for the treat-
ment of several kinds of cancers, including prostate, breast and ovarian. As an attempt 
to improve chemotherapy effects, different types of nanocarriers are under investiga-
tion especially as selectively drug deliver, commonly using liposomes and carbon 
nanotubes (CNTs). The utility of BNNTs@NaGdF4:Eu composites as a targeted 
cancer therapeutic for chemotherapy drug delivery, used to load doxorubicin in the 
absence and presence of a magnetic field, has been demonstrated. By using human 
prostate cancer LNCaP cell line, the BNNTs@NaGdF4:Eu composite shows a load-
ing efficiency of doxorubicin of about 30% when a magnetic field is applied [53]. 
Besides, the administration of hollow BN spheres with paclitaxel leads to synergetic 
effects in the suppression of tumor growth of human prostate cancer as in vitro as 
in vivo mainly due to apoptosis death [54].

Figure 3. 
BNCT reaction scheme. 10B bombarded by thermal neutrons resulting in a nuclear reaction where 7Li nuclei 
and α particles are released offering a lethal effect localized within a tumor cell.
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Despite BNNTs possess extraordinary physical-chemical properties highlighting the 
potential applications of these nanomaterials in nanomedicine, they have been poorly 
exploited [55, 56]. The safety and cytobiocompatibility of boron nitride compounds 
have been reported in vitro using glioblastoma multiforme T98G cells [48], human 
MRC-5 fibroblast cells [48], human cervix tumor cell line HeLa [49], melanoma B16 
cells [50], rat-derived osteosarcoma cell line UMR-106 [51], human neuroblastoma 
cells SH-SY5Y [37, 57], and human embryonic kidney cell line HEK 293 [11]. However, 
based on the fact that nanotubes present some similarities with asbestos lung cancer, 
human lung cancer cells (A549), alveolar macrophages (RAW264.7), fibroblast cells 
(3T3-L1), and human embryonic kidney cells (HEK293) were also exposed to BNNTs 
to verify cytotoxicity regarding BN compounds. In fact, the results indicate that BNNTs 
are cytotoxic in vitro even at low concentration in a time and dose-dependent manner 
promoting morphological alterations and decreased cellular viability [34].

Nanomaterials applied in medicine are a controversial issue requiring further 
investigations, especially due to a potential toxicity and environmental conse-
quences regarding B compound disposal, and their biological responses need to 
be examined like extensively related CNT cytotoxicity reports. Recent progress in 
the field of nanomedicine research has offered good alternatives on this matter, 
especially those targeting tumor cells with metal nanoparticles [58]. For a while, 
the insipient results highlight a promising future for nanomedicine leading to new 
therapeutic approaches. For instance, graphene oxide may be an effective nontoxic 
therapeutic strategy for the eradication of cancer stem cells, via differentiation-
based nanotherapy [59]. As described above, boron nitride represents one of the 
most promising nanomaterials in nanomedicine since some drawbacks can be 
overcome such as improvement of solubility in aqueous solution, high 10B con-
centrations releasing, allowing their use for BNCT and reducing of cytotoxicity. 
Moreover, further preclinical investigations will provide the safety and efficacy of 
BN for image and therapy leading to a more deeply knowledge about biodistribu-
tion, clearance, and side effects regarding dose, time, and administration pathways.

3.  Computational simulation perspectives of boron nitride nanotubes 
using as drug carriers for cancer treatment

The advances in nanotechnology have stimulated a large production and stor-
age of information coming from different sources, such as high-processing DNA 
sequencers, nuclear magnetic resonance, X-ray crystallography, electron micros-
copy images, and spectroscopic data, among others [60]. This large number of 
information about different systems needs to be quickly processed and understood 
in terms of structure, morphology function, and properties being solved by com-
putational simulation (CS) with efficiency and high degree of accuracy [60]. CS has 
been widely used in studies of aggregation, folding, functionality, and nanoengi-
neering platforms for several proteins, tertiary structures of RNA, and nanostruc-
tures surfaces and arises in the development of new techniques and diagnosis and 
therapy [61]. Thermodynamic properties such as enthalpy, entropy, and free energy 
of protein conformations also have been used to predict different protein and DNA 
structures [62], with atomic details applied in complex organisms [63]. By molecu-
lar dynamic simulation (MDS), several researchers have investigated the behavior 
of different nanoparticles, clusters, biomolecules, polymers, ceramics, metal alloys, 
composites, and fuel systems in relative short-time operation, compared to other 
non-computational methods. Numerical simulations based on preestablished 
mathematical models that involve quantum mechanics, molecular mechanics, 
Monte-Carlo, or a hybrid thereof have been used as well [64].

33

Functionalized Boron Nitride Applications in Biotechnology
DOI: http://dx.doi.org/10.5772/intechopen.80849

Quantum mechanics provides the accurate description of the energy about sys-
tem electronic distribution. However, this description may have some restrictions, 
such as the size of the system (< 500 atoms) and requires high computational power, 
due to the large correlation in many electron interactions [65]. This limitation can be 
overcome by the density functional theory (DFT), to solve many body systems, for 
example, ionization energy calculations and band theory analysis. In this approach 
is considered an ab initio method because it does not require initial parameteriza-
tions, making this technique faster when used electronic density approximations 
are used, such as Car-Parrinello and Born-Oppenheimer methods [66]. In the case 
of molecular mechanics, the potential energy is described in geometric terms by 
force fields inherent to the molecules, in their internal and external interactions 
[64]. This approach acts empirically on the integration of potential energies resulted 
from the intramolecular interactions and intermolecular where the energy of each 
components or entity must be explicitly parameterized according to the specific 
equilibrium between atoms and their geometry imposed by their structures [65]. The 
Monte-Carlo method provides spatial conformation based on the atoms’ distribu-
tion probabilities predicted by the Boltzmann equilibrium in each random Cartesian 
coordinate. The selected conformation positions within a tridimensional space, 
regarding to its rotation, torsion, or twist which needs to be lower than its initial 
conformation in study [65]. About the computational methods used in nanotechnol-
ogy, we can highlight several studies in different nanostructures, such as h-BN and 
BNNTs, explored in several technology areas such as DNA sequencing [66–70], 
water treatment [71–74], piezoelectric properties [75, 76], and drug delivery [77–79], 
among others. For instance, the cisplatin (CP) is a well-known agent chemothera-
peutic that acts directly on DNA causing defects in the cell repair mechanism and 
leading to apoptosis. This drug is widely used in treatment of several types of cancer, 
such as lymphomas, sarcomas, and carcinomas, as well as in the treatment of other 
types of cancer that are affecting the head and neck, bladder, lung, ovaries, and 
testicles [80]. However, its cellular uptake sometime is accompanied by large side 
effects and development of resistance, causing allergic reactions, low immunity to 
infections, hemorrhages, kidney problems, and gastrointestinal disorders among 
other effects [80]. Similarly, the doxorubicin is a type of anthracycline that acts in 
the DNA structure preventing its replication, with important role in relation to other 
chemotherapeutics that present restrictions, such as cytotoxicity, accumulating 
irreversibly and compromising muscular tissues, mainly cardiac [81]. The expecta-
tion about the use of nanocarriers is related to the possibility whether they eliminate 
or reduce the harm effects in relation to conventional drugs [82]. From here, we will 
explore some interesting works about MDS applications considering the potential 
drug carrier as vector in cancer treatments.

For instance, Khatti and Hashemianzadeh focused their efforts on the diffusion 
process of water in loading of drugs inside the BNNT [83]. Their study was about 
single-walled zigzag BNNT (18,0) sample with length 40 Å and diameter 14 Å to 
represent the system. They use BNNT containing 18 hydroxyl groups (-OH) at the 
end and another one with saturated -OH groups at the same position. The model 
systems were solvated in an aqueous solution with a TIP3P in octagonal box over 
12 Å. All systems were solvated with 7544 water molecules in total [83]. The simula-
tions were performed with different combinations that also include the carboplatin 
(CPt) molecule. The MDS studies were carried out by the AMBER 12 package 
with SANDER module (at 300 K and 1 atm) using SHAKE algorithm, where each 
simulation included 5000 steps of solvent/solute running through 10 ns to the step 
of 2 fs [83].  The diffusion coefficient (D) results can be seen in Table 1.

The results showed that the electrostatic interaction -OH groups in BNNT cause 
different diffusion behaviors in water compared to BNNT nonfunctionalized. 
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Despite BNNTs possess extraordinary physical-chemical properties highlighting the 
potential applications of these nanomaterials in nanomedicine, they have been poorly 
exploited [55, 56]. The safety and cytobiocompatibility of boron nitride compounds 
have been reported in vitro using glioblastoma multiforme T98G cells [48], human 
MRC-5 fibroblast cells [48], human cervix tumor cell line HeLa [49], melanoma B16 
cells [50], rat-derived osteosarcoma cell line UMR-106 [51], human neuroblastoma 
cells SH-SY5Y [37, 57], and human embryonic kidney cell line HEK 293 [11]. However, 
based on the fact that nanotubes present some similarities with asbestos lung cancer, 
human lung cancer cells (A549), alveolar macrophages (RAW264.7), fibroblast cells 
(3T3-L1), and human embryonic kidney cells (HEK293) were also exposed to BNNTs 
to verify cytotoxicity regarding BN compounds. In fact, the results indicate that BNNTs 
are cytotoxic in vitro even at low concentration in a time and dose-dependent manner 
promoting morphological alterations and decreased cellular viability [34].

Nanomaterials applied in medicine are a controversial issue requiring further 
investigations, especially due to a potential toxicity and environmental conse-
quences regarding B compound disposal, and their biological responses need to 
be examined like extensively related CNT cytotoxicity reports. Recent progress in 
the field of nanomedicine research has offered good alternatives on this matter, 
especially those targeting tumor cells with metal nanoparticles [58]. For a while, 
the insipient results highlight a promising future for nanomedicine leading to new 
therapeutic approaches. For instance, graphene oxide may be an effective nontoxic 
therapeutic strategy for the eradication of cancer stem cells, via differentiation-
based nanotherapy [59]. As described above, boron nitride represents one of the 
most promising nanomaterials in nanomedicine since some drawbacks can be 
overcome such as improvement of solubility in aqueous solution, high 10B con-
centrations releasing, allowing their use for BNCT and reducing of cytotoxicity. 
Moreover, further preclinical investigations will provide the safety and efficacy of 
BN for image and therapy leading to a more deeply knowledge about biodistribu-
tion, clearance, and side effects regarding dose, time, and administration pathways.

3.  Computational simulation perspectives of boron nitride nanotubes 
using as drug carriers for cancer treatment

The advances in nanotechnology have stimulated a large production and stor-
age of information coming from different sources, such as high-processing DNA 
sequencers, nuclear magnetic resonance, X-ray crystallography, electron micros-
copy images, and spectroscopic data, among others [60]. This large number of 
information about different systems needs to be quickly processed and understood 
in terms of structure, morphology function, and properties being solved by com-
putational simulation (CS) with efficiency and high degree of accuracy [60]. CS has 
been widely used in studies of aggregation, folding, functionality, and nanoengi-
neering platforms for several proteins, tertiary structures of RNA, and nanostruc-
tures surfaces and arises in the development of new techniques and diagnosis and 
therapy [61]. Thermodynamic properties such as enthalpy, entropy, and free energy 
of protein conformations also have been used to predict different protein and DNA 
structures [62], with atomic details applied in complex organisms [63]. By molecu-
lar dynamic simulation (MDS), several researchers have investigated the behavior 
of different nanoparticles, clusters, biomolecules, polymers, ceramics, metal alloys, 
composites, and fuel systems in relative short-time operation, compared to other 
non-computational methods. Numerical simulations based on preestablished 
mathematical models that involve quantum mechanics, molecular mechanics, 
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Quantum mechanics provides the accurate description of the energy about sys-
tem electronic distribution. However, this description may have some restrictions, 
such as the size of the system (< 500 atoms) and requires high computational power, 
due to the large correlation in many electron interactions [65]. This limitation can be 
overcome by the density functional theory (DFT), to solve many body systems, for 
example, ionization energy calculations and band theory analysis. In this approach 
is considered an ab initio method because it does not require initial parameteriza-
tions, making this technique faster when used electronic density approximations 
are used, such as Car-Parrinello and Born-Oppenheimer methods [66]. In the case 
of molecular mechanics, the potential energy is described in geometric terms by 
force fields inherent to the molecules, in their internal and external interactions 
[64]. This approach acts empirically on the integration of potential energies resulted 
from the intramolecular interactions and intermolecular where the energy of each 
components or entity must be explicitly parameterized according to the specific 
equilibrium between atoms and their geometry imposed by their structures [65]. The 
Monte-Carlo method provides spatial conformation based on the atoms’ distribu-
tion probabilities predicted by the Boltzmann equilibrium in each random Cartesian 
coordinate. The selected conformation positions within a tridimensional space, 
regarding to its rotation, torsion, or twist which needs to be lower than its initial 
conformation in study [65]. About the computational methods used in nanotechnol-
ogy, we can highlight several studies in different nanostructures, such as h-BN and 
BNNTs, explored in several technology areas such as DNA sequencing [66–70], 
water treatment [71–74], piezoelectric properties [75, 76], and drug delivery [77–79], 
among others. For instance, the cisplatin (CP) is a well-known agent chemothera-
peutic that acts directly on DNA causing defects in the cell repair mechanism and 
leading to apoptosis. This drug is widely used in treatment of several types of cancer, 
such as lymphomas, sarcomas, and carcinomas, as well as in the treatment of other 
types of cancer that are affecting the head and neck, bladder, lung, ovaries, and 
testicles [80]. However, its cellular uptake sometime is accompanied by large side 
effects and development of resistance, causing allergic reactions, low immunity to 
infections, hemorrhages, kidney problems, and gastrointestinal disorders among 
other effects [80]. Similarly, the doxorubicin is a type of anthracycline that acts in 
the DNA structure preventing its replication, with important role in relation to other 
chemotherapeutics that present restrictions, such as cytotoxicity, accumulating 
irreversibly and compromising muscular tissues, mainly cardiac [81]. The expecta-
tion about the use of nanocarriers is related to the possibility whether they eliminate 
or reduce the harm effects in relation to conventional drugs [82]. From here, we will 
explore some interesting works about MDS applications considering the potential 
drug carrier as vector in cancer treatments.

For instance, Khatti and Hashemianzadeh focused their efforts on the diffusion 
process of water in loading of drugs inside the BNNT [83]. Their study was about 
single-walled zigzag BNNT (18,0) sample with length 40 Å and diameter 14 Å to 
represent the system. They use BNNT containing 18 hydroxyl groups (-OH) at the 
end and another one with saturated -OH groups at the same position. The model 
systems were solvated in an aqueous solution with a TIP3P in octagonal box over 
12 Å. All systems were solvated with 7544 water molecules in total [83]. The simula-
tions were performed with different combinations that also include the carboplatin 
(CPt) molecule. The MDS studies were carried out by the AMBER 12 package 
with SANDER module (at 300 K and 1 atm) using SHAKE algorithm, where each 
simulation included 5000 steps of solvent/solute running through 10 ns to the step 
of 2 fs [83].  The diffusion coefficient (D) results can be seen in Table 1.

The results showed that the electrostatic interaction -OH groups in BNNT cause 
different diffusion behaviors in water compared to BNNT nonfunctionalized. 
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Therefore, the drug diffusivity into the nanotube can be related to the diffusive 
behavior of water molecules inside the tube. The increase of the diffusion rate of 
water molecules in BNNT-OH is observed according to the diffusion coefficient 
values. These results showed us that the penetration rate of the drug in BNNT-OH is 
larger than that nonfunctionalized BNNT, and the electrostatic interactions between 
carboplatin and hydroxyl groups on the tube edge enhance the permeation rate of 
the drugs into the nanotube cavity [83]. By MSD study, they observed that hydrogen 
bonds at the extremities of BNNT produce dipole-dipole interactions between 
hydrophilic CPt and -OH groups, which allow an efficient condition for the encap-
sulation of this drug. The hydroxyl groups also maintain the stability of the BNNT 
and prevent its aggregation into the solutions [83]. An encapsulation scheme of CPt 
molecules encapsulation into BNNT-OH can be visualized in Figure 4.

Nanotube structures are of great interest in nanomedicine as a vector in drug 
delivery; they can access the cell carrying large amounts of drugs due to their possibil-
ity endohedral functionalized surfaces [77]. From this juncture, several works have 
performed different theoretical methods of BNNT stability by drug encapsulation. 
For instance, the azomethine (AZ) prevents the carboplatin deactivation process, pre-
maturely before the CPt achieves the cancer cell [77]. Studies have demonstrated that 
BNNT-OH acts as nanocarriers drugs for CPt complex. Figure 5 shows a scheme of 
BNNT endohedrally functionalized with carboplatin, and the DNA linked covalently 
to the CPt complex.

Duverger et al. used DFT simulations to study the interactions between BNNT-OH in 
azomethine and an anticancer agent (Pt (IV) complex) linked with an amino-derivative 
chain. The geometry of the azomethine/Pt/amine system was optimized by different 
molecular configurations on the inner and outer surfaces of the BNNT. The authors 
also showed that the molecular chemisorption is possible only when the azomethine is 
present above two adjacent B and N atoms of a hexagon structure. The attachment of 
an azomethine and subsequent drug did not perturb the cycloaddition process. These 
theoretical results showed that the therapeutic Pt (IV) complex was not affected when it 
was attached onto BNNTs [84]. In another work, Khalifi et al. also demonstrated theo-
retical results about the use of BNNT particles as carrying drug insertion into to the lipid 
bilayer [85]. They studied a single-walled BNNT armchair (10,10) with diameter 13.94 Å 
and length 21.32 Å (also saturated with -OH groups) with its extremities encapsulated 
with carboplatin (CPt) in ionized solvated ambient to mimic a biological environment. 
The BNNT-CPt complex can move freely, and a bilipid membrane (BM) is formed by 
656 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. It was applying 
DFT method conjugated with classical molecular mechanics [85]. The rapid diffusion 
of the BNNT-CPt complex toward BM with increased BNNT-CPt hydrophilicity due to 
surface of BNNT-OH was observed. This diffusion process was energetically favorable 
to the system due to the contribution of different energy component combinations. 
According to these results, the possibility of BNNT-OH as a specific ligand for cancer 
cells allows the more precise encapsulated drug delivery in cell membranes [85].

System D (cm2 s−1 × 105)

BNNT/water 0.440

BNNT-OH/water 0.600

BNNT-CPt/water 0.560

BNNT-OH/CPt 1.890

Table 1. 
Diffusion coefficient (D) prediction of different BNNT systems in different combinations studied by Khatti 
and Hashemianzadeh (2016) [83].
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4. Conclusion

In this chapter we highlighted some experimental and theoretical works under 
different BN functionalization structures with potential biomedical applications. 
However, the most important aspect for success and an optimal performance about 
these compounds are the choice of the best tailored modification process for each 
biological system in study. Their physical-chemical modification is an essential step 
for relevant applications, leading to different systems chemically stable, dispersed, 

Figure 4. 
CPt molecule encapsulated by BNNT-OH (a) and electrostatic force field of BNNT (b).

Figure 5. 
Theoretical prediction of BNNT (sticks and wires) by delivering CPt molecules directly into DNA, one of the 
great promises of nanobiotechnology.
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Therefore, the drug diffusivity into the nanotube can be related to the diffusive 
behavior of water molecules inside the tube. The increase of the diffusion rate of 
water molecules in BNNT-OH is observed according to the diffusion coefficient 
values. These results showed us that the penetration rate of the drug in BNNT-OH is 
larger than that nonfunctionalized BNNT, and the electrostatic interactions between 
carboplatin and hydroxyl groups on the tube edge enhance the permeation rate of 
the drugs into the nanotube cavity [83]. By MSD study, they observed that hydrogen 
bonds at the extremities of BNNT produce dipole-dipole interactions between 
hydrophilic CPt and -OH groups, which allow an efficient condition for the encap-
sulation of this drug. The hydroxyl groups also maintain the stability of the BNNT 
and prevent its aggregation into the solutions [83]. An encapsulation scheme of CPt 
molecules encapsulation into BNNT-OH can be visualized in Figure 4.

Nanotube structures are of great interest in nanomedicine as a vector in drug 
delivery; they can access the cell carrying large amounts of drugs due to their possibil-
ity endohedral functionalized surfaces [77]. From this juncture, several works have 
performed different theoretical methods of BNNT stability by drug encapsulation. 
For instance, the azomethine (AZ) prevents the carboplatin deactivation process, pre-
maturely before the CPt achieves the cancer cell [77]. Studies have demonstrated that 
BNNT-OH acts as nanocarriers drugs for CPt complex. Figure 5 shows a scheme of 
BNNT endohedrally functionalized with carboplatin, and the DNA linked covalently 
to the CPt complex.

Duverger et al. used DFT simulations to study the interactions between BNNT-OH in 
azomethine and an anticancer agent (Pt (IV) complex) linked with an amino-derivative 
chain. The geometry of the azomethine/Pt/amine system was optimized by different 
molecular configurations on the inner and outer surfaces of the BNNT. The authors 
also showed that the molecular chemisorption is possible only when the azomethine is 
present above two adjacent B and N atoms of a hexagon structure. The attachment of 
an azomethine and subsequent drug did not perturb the cycloaddition process. These 
theoretical results showed that the therapeutic Pt (IV) complex was not affected when it 
was attached onto BNNTs [84]. In another work, Khalifi et al. also demonstrated theo-
retical results about the use of BNNT particles as carrying drug insertion into to the lipid 
bilayer [85]. They studied a single-walled BNNT armchair (10,10) with diameter 13.94 Å 
and length 21.32 Å (also saturated with -OH groups) with its extremities encapsulated 
with carboplatin (CPt) in ionized solvated ambient to mimic a biological environment. 
The BNNT-CPt complex can move freely, and a bilipid membrane (BM) is formed by 
656 molecules of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. It was applying 
DFT method conjugated with classical molecular mechanics [85]. The rapid diffusion 
of the BNNT-CPt complex toward BM with increased BNNT-CPt hydrophilicity due to 
surface of BNNT-OH was observed. This diffusion process was energetically favorable 
to the system due to the contribution of different energy component combinations. 
According to these results, the possibility of BNNT-OH as a specific ligand for cancer 
cells allows the more precise encapsulated drug delivery in cell membranes [85].

System D (cm2 s−1 × 105)

BNNT/water 0.440

BNNT-OH/water 0.600

BNNT-CPt/water 0.560

BNNT-OH/CPt 1.890

Table 1. 
Diffusion coefficient (D) prediction of different BNNT systems in different combinations studied by Khatti 
and Hashemianzadeh (2016) [83].
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4. Conclusion

In this chapter we highlighted some experimental and theoretical works under 
different BN functionalization structures with potential biomedical applications. 
However, the most important aspect for success and an optimal performance about 
these compounds are the choice of the best tailored modification process for each 
biological system in study. Their physical-chemical modification is an essential step 
for relevant applications, leading to different systems chemically stable, dispersed, 

Figure 4. 
CPt molecule encapsulated by BNNT-OH (a) and electrostatic force field of BNNT (b).

Figure 5. 
Theoretical prediction of BNNT (sticks and wires) by delivering CPt molecules directly into DNA, one of the 
great promises of nanobiotechnology.
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and compatible with the environment of interest. Thus, it is also possible to produce 
nano-templates with advanced applications in biotechnology. Clearly, computa-
tional simulation is an important support tool in science that contributes to reduce 
time, costs, and risks. In the case of cancer, several types of drugs already exist; 
however, their delivery to their specific sites remains a big challenge and leads to 
undesirable consequences. Thus, the computational methods in conjunction with 
nanotechnology can optimize parameters and procedures maybe improving diag-
nosis and treatment, the chances of cure. Based on all what have had proposed and 
investigated, boron nitride arises as a promising nanomaterial for several applica-
tion even in nanomedicine and nanobiology.
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Chapter 3

Bio-Inspired Artificial 
Light-Harvesting Arrays Based on 
Boron(III)-Chelates
Hatun H.T. Al-Sharif and Anthony Harriman

Abstract

Many diverse natural systems use sunlight to drive critical chemical reactions. 
To harvest sufficient photon densities, natural organisms have developed highly 
sophisticated light absorbing antennae rather than rely on direct illumination of a 
single chromophore. Attempts to develop artificial analogues have resulted in the 
synthesis and spectroscopic characterisation of elaborate molecular assemblies and 
here we consider the case for using boron(III) chelates as the primary light absorb-
ers. Such entities make attractive modules for the creation of multi-component 
arrays with individual units sited in a logical sequence for long-range electronic 
energy transfer. Alternatively, certain boron(III) chelates can be synthesised in 
high yield by simple strategies that avoid time-consuming purification. These latter 
materials are appealing as components for large-scale light harvesters. The use of 
photonic crystals avoids the need to position individual molecules at the catalyst but 
presents severe design challenges. Interrupting, or redirecting, the flow of excitons 
within the array requires the introduction of novel switches that can be activated 
by selective illumination. Protecting the array against adventitious photofading is a 
major objective that has yet to be achieved.

Keywords: fluorescence, electronic energy transfer, photophysics, chromophores, 
covalent networks, photonic crystals, photosynthesis

1. Introduction

Most chemical reactions that occur in biology have to be performed under mild 
conditions. With few exceptions, this means running the reaction at atmospheric 
pressure and temperatures at around 37°C. The main solvent is water. Despite such 
severe restrictions, Nature is able to supply an inordinately wide variety of chemi-
cals on an enormous scale. Extensive use is made of enzyme catalysts, templates 
and protein matrices to assemble the required materials and to ensure selectivity. 
A further challenge inherent for much of natural synthesis is the need to produce 
chiral products with high specificity. During evolution, Nature has learned to re-use 
a basic molecular structure for multiple purposes simply by making minor, but 
critical, changes. The other key trick used by Nature is to arrange a limited number 
of building blocks in different sequences so as to engineer unique structures com-
prising only a handful of simple modules. The most illustrious examples of this 
particular strategy are the polynucleotides.
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By way of slow evolution, Nature has learned many other tricks. One that is 
relevant here concerns the attachment of light-harvesting proteins to catalytic sites 
so as to achieve high rates of photochemical synthesis. Photochemistry is surely the 
cleanest, simplest and most effective means for driving high-energy reactions. Such 
processes invariably require a catalyst to perform bond making, or maybe bond 
breaking, steps. These enzymes are optimised for the difficult thermal chemistry, 
which might involve multi-electron steps, and usually lack the chromophores 
needed to absorb sunlight at a reasonable level. The answer to this conundrum is 
to append a light harvester to the enzyme with the sole purpose of channelling 
absorbed photons to the active site. This approach is employed throughout all 
biological processes that use light to initiate a chemical reaction. The light harvester 
ranges from a single molecule, as found in photolyase DNA repair enzymes, to the 
intricate molecular machinery developed for photosynthetic bacteria and plants. 
These latter systems involve several hundreds of individual chromophores arranged 
cooperatively to collect photons of disparate frequency and direct the exciton to the 
correct location.

Although the structure and function of many natural light-harvesting systems 
has been reviewed in detail, much remains to be learned about the assembly pro-
cess. Some photon collectors are self-repairing and contain built-in redundancy 
to compensate for inevitable damage during operation. This is the case for the 
Fenna-Matthews-Olson complex found in photosynthetic bacteria [1]. The natural 
systems are often equipped with ancillary protective mechanisms. For example, 
light-harvesting membranes contain high levels of carotenoids [2] to protect against 
accidental generation of oxy-radicals and singlet molecular oxygen. The other 
critical issue to emerge from a study of the natural units is the realisation of the 
staggering amount of material involved. We can illustrate this point by considering 
the following features of the biological world:

• Wheatgrass contains up to 70% by mass of chlorophyll, the main pigment of 
natural photosynthesis;

• Green plants contain several different types of chlorophyll, each possessing a 
different absorption spectrum to maximise overall light collection;

• Photosynthetic bacteria contain roughly 200–250 molecules of chlorophyll for 
each catalytic site responsible for fuel production;

• Reliable methods for measuring chlorophyll content indicate levels ranging 
from 41 mg m−2 up to 675 mg m−2 according to geographical location and type 
of organism;

• The 45-acre site at Clayhill in Bedfordshire, one of the UK’s operational solar 
farms, generates enough power for 2500 homes. Assuming 50% of the acreage 
is taken up with solar panels, this would be the equivalent of at least 10 kg of 
chlorophyll;

• The current cost of BODIPY (see below) is £170 per gram and a typical synthe-
sis might produce 2 g of purified material.

The main conclusion drawn from this crude analysis is that protocols for the 
efficient synthesis of the dye are as important as the optical properties. Indeed, it is 
essential that high yields of compounds for artificial light-harvesting applications 
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are attainable under conditions that do not require elaborate, or time-consuming, 
purification procedures. The basic operating principle for an artificial light-harvest-
ing array is sketched in Figure 1. Individual chromophores are arranged in such a 
way that each compound can absorb a fraction of incident sunlight. To provide for 
panchromatic absorption, a minimum of three separate chromophores is required 
while each absorber needs to be equipped with ancillary chromophores to broaden 
the spectral response. The resultant exciton can be transferred around the network 
until reaching the terminal acceptor where it can be off-loaded to the device. The 
latter removes the exciton from the array so as to fulfil some useful task.

We now enquire about the possibility of constructing simple artificial light-har-
vesting systems using tetrahedral boron(III) chelates as the generic building block. 
These chromophores are based on small repeat units in which the boron atom plays 
the critical role of assembling the unit into a macrocyclic structure with extended 
π-conjugation running along the molecular backbone. A variety of such units is 
available. Each unit can be equipped with secondary features to aid solubility or 
modulate physiochemical properties. Units can be linked together to create new 
electronic entities with synergistic performance. Chirality can be introduced by sev-
eral different means, if required. Below is given a generic model to better illustrate 
the design features (Figure 2). One such molecule acting alone is never going to 
solve the light-harvesting problems and so it is necessary to import some means for 
selective accretion of molecules into patterned arrays. At a rough guess, it might be 
necessary to equip each catalyst with 100 or more chromophores to ensure a high 
photon flux reaching the reactive site. This realisation adds further complexity to 
the final design, which has to go much further than simply identifying some useful 
building blocks. It is clear, even at the beginning of our search, that the individual 
units must be cheap, stable, safe-to-handle and easily recycled. A further require-
ment is the need to develop a repair strategy but this might be too advanced for the 
moment! We begin by considering likely boron(III) chelated modules.

Figure 1. 
Pictorial representation of a putative artificial light-harvesting antenna. Each disc is intended to represent 
a boron(III) chelate equipped with ancillary chromophores. Each of these discs is designed to collect photons 
over a particular wavelength range. Electronic energy transfer can occur between the various discs; this will 
be reversible for identical chromophores but will be irreversible when there is an energy gradient. The final 
boron(III) chelate (coloured red on the scheme) is closely associated with a device, which removes the photon 
from the array. Individual EET steps must be fast to avoid photofading of the chromophores. The varied routes 
available to EET reflect the need for redundancy.
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2. Boron dipyrromethene (BODIPY) chromophores

Without doubt, the family of boron dipyrromethene (BODIPY) [3, 4] dyes has 
inherited the title of “Queen of Fluorophores” over the past decade or so. The basic 
structural framework facilitates almost limitless opportunities for modification and 
expansion, leading to a bewildering variety of compounds. The conventional struc-
ture, shown in Figure 3, has a planar geometry around the dipyrrin unit imposed 
by the tetrahedral boron(III) site. In general, two types of “conventional” BODIPY 
dyes are distinguishable according to the provision, or not, of an unconstrained 
meso-aryl ring. Steric clashes between adjacent hydrogen atoms restrict rotation of 

Figure 2. 
Illustration of the functionalisation of the basic boron(III) chelate used as principle light absorber. The various 
sites indicated by the symbol “R” can be used to improve physiochemical properties, such as solubility, and to 
tune the optical properties. This level of derivatisation is necessary for identifying optimum photonic crystals.

Figure 3. 
The upper right-hand panel represent a conventional BODIPY dye equipped with a rigidifying BF2 residue. 
Substituents can replace the hydrogen atoms at any of the carbon atoms while it is possible to exchange one or 
both fluorine groups with a wide variety of organic residues. The meso-site, otherwise known as the 8-position, 
is especially interesting in as much as aryl hydrocarbons can be attached and used as energy donors. The lower 
right-hand side shows a chiral derivative. The left-hand panel shows how the basic BODIPY nucleus can be 
equipped with ancillary light harvesters so as to provide for panchromatic photon collection.
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this aryl ring around the connecting C-C bond and this leads to modest distortion 
of the dipyrrin backbone. The result is an interesting class of fluorophores known 
[5] as “molecular rotors” that can be used to report on rheology changes. These 
compounds tend not to be strongly fluorescent and are of limited value in terms of 
photon concentrators. The other type of conventional BODIPY fluorophore uses 
alkyl groups to block gyration of any meso-aryl ring and the resultant compounds 
tend to be highly emissive under all conditions. It is a simple matter to disperse these 
chromophores in plastic sheets to give highly effective luminescent solar concen-
trators, where a high fraction of the fluorescence appears at the edges of the film. 
Suitable attachment to a solar panel provides the means to sensitise the semiconduc-
tor towards particular segments of the solar spectrum. Such devices have particular 
relevance to organic solar cells.

These classical BODIPY dyes are robust, easily functionalised, photochemi-
cally stable and strongly fluorescent. Typical absorption and fluorescence spectral 
maxima lie in the 470–550 region. Fluorescence quantum yields tend towards unity 
while excited-state lifetimes are typically around 5 ns. Lindsey et al. reported the 
first example of the incorporation of such BODIPY dyes into artificial light-har-
vesting systems in 1994 [6, 7]. Their system used a terminal BODIPY dye to inject 
excitons into a linear array of porphyrinic chromophores (Figure 4). Electronic 
energy migration and transfer results in long-range transport of the exciton from 
the BODIPY dye to the distal terminal, supplemented by secondary light absorp-
tion by the zinc porphyrins. This system was the starting point for an avalanche of 
related arrays capable of vectorial exciton migration. The main design principle for 
these systems is to create a gradient of excitation energies that facilitates stepwise 
transfer of the exciton along a molecular-scale wire.

Since the original report, a wealth of such artificial arrays has appeared in the 
literature, synthesised by many different research groups. The common goal is 
to use a series of disparate chromophores to absorb different regions of the solar 
spectrum and transfer the excitation energy along a linear or branched chain. A 
certain fraction of the energy is lost at each stage but, by careful positioning of the 
reagents, very fast (i.e., sub-ns) electronic energy transfer can be engineered. By 
judicious choice of chromophore, energy transfer can be unidirectional and almost 
quantitative [7]. The exciton ultimately reaches a terminal site where it needs to 
be off-loaded to some kind of device, such as a solar cell or light-active catalyst 
(Figure 1). Some of these arrays possess elaborate three-dimensional structures 
that can collect considerable numbers of photons over a wavelength range spanning 
many hundreds of nanometres. One of the largest such architectures is depicted in 
Figure 5 and contains a total of 21 chromophores packed into a small volume. An 
added attraction of these artificial arrays is that the individual energy transfer steps 
can be monitored by time-resolved optical spectroscopy.

Figure 4. 
Prototypic molecular-scale wire, comprising a BODIPY-based dye as input unit, three zinc porphyrins capable 
of forward and reverse energy transfer and a terminal free-base porphyrin as the emitting output unit. 
Reproduced from Ref. [7].
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It will not have escaped attention that these artificial light-harvesting arrays 
require quite sophisticated synthesis, involving multiple steps with low overall 
yields. They are expensive to produce and it seems unlikely that large quantities 
could be prepared by robotic methods. The latter is essential to generate sufficient 
quantities of material for practical application. Fortunately, the arrays seem to be 
relatively photostable. This is because the excited-state lifetimes of the dyes that 
contribute to the energy-transfer cascade are kept very short and also because the 
BODIPY nucleus does not favour intersystem crossing to the triplet manifold with 
reasonable efficacy. Only the terminal dye is susceptible to photobleaching and only 
if the deactivation of this unit is slow – for example, when the device is inoperable. 
This situation has been described by Stachelek et al. using a multi-component 
BODIPY-based array [8] (Figure 6). Here, the molecule undergoes stepwise photo-
bleaching leading to successive loss of individual chromophores but retains photo-
activity at all stages. The net result is that the array can absorb more than 10 million 
photons and still remain operational. Nonetheless, the protracted synthesis appears 
to rule out such systems as being viable for largescale artificial light-harvesters.

Lindsey et al. have questioned [9] if such arrays are effective as photon collec-
tors. Their approach has involved detailed consideration of the required density of 
chromophores at a planar semi-conductor surface needed to effect a useful level of 
sensitization. This density has to take into account the absorptivity of the chromo-
phore, its molecular volume, surface coverage and ancillary chromophores able to 
transfer excitation energy to the ultimate donor. Their general conclusion is not too 
encouraging for the practical application of covalently linked chromophoric arrays. 
This realisation has led the Lindsey Group to look at bio-hybrid systems whereby 
artificial pigments replace natural analogues in protein-based matrices. The inten-
tion is to make use of the protein to achieve very high chromophore densities having 
the minimum wastage of molecular volume.

Other research groups have sought alternatives to the covalent synthesis needed 
to assemble molecular architectures such as that shown in Figure 4. For example, 
supramolecular systems can be built by intercalating suitable chromophores into 
DNA. This avoids the need to link together the individual reagents via covalent 

Figure 5. 
Molecular formula for the large artificial light-harvesting array comprising 21 discrete chromophores, with the 
lifetimes indicated for each of the main units. Reproduced from Ref. [7].
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synthesis but it becomes more challenging to position the reagents in a logi-
cal sequence. Other approaches to the same end include accretion of individual 
chromophores into aggregates that retain photoactivity. Such assemblies might be 
stacked columns of planar dyes or J-aggregates. Their main advantage is that many 
hundreds of chromophores can be self-assembled into one giant structure, driven 
simply by solvatophobic effects. A further benefit of this approach is that the 
columns can be easily dismantled and re-assembled in the event that an individual 
component becomes damaged during operation. This kind of replacement would be 
difficult, if not impossible, for the elaborate covalent networks.

3. Symmetrical pyrrole-BF2 (BOPHY) modules

Over the past few years or so, the supremacy of BODIPY as a fluorescent reagent 
has been challenged by a series of new fluorophores, one of which is termed BOPHY 
[10] (Figure 7). This latter compound is easily synthesised in high yield and pro-
vides for formation of a wide variety of derivatives. It is not as versatile as BODIPY 
but is a very useful building block for preparation of linear molecules. Despite its 
longer π-conjugation pathway, the lowest-energy absorption maximum observed 
for BOPHY is blue shifted relative to that of BODIPY and is more complex. Unlike 

Figure 6. 
Effect of continuous illumination with white light on the absorption spectrum recorded for PEN in deaerated 
CH2Cl2. Spectra were recorded at regular intervals over a period of 100 hours. Reproduced from Ref. [8].

Figure 7. 
The molecular formula for the basic BOPHY core, where different substituents can be appended at the various 
carbon atoms. Also shown is a solution of BOPHY in CHCl3 solution with and without UV illumination. The 
final panel illustrates a fluorescent chemical sensor developed for the detection of copper(II) cations in fluid 
solution.
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synthesis but it becomes more challenging to position the reagents in a logi-
cal sequence. Other approaches to the same end include accretion of individual 
chromophores into aggregates that retain photoactivity. Such assemblies might be 
stacked columns of planar dyes or J-aggregates. Their main advantage is that many 
hundreds of chromophores can be self-assembled into one giant structure, driven 
simply by solvatophobic effects. A further benefit of this approach is that the 
columns can be easily dismantled and re-assembled in the event that an individual 
component becomes damaged during operation. This kind of replacement would be 
difficult, if not impossible, for the elaborate covalent networks.

3. Symmetrical pyrrole-BF2 (BOPHY) modules

Over the past few years or so, the supremacy of BODIPY as a fluorescent reagent 
has been challenged by a series of new fluorophores, one of which is termed BOPHY 
[10] (Figure 7). This latter compound is easily synthesised in high yield and pro-
vides for formation of a wide variety of derivatives. It is not as versatile as BODIPY 
but is a very useful building block for preparation of linear molecules. Despite its 
longer π-conjugation pathway, the lowest-energy absorption maximum observed 
for BOPHY is blue shifted relative to that of BODIPY and is more complex. Unlike 
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Effect of continuous illumination with white light on the absorption spectrum recorded for PEN in deaerated 
CH2Cl2. Spectra were recorded at regular intervals over a period of 100 hours. Reproduced from Ref. [8].

Figure 7. 
The molecular formula for the basic BOPHY core, where different substituents can be appended at the various 
carbon atoms. Also shown is a solution of BOPHY in CHCl3 solution with and without UV illumination. The 
final panel illustrates a fluorescent chemical sensor developed for the detection of copper(II) cations in fluid 
solution.
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BODIPY, there is poor mirror symmetry between absorption and fluorescence spec-
tral profiles, at least in the liquid phase [11]. However, the lowest-energy absorption 
transition is broadened relative to BODIPY and this is a useful feature for a puta-
tive photon collector. Recently, BOPHY has been used as the emissive segment of 
certain types of fluorescent sensor. The tetrahedral geometry around the BF2 groups 
helps to minimise self-association and BOPHY-based compounds tend to be highly 
soluble in common organic solvents. Other studies have shown that bromination 
of BOPHY results in a compound able to sensitise formation of singlet molecular 
oxygen under illumination in fluid solution. Additional work has described the 
photochemical bleaching of BOPHY in liquid and solid phases. It appears that the 
compound is highly resistant to photofading under visible light illumination [12].

Ziessel et al. have reported [13] on the properties of the first molecular dyad 
built around the BOPHY scaffold (Figure 8). Here, a perylene moiety has been 
linked to the BOPHY core by way of an ethynylene group, thereby ensuring both 
close proximity and strong π-conjugation. These authors reported that direct excita-
tion into the perylene group causes rapid electronic energy transfer to the BOPHY 
unit. The latter emits at long wavelength because of the increased conjugation. 
This raises the question as to whether exciton passage from perylene to BOPHY 
is internal conversion or intramolecular electronic energy transfer. Other fused 
ring BOPHY derivatives have appeared very recently where the main absorption 
transition can be tuned across the visible spectral range. These materials are useful 
building blocks for creation of multi-component light-harvesting arrays but such 
molecular assemblies have not yet been reported.

Related research has considered ways to design redox-active BOPHY derivatives 
[14]. The basic BOPHY framework is equipped with styryl units that extend the 
π-conjugation pathway in a linear fashion. The styryl units are terminated with 
N,N-dimethylamino groups that can be protonated or oxidised. This simple strategy 
allows the evaluation of long-range electronic interactions between the terminal 
groups as the charge increases. It might be stressed that adding conjugated groups 
to the BOPHY core is not too demanding in terms of synthesis and characterisa-
tion. However, there remains the problem of scale and questions about how best to 
produce large quantities of such material.

Figure 8. 
Example of an artificial light-harvesting analogue constructed around the BOPHY chromophore. The light 
collection facility is expanded by adding a perylene function to the BOPHY unit. Excitons generated at the aryl 
hydrocarbon are transferred rapidly to the BOPHY unit, which itself emits at long wavelength.
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One of the key features of the BOPHY family relates to its high fluorescence 
yield in the absence of perturbing groups. Fluorescence is almost quantitative for 
the simpler derivatives and BOPHY-based dyes are ideal candidates for inclusion 
within plastic luminescent solar concentrators. The S0-S1 absorption transition is 
primarily HOMO-LUMO in nature and the radiative rate constant is high. Triplet 
state formation is negligible for simple BOPHY derivatives in solution but certain 
substituents are able to promote intersystem crossing. A report has appeared that 
describes emission from certain crystals formed from thiophene-substituted 
BOPHY [15]. It is anticipated that many more functionalised BOPHY derivatives 
will appear in the near future.

4. Related boron(III)-chelated chromophores

Four-coordinate organo-boron complexes have emerged as promising materials 
for optoelectronics, such as organic light-emitting diodes (OLEDs) and organic 
field-effect transistors. This work is still at the exploratory stage but the new 
boron(III) chelates offer real prospects for the development of a range of blue 
emitters. This is a wavelength range where there are relatively few efficient fluoro-
phores having the necessary stability and electroluminescence performance. This is 
especially true for deep blue emitters, in marked contrast to the numerous red and 
green emitters that are already in the marketplace. Since, in general, certain boranils 
and boron β-diketonates are known to exhibit high fluorescence quantum yields in 
the solid state, together with good levels of photostability, these materials are begin-
ning to attract attention. Examples of such compounds include the mono-boranils 
shown below in Figure 9.

Ziessel, in particular, has conducted a detailed search for alternative fluorescent 
dyes to the popular BODIPY family [16]. Both the type of ligand and the nature of 
the assembling boron(III) fragment has been considered. This has led to several 
classes of tetrahedral boron(III) compounds as illustrated via Figure 10. The range 
of available compounds can be extended by considering five-membered rings 
with quinolines or six-membered rings with salicylaldehydes, oxazolylphenolates, 
acylpyrrole, or pyridinephenolates. Additional six-membered rings have been 
formed from chelation to phenalene-1,3-dione and perylenediimides. Many of 
these novel systems are easily adapted to form binuclear complexes, such as those 
prepared around naphthyl ligands (Figure 11). In all of these cases, the synthetic 
strategy used to isolate the compounds is straightforward and avoids the use of 
complicated procedures. Quite pure materials emerge from the crude reaction 
mixtures without the need for protracted column chromatography. Unfortunately, 

Figure 9. 
Molecular formula for the most common type of mono-boranil complexes built around the N-B-O pattern. The 
terminal R group can be varied to include many different functionalities.
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N,N-dimethylamino groups that can be protonated or oxidised. This simple strategy 
allows the evaluation of long-range electronic interactions between the terminal 
groups as the charge increases. It might be stressed that adding conjugated groups 
to the BOPHY core is not too demanding in terms of synthesis and characterisa-
tion. However, there remains the problem of scale and questions about how best to 
produce large quantities of such material.

Figure 8. 
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and boron β-diketonates are known to exhibit high fluorescence quantum yields in 
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formed from chelation to phenalene-1,3-dione and perylenediimides. Many of 
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prepared around naphthyl ligands (Figure 11). In all of these cases, the synthetic 
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complicated procedures. Quite pure materials emerge from the crude reaction 
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the fluorescence quantum yields tend to be low, at least in solution, and thereby 
restrict the application of the compounds as solar concentrators. This is not the 
case for the rigid naphthyl-bridged binuclear complexes shown in Figure 11 where 
emission quantum yields can approach 90% [17]. One added advantage of these 
simple chelates is the ability to synthesise optically resolved fluorophores in good 
yield. These latter compounds are rare among the boron(III) chelates in as much as 
their absorption and emission maxima, molar absorption coefficients and quantum 
yields are independent of the nature of the solvent.

5. Functional arrays

Returning momentarily to Figure 1, it can be seen that the array has a built-in 
element of redundancy to cover for damage to any particular chromophore. Even 
so, the terminal acceptor plays an important role and must be protected against 
damage. It must also fit tightly to the device in order for irreversible electronic 
energy transfer to be quantitative. The question raised by Lindsey et al. [9] concerns 

Figure 10. 
Common type of chelating modes available to B(III) modules, as identified by Ziessel et al. [16].

Figure 11. 
Simple illustration of the construction of bis-boranil complexes around the rigid naphthyl central core. The 
nature of the terminal group can be varied at will while different functional groups can be attached to the 
boron(III) sites. The absorption and emission spectral properties can be modulated over a wide range.
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the ability of the array to deliver sufficient numbers of photons per unit time for the 
system to operate effectively. The device could be an organic solar cell or a molecu-
lar catalyst engineered for fuel production. In this latter case, the gap between 
arrival times of successive photons is crucial since the formation of stable chemical 
products requires multiple electrons. In order to avoid the damaging effects of free 
radicals, it is essential that charge accumulation is completed before the intermedi-
ate radical can escape and cause damage. In the case of a solar cell, the performance 
requires excitation with the optimum flux of photons. A single light-harvesting 
array of the type depicted in Figure 1 is incapable of supplying the necessary input. 
The solution is to design systems where many individual arrays combine to furnish 
the device with sufficient photons. Since it is unlikely that a large number of arrays 
can be packed around the device in a logical manner, it follows that systems have 
to be designed whereby fast electronic energy transfer between arrays occurs with 
very high efficiency. Only one such system has been reported to-date [18] but the 
rate of energy transfer was too slow for practical operation (Figure 12). New design 
strategies are needed if progress is to be made in this critical direction.

A second concern about the viability of artificial light-harvesting antennae is the 
inevitability of chemical damage during prolonged exposure to sunlight. It seems 
impossible to completely prevent loss of chromophores during operation and, at 
present, we have no successful strategies for in-situ repair of damaged components. 
Approaches need to be found, therefore, to by-pass damaged units without compro-
mising the overall antenna. This might be achieved using dyes that can be selectively 
protonated so as to induce a large change in the absorption spectrum when exposed to 
acidic conditions. There will be a significant alteration of the corresponding spectral 
overlap integral for electronic energy transfer and this simple modification will allow 
the direction of exciton migration to be controlled. This behaviour is illustrated by 
way of Figure 13, where the molecular antenna presented as Figure 1 is re-examined.

Figure 12. 
Pictorial representation of artificial light-harvesting array built by attaching disparate BOBIPY derivatives to 
a functionalized C60 residue. At high concentration in a thin plastic film, electronic energy migration proceeds 
between adjacent particles decorated with the yellow dye and exciton trapping occurs at the blue dye. This is a 
rare example of long-range energy transfer between particles. Reprinted with permission from [18]. Copyright 
(2012) American Chemical Society.
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the ability of the array to deliver sufficient numbers of photons per unit time for the 
system to operate effectively. The device could be an organic solar cell or a molecu-
lar catalyst engineered for fuel production. In this latter case, the gap between 
arrival times of successive photons is crucial since the formation of stable chemical 
products requires multiple electrons. In order to avoid the damaging effects of free 
radicals, it is essential that charge accumulation is completed before the intermedi-
ate radical can escape and cause damage. In the case of a solar cell, the performance 
requires excitation with the optimum flux of photons. A single light-harvesting 
array of the type depicted in Figure 1 is incapable of supplying the necessary input. 
The solution is to design systems where many individual arrays combine to furnish 
the device with sufficient photons. Since it is unlikely that a large number of arrays 
can be packed around the device in a logical manner, it follows that systems have 
to be designed whereby fast electronic energy transfer between arrays occurs with 
very high efficiency. Only one such system has been reported to-date [18] but the 
rate of energy transfer was too slow for practical operation (Figure 12). New design 
strategies are needed if progress is to be made in this critical direction.

A second concern about the viability of artificial light-harvesting antennae is the 
inevitability of chemical damage during prolonged exposure to sunlight. It seems 
impossible to completely prevent loss of chromophores during operation and, at 
present, we have no successful strategies for in-situ repair of damaged components. 
Approaches need to be found, therefore, to by-pass damaged units without compro-
mising the overall antenna. This might be achieved using dyes that can be selectively 
protonated so as to induce a large change in the absorption spectrum when exposed to 
acidic conditions. There will be a significant alteration of the corresponding spectral 
overlap integral for electronic energy transfer and this simple modification will allow 
the direction of exciton migration to be controlled. This behaviour is illustrated by 
way of Figure 13, where the molecular antenna presented as Figure 1 is re-examined.

Figure 12. 
Pictorial representation of artificial light-harvesting array built by attaching disparate BOBIPY derivatives to 
a functionalized C60 residue. At high concentration in a thin plastic film, electronic energy migration proceeds 
between adjacent particles decorated with the yellow dye and exciton trapping occurs at the blue dye. This is a 
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It is presumed that under continuous illumination one of the components will 
become damaged. There are growing indications that such photofading of the 
chromophore follows autocatalytic kinetics, meaning that the system appears stable 
for a considerable period but suddenly starts to bleach. The product could catalyse 
further damage by, for example, formation of long-lived triplet states. Bleaching is 
often accompanied by release of a proton and this could be collected by an adjacent 
chromophore. Provided protonation leads to a marked change in colour, electronic 
energy transfer along that segment of the antenna could be interrupted and exci-
tons directed elsewhere within the system. This leads to self-protection without loss 
of performance and avoids excitation of damaged components that might otherwise 
activate radical formation. Figure 14 shows an example of a molecular triad that 
fulfils the desired objective [19]. Protonation can also be effected using a photo-acid 
activated with near-UV light.

One of the most important lessons learned from examination of the natural 
light-harvesting array is that, in all likelihood, successful artificial analogues 
will need to possess the facility to transfer excitons over hundreds of identical 

Figure 14. 
Illustration of the use of a photo-acid to alter the direction of electronic energy transfer in a molecular triad. 
For the neutral molecule, photons absorbed by the central dipyrropyrole (DPP) unit are transferred rapidly to 
the green BODIPY terminal. This latter unit is protonated on illumination of a photo-acid generator (PAG). 
This changes the optical properties of the dye and, as a consequence, EET now occurs to the blue BODIPY dye. 
Reproduced with permission from [19].

Figure 13. 
Modification of the generic set-up indicated in Figure 1 to include the likelihood that one of the components 
will become damaged during prolonged exposure to sunlight. Such damage leads to release of a proton, which 
becomes attached to an adjacent chromophore and changes the absorption spectral profile. This in turn 
switches-off electronic energy transfer to the damaged site and re-directs the exciton within the antenna.
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chromophores. The direction of energy transfer cannot be controlled under such 
conditions because there is no driving force. Energy transfer will resemble a random 
walk. To be efficient, individual chromophores will need to be closely spaced but 
not so close that π,π interactions provide a route for fluorescence quenching. These 
realisations have led us to consider the use of photonic crystals as the basis for our 
artificial light harvesters. This might appear a rather bizarre strategy because it is 
well known that fluorescence quenching is usually very effective for high fluoro-
phore concentrations in fluid solution due to self-association. There is the additional 
problem of self-absorption, which also tends to curtail fluorescence. None-the-less, 
crystals offer several key advantages relative to plastic films, most notably the very 
high absorbance that can be achieved. There are now several reports describing 
fluorescence from boron(III) chelates under visible light illumination.

Early work in this field noted that single crystals assembled from a BODIPY 
derivative equipped with a meso-tetrathiophene residue were fluorescent [20]. 
Selective excitation of the oligothiophene unit at 400 nm was followed by fast 
electronic energy transfer to populate the fluorescent state of the BODIPY dye. Such 
observations are important because they indicate close packing of the molecules 
in the crystal lattice does not necessarily restrict the photophysical properties of 
the molecular dyad. In other work, it was reported that BODIPY derivatives fitted 
with aryl groups in place of the conventional fluorine atoms formed crystals that 
were significantly more fluorescent than the same compound dissolved in fluid 
solution [21]. The crystal hinders rotation of the B-aryl groups and this closes down 
an important radiationless pathway. This is a further example of what is currently 
termed “aggregation-induced emission”. The same crystals assemble into “columns” 
with adjacent units being co-facial, having a centre-to-centre distance of ca. 9.0 Å, 
but slightly offset and with the boron atoms lying on the same side of the molecule. 
Such arrangements could facilitate electronic energy migration along the column in 
a random walk (Figure 15).

Photonic crystals based on BODIPY derivatives contain an amorphous region 
in addition to the ordered columns. These somewhat disordered regions appear to 
facilitate dimerization, or higher-order aggregation, of the chromophore which is 
evident as a red-shifted absorption band. These self-associated species can operate 
as traps for excitons migrating along the ordered columns. This long-wavelength 

Figure 15. 
Schematic representation of the photophysics that follow illumination of a BODIPY chromophore within the 
crystal lattice. The arrangement of molecules into layers provides an ideal environment for rapid electronic 
energy transfer along the layer. This process competes effectively with fluorescence such that an exciton might 
sample several hundred individual dye molecules. The exciton can hop between columns on a slower timescale. 
Aggregates form in a more amorphous region and, because of a red-shifted absorption spectrum, these act 
as traps for excitons migrating along the layers. It is quite rare for aggregates to fluoresce. Reproduced with 
permission from [21].
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Figure 14. 
Illustration of the use of a photo-acid to alter the direction of electronic energy transfer in a molecular triad. 
For the neutral molecule, photons absorbed by the central dipyrropyrole (DPP) unit are transferred rapidly to 
the green BODIPY terminal. This latter unit is protonated on illumination of a photo-acid generator (PAG). 
This changes the optical properties of the dye and, as a consequence, EET now occurs to the blue BODIPY dye. 
Reproduced with permission from [19].

Figure 13. 
Modification of the generic set-up indicated in Figure 1 to include the likelihood that one of the components 
will become damaged during prolonged exposure to sunlight. Such damage leads to release of a proton, which 
becomes attached to an adjacent chromophore and changes the absorption spectral profile. This in turn 
switches-off electronic energy transfer to the damaged site and re-directs the exciton within the antenna.
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emission is in addition to the usual Frenkel-type fluorescence so that the overall 
fluorescence profile is broadened considerably. The same is true for the absorption 
spectrum. Our studies indicate that the aggregates can possess quite long-lived 
excited states and are therefore possible candidates as energy donors for opto-elec-
tronic devices. Constructing such systems represents the next phase of this project.

This work might pave the way for new types of artificial photon concentrators 
possessing high densities of chromophore. It is necessary to identify crystals where 
π,π-interactions are at a minimum and this could mean introducing steric blocking 
groups to keep individual molecules at some preferred distance. New experimental 
techniques will be needed to monitor the photophysical properties of single crystals, 
probably making use of fluorescent microscopes. However, by working closely 
with crystallographers, it should be possible to compile a set of rules regarding the 
best criteria for isolating photonic crystals suited for fast electronic energy transfer 
followed by strong fluorescence from a defect state. Such materials have many 
advantages compared to intricate covalent architectures.

6. Conclusion

In several respects, boron(III) chelates can be considered ideal candidates for 
building photonic arrays where many chromophores act cooperatively to harvest 
sunlight and to subsequently drive a useful device. The tetrahedral geometry around 
the boron atom favours the design of multi-component structures where the subunits 
are not in strong electronic communication. The same structural feature helps to 
isolate individual chromophores in the crystal lattice, despite the close proximity of 
neighbouring molecules. The basic macrocycle assembled around the boron(III) centre 
can be modified, expanded, diversified and functionalized with almost no limit, so as 
to provide access to an enormous range of compounds. Most of these materials are emis-
sive, although it is necessary to avoid systems that are based on intramolecular charge-
transfer processes. Fluorescence is often retained in the solid state and this is an unusual 
feature that can be well exploited to develop artificial photon concentrators.

This latter field has produced some wondrous examples of accreted molecular 
entities capable of highly efficacious electronic energy transfer within the cluster. 
The next stage of development requires groups of such clusters to operate together 
so as to amplify the number of photons concentrated at the device in unit time. 
This is a major challenge that demands the introduction of new types of synthetic 
methodologies. In principle, photonic crystals can solve this particular problem 
and can be doped at the surface with fluorescent traps. However, there remains the 
need to attach the crystal to the device without loss of performance of either unit. 
The field is only now beginning to fulfil its promise and it is likely that operational 
photonic crystals will soon emerge.
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Abstract

Boron nitride (BN) exists in several polymorphic forms such as a-BN, h-BN, 
t-BN, r-BN, m-BN, o-BN, w-BN, and c-BN phases. Among them, c-BN and h-BN 
are the most common ceramic powders used in composites to ensure enhanced 
material properties. Cubic boron nitride (c-BN) has exceptional properties such as 
hardness, strength than relating with other ceramics so that are most commonly 
used as abrasives and in cutting tool applications. c-BN possesses the second highest 
thermal conductivity after diamond and relatively low dielectric constant. Hence 
pioneer preliminary research in AMCs proven substitute composites than virgin 
AA 6061 traditionally used for fins in heat sinks. Moreover, poly-crystalline c-BN 
(PCBN) tools are most suitable for various machining tasks due to their unmatch-
able mechanical properties. h-BN also finds its own unique applications where 
polymer composites for high temperature applications and sp3 bonding in extreme 
temperature and compression conditions.

Keywords: cubic boron nitride, metal matrix composites, mechanical properties, 
thermal properties

1. Introduction

The boron nitride conglomerate was initiated by Balmain 1842 and achieved to 
form powders by GE scientist named Robert H. Wentorf in 1957 only. GE named 
the product commercially as Borazon. During the launch period, it was costlier than 
gold in the market [1]. As such carbon, boron nitride also can possibly be produced 
in amorphous and crystalline forms. In translucent form, boron nitride occurs 
or forms in three allotropes: hexagonal boron nitride (h-BN) similar to graphite 
(Figure 1A), sphalerite boron nitride (β-BN) similar to cubic diamond, and wurtz-
ite boron nitride (ɣ-BN) similar to hexagonal diamond form [2].

Exceptional to the carbon fullerenes (C60 buckyballs), BN fullerenes have 
most common bonding nature of squares or octagons than pentagons to avoid 
adverse thermo-dynamical properties due to unfavorable B–B and N–N bonding 
(Figure 1D) [3]. Similar to one-dimensional carbon nano tubes (CNTs), BN nano 
tubes (BNNTs) (Figure 1C) are also isoelectric to CNTs with the correlation to 
tube diameters, chirality, and numerous numbers of walls [4]. Among different BN 
forms, h-BN is the steady and stable phase of BN and interest initiated succeeding 
the graphene sheets isolation in 2004 The structural texture of h-BN is layered 
structure and inside layer of each, the boron atoms and atoms of nitrogen are bound 
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strongly due to covalent bonds nature in-plane and forces of van der Waals held 
together at each layer. A h-BN single layer is typically termed as BN nanosheet or 
BNNS. This formal structure is possible only for h-BN sheets since small aspect 
ratio [5]. For materials with higher aspect ratio their widths typical measurement 
will be <50 nm, they are known as BN nanoribbons or BNNR’s. Even h-BN has 
similar graphene structure, yet material’s bandgap is wide with 5.9 eV intrinsic band 
gap comparing more conductive graphene. Since its conductive thermally, h-BN is 
suitably fascinating for various electronic applications. h-BN possibly be used as 
filler material which insulates electricity for thermal radiators, polymer or ceramic 
composites, UV emitters and field emitters. Exceeding its properties of insulation, 
h-BN is inert chemically among wide variety of solvents, acids, and oxidizers. It 
is also insoluble in usual acids but soluble in nitrides (Li3BN2) and molten alkaline 
salts (LiOH, KOH). By high resistance nature chemically and thermal stability 
behavior, it finds as a fascinating material in hazardous environment [6].

2. Structural properties of h-BN

It is a powder (white in color and slippery nature) in physical form, in other 
way analogous to graphite. The size of the flake commercially available are h-BN 
varying from hundreds of nanometers to tens of microns. Thus, BNNS sheets 
developed through exfoliation process with these crystals are very frequently 
restricted to the maximum lateral sizes (few tens of microns) of the initial initiat-
ing material. Individual h-BN monolayers or BNNSs are structure with fluctuating 
atoms of boron and nitrogen combined to form a honeycomb. The bond length of 
B–N is 1.45 Å and B–N is covalent bond type. The neighboring borazine centers 
rings distance is 2.5 Å. The BNNS edge structure can be zigzag or armchair, alike 
graphene. The antecedent is a B or N-edged structure, in contrast hindmost is a 
BN pair-edged structure. The h-BN crystal structure is hexagonal with P63/mmc 
space group (Figure 1A), lattice constants, a = b = 0.2504 nm, c = 6661 nm, bond 
angles, α = β = 90°, γ = 120°. The BN is partially ionic structure in h-BN which 
reduces conductance capacity of electricity, covalence and dissimilar to graphite, it 
benefits the AÀ stacking sequence [7]. In most cases, this is the best energetically 
beneficiable stacking sequence noticed in BN, amongst them B atoms (electron-
deficient) are directly above or below the N atoms (electron-rich) in the adjoining 
layer. The easiest possibility to calculate the number of h-BN layers by observing 

Figure 1. 
Boron nitride allotropes: (A) few-layer hBN, (B) h-BN monolayer nanosheet or BNNS, (C) boron nitride 
nanoribbons (BNNRs) with various edge cessation leading to zigzag B-edge and structures of armchair edge, 
(D) boron nitride nanotubes (BNNT), and (E) BN fullerenes. Reproduced with the permission from “The 
Royal Society of Chemistry.”
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from transmission electron microscopy (TEM) images of folded edges. Figure 2A 
and B depicts TEM images of high-resolution, which usually gives atomic lattice 
information more along with the layers in number. An additional simple proficiency 
to analyze/calculate h-BN thickness by atomic force microscopy (AFM).

The number of layers is possibly determined by observing the step height 
usually with respect to the surface (Figure 2D and E). Mostly sheets of mono-
layer h-BN formed by means of chemical vapor deposition process (CVD) and 
mechanical exfoliation process have a approximate height of 0.4 nm. In chemical 
exfoliation sheets, the height measured can vary as maximum to1 nm due to the 
solvent trapped in the middle of the substrate and h-BN flakes. Thus, HRTEM 
generally used to report number of layers, while recording the height by means of 
AFM and more characterization techniques needed to ensure the findings. Another 
convenient characterization technique and simple method, by means of an optical 
microscope aimed to locate the amount of layers in graphene sheets and it is also 
used for h-BN moreover. Normally, ~300 nm of a SiO2 layer coated standard silicon 
wafer (Figure 2C) is benefited as a substrate for reference and the layers in number 
is determined depends on the noticed optical contrast using the respective micro-
scope. In h-BN case, as absorption not takes place in visible region, the oxide layer’s 

Figure 2. 
(A) Low-exaggeration TEM image of an exfoliated BNNS. (B) HR-TEM image displaying the layers number 
at the overlap edges (Lin et al., 2010a). (C and D) Height map from AFM of CVD fatten BNNS displaying 
the single layer 0.4 nm thickness (E) chemically exfoliated BNNS displaying a 1 nm height (F) white light 
microscopy image of exfoliated h-BN flake displaying the optical contrast on 90 nm SiO2/Si. (G) Enhanced 
h-BN optical image flake using a light source of 590 nm displaying the various contrast in-between layers. (H) 
BNNS in Raman spectra to a few-layer h-BN in relating the variance in the peak width to number of layers. 
(I) Top position difference as observed for single layer to BNNS bulk. Reproduced with the permission from 
corresponding author—Gorbachev (2011).
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information more along with the layers in number. An additional simple proficiency 
to analyze/calculate h-BN thickness by atomic force microscopy (AFM).

The number of layers is possibly determined by observing the step height 
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generally used to report number of layers, while recording the height by means of 
AFM and more characterization techniques needed to ensure the findings. Another 
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microscope aimed to locate the amount of layers in graphene sheets and it is also 
used for h-BN moreover. Normally, ~300 nm of a SiO2 layer coated standard silicon 
wafer (Figure 2C) is benefited as a substrate for reference and the layers in number 
is determined depends on the noticed optical contrast using the respective micro-
scope. In h-BN case, as absorption not takes place in visible region, the oxide layer’s 
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(A) Low-exaggeration TEM image of an exfoliated BNNS. (B) HR-TEM image displaying the layers number 
at the overlap edges (Lin et al., 2010a). (C and D) Height map from AFM of CVD fatten BNNS displaying 
the single layer 0.4 nm thickness (E) chemically exfoliated BNNS displaying a 1 nm height (F) white light 
microscopy image of exfoliated h-BN flake displaying the optical contrast on 90 nm SiO2/Si. (G) Enhanced 
h-BN optical image flake using a light source of 590 nm displaying the various contrast in-between layers. (H) 
BNNS in Raman spectra to a few-layer h-BN in relating the variance in the peak width to number of layers. 
(I) Top position difference as observed for single layer to BNNS bulk. Reproduced with the permission from 
corresponding author—Gorbachev (2011).
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substrate need to be altered for 80 nm in spick and span to optically recognizing the 
single to few-layered materials. As flaunt in Figure 2F, a low value of 2.5% reaches 
the contrast white light in h-BN monolayer, that is, tetra times lesser than graphene, 
and the increases in contrast with the various number of layers increase in the 
same [8]. In other way, for identifying the amount of layers different wavelength 
light is being used, which can be seen in Figure 2C. By using ~590 nm wavelength 
light as flaunt in Figure 2G, the noticed contrast between numbers of layers was 
clearly obvious. This layer recognition study be further proceeded to Raman 
microscopy. Vibrational mode of boron nitride noticed at 1364–1371 cm−1, which 
depends purely on the number of layers. Figure 2H and I flaunt the relative study 
by Gorbachev et al. relation to BNNS different layers. It is possible to be viewed 
in Figure 2H for monolayer, drifts to higher wave number of 1370 cm−1 noticed 
due to the Raman peak broadens and when it compared with the bulk, which is 
1366 eV. This study evidently flaunts BNNS formation through the red shift, which 
could be used later as standard to ensure BNNS presence [9].

3. Thermal stability

Allotropes of BN, in-particular h-BN and c-BN exhibit high stability in terms 
of thermal and chemical nature. h-BN is more stable even without deteriorating 
at exceeding the temperatures 1000°C (air), 1400°C (vacuum), and up to 2850°C 
(inert atmosphere). The h-BN theoretically noticed thermal conductivity values are 
close to grapheme. It is the one among best materials which are thermally conduc-
tive that is available till date. Based on the structure of BNNR, at room temperature 
the arm chair edged ribbons are 20% smaller than the zigzag-edged BNNRs. 
In-plane thermal conductivity determined as high peak value of 390 W/m K even 
at room temperature, which is 280 times greater than that of the silicon dioxide, for 
electronic devices which generates heat deciding h-BN as an attractive material due 
to its dielectric nature. Alike graphite, because of its anisotropic strength bonding, 
h-BN also strongly exhibits coefficient of thermal expansion (CTE) anisotropi-
cally. The coefficient of thermal expansion (CTE) in the a-direction (in-plane) is 
~2.90 × 10−6 K−1 during room temperature, in the c-direction, when the CTE is 10 
times larger and over to value of 4.05 × 10−5 K−1 at room temperature. The greater 
thermal expansion in positive note along the c-direction is mainly because weak 
nature in van der Waals bonding in the middle of planes [10].

The popularly accepted boron nitride phase diagram explains various boron 
nitride phases was determined from thermodynamic properties. At ambient condi-
tions, it is known that c-BN is thermodynamically stable rather than h-BN. But this 
is contrary to carbon phase diagram at ambient conditions; example is hexagonal 
phase (graphite) which is a more stable phase. The boron nitride phase diagram is 
shown in Figure 3A and B, where original calculations were indicated by the dashed 
lines and the refined diagram indicated by solid lines. The h-BN/c-BN/liquid triple 
point exists at 3480 ± 10 K and 5.9 ± 0.1 GPa, while the h-BN/liquid/vapor triple 
point exists at 3400 ± 20 K and 400 ± 20 Pa.

Based on the phase diagram above temperatures below 1600 K, it is obvious that 
c-BN is more favorable than h-BN. The general temperatures for growth in CVD 
are between 700 and 1100°C, which is 300°C at least cooler than that noticed in the 
above phase diagram. This odd behavior can be due to Gibbs free energy prevailing 
with the system. The temperature of transition travels in the middle range of h-BN 
and c-BN shifts as a Gibbs free energy function (Shift ± 10 meV/atom). The transi-
tion temperature varies between 1200 and 1800 K due to the change in free energy; 
mainly for the h-BN growth the typically lowest value used. There may be small 
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discrepancies casually caused by defects, grain size, contaminants, or sometimes 
interactions with the substrate transition metal itself [11].

4. Applications for h-BN

2D h-BN are considered greatly for use in various applications including 
substrate dielectrics for high-temperature resistive layers anticorrosive coatings, 
nanoelectronic devices, frictional layered coatings and also other 2D material 
systems and gate which are termed as advanced applications. The large bandgap 
(~6 eV), chemical resistivity and high temperature both the direct-grown h-BN and 
exfoliated h-BN materials are ideal for various hazardous applications like chemical 
and thermal industry.

4.1 Dielectrics for future generation nanoelectronic devices

Graphene is a well known for its highest electron and also whole mobility nature of 
any material till date, for future generation high-speed electronic gadgets and devices 
this 2D material a natural candidate. Initially graphene devices were transferred onto 
traditional substrates of SiO2 and noticed a reduction in inherent transport properties 
because of its contrary reciprocal action with substrate (>120,000 cm2/Vs compared 
to device performance on SiO2 of ~2000 cm2/Vs). The transporter potency in the 
devices was diminished because of the scattering from charged surface states and 
also due to impurities in SiO2, the comparatively more roughness in surface of the 
substrate, and also the very low-frequency optical modes of phonon in surface of 
SiO2. Dean et al. [12] was the team initiated study bulk h-BN’s use as a substrate 
material to restrain these outcomes seen in SiO2 devices. The h-BN’s substrate strong 
in-plane bonding was suspected to permit for an atomically smooth, inert surface 
free from dangling bonds, or charge traps in the surface. This was trusted to be true, 
as the graphene’s electronic properties increased including improved potency of 
transportation, decreased in transportation due to in-homogeneity, and decreased 
inherent intoxicating from the substrate were appreciably enhanced. The h-BN 
integrated first exfoliated GFET in the gate dielectric and also in the substrate, 
desired result obtained when manufacturing h-BN/graphene/h-BN sandwiched 
device. When related with a conventional GFET device produced along with SiO2 
and Al2O3, as dielectrics, a 70% enhance in the peak transconductance (gm) was 

Figure 3. 
(A) h-BN phase diagram displaying the stability nature of h-BN vs. c-BN at different temperatures and 
pressures. (B) Zoom image of the transition phase and Solozenko calculations (dotted line) (Solozhenko et al., 
1999).
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noticed with a higher operational frequency as well as appreciable than 5X enhance 
in graphene’s potency of transportation from 1200 to 6500 cm2/Vs. h-BN is a vital 
part in graphene and other 2D material-based electronic devices as a gate dielectric. 
In dielectric at a constant value of 6, voltage breakdown value of 8–10 MV/cm, and 
nearing bandgap value of 6 eV which are advantageous over typical SiO2 dielectrics 
can be accomplished [13].

4.2 Vertical tunneling device and behavior

In inclusion to BN as a substrate material for graphene used electronics, few layer 
BN has been examined as a high-quality, low-dielectric constant railing material for 
2D rampant electron tunneling devices where different compositions electrodes are 
divided by the dielectric layer thickness. These devices depend on the excavating via 
the ultrathin crystalline films layers and allow the smallest allowable gate lengths 
down to a single atom, and also permitting for exceptionally fast transport.

Excavating measurements via few-layer, device using exfoliated h-BN which 
constructs have been effectuated on a substrate which is conductive using conduc-
tive type atomic force microscopy (C-AFM). With beneficial tip areas normally 
on the 103 nm2 order, fundamental characteristic merits of dielectric able to be 
examined and that are non dependent on general failure mechanisms of whether 
macro- or either microscopic dielectric including dust particles, grain edges and 
cross-plane defects.

4.3 h-BN in protective coatings

While h-BN research much concentrated on nanoelectronic applications, tech-
nologies of others use the ultrathin and impactful studies on layered materials also 
done. Thin h-BN used for corrosion resistance and antioxidation protective coat-
ings, in particular, it is a applied science that got validated by chemical inertness 
and h-BN’s stability even at high temperature to efficiently emblem the underlying 
material from revelation to a numerous elements. Due to inert nature and lack of 
swinging loosely bonds, h-BN possibly be an excellent antifriction coating, alike 
many other two dimensional materials which share same characteristics.

4.4 h-BN in gas sensing

h-BN also been used as a essential substance to sense gases such as ammonia and 
ethanol. h-BN atomic layers were used for manufacturing gas sensors and concen-
tration of about very low (100 ppm) amount of gas was allowed to pass across the 
device. The technology in this mechanism is as follows: When sensor is air exposed, 
the absorbed oxygen molecule gets ionized through available free electrons of h-BN 
conduction band, the output is an enhance of the resistance. Identically, when 
ethanol gets introduced, it effects a resultant action on the surface, i.e., decreasing 
the resistance because of electrons releases back to the sensor. Thus, this mechanism 
proves the efficiency even at varied temperatures and concentrations of ethanol.

5. Synthesis of c-BN

In 2015, Caldwell et al. explored the utmost case of a-BN as initiating mate-
rial. They concluded a-BN possibly be permuted into c-BN at above 7.0 GPa 
pressures and temperature of above 1070 K. On condition that portal pressure 
is bigger than the required in starting material which is of poorly crystalline 
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h-BN, in contrast the portal temperature is controlled beneath by about 400 K. A 
transformation accentuates the chances of two mechanisms relative to kinetic 
study. First is direct crystallization transformation process from a-BN to c-BN and 
the next is two step-process which forms h-BN in an in-between stage: a-BN--” 
h-BN ~ c-BN. When t-BN is dealt as the initiating material, in which (B, N) layers 
along the c axis are randomly distributed, c-BN’s very small crystallites only 
present in operating conditions of temperature and pressure close to 6 GPa and 
1250 K. In collateral to the investigation of eminent researchers it was concluded 
that, operating conditions of temperature and pressure given phase change figure 
for BN, it is feasible to balance c-BN at higher temperatures under the c-BN-h-
BN equilibrium line provided by Wentorf. The transformation of h-BN--” c-BN 
stands on certain important factors such as structural excellence of starting 
material purity of used products etc. In many of the instances its importance’s are 
not still defined significantly.

The professed catalysed process is the common method used for deriving 
c-BN at industrial scenario. Certain amalgams added to h-BN in the process of 
decreasing the higher activation energy barricade are mostly termed as catalysts or 
solvents. These terms are not exact to the required; because this initiating product 
does not act as a motivational element but preferably act as a flux antecedent, giv-
ing eutectic h-BN. In this eutectic, BN is partially dissolved. In this process, h-BN’s 
starting material is either closely mixed or only stay in touch with flux antecedent. 
The impetus for formation of c-BN is the solubility difference between h-BN and 
c-BN varieties in the eutectic flux, beneath the fixed conditions of high pressure 
and temperature. In the (P, T) territory of c-BN balance, c-BN is impulsively nucle-
ated and can grow faster. In spick and span to form p- or n-type semiconductors, 
doping of c-BN crystals possibly be done by impurities introduced into the lattice 
of zinc blende using high purity starting materials. After caring and curing process 
at high pressure and temperature, the c-BN particles recuperated are separated by 
particular chemical or physical methods (e.g., acids and/or molten alkalis—usually 
molten NaOH-Na2CO3 mixtures—are used) in spick and span to remove the flux 
antecedents and by-products as well as non-reacted h-BN residues [14].

6. Cubic boron nitride: synthesis methods

6.1 At static high pressure condition: crystal growth

The temperature variance method process includes the BN transport from hot 
area containing h-BN to a cold zone (where one or more c-BN seeds are placed) by 
using a solvent. The time needed for growth of crystal is higher than time handled 
for the synthesis as described early and it possibly reach several days. The flux 
antecedents used are generally those of group A materials. Yazu et al. patented a 
pressure cell in which the pattern of work consists of varied chambers splitted up by 
non-reactive layers. In conjunction to get good quality crystals, researchers selected 
flux antecedents as Li3BN2, Mg3B2N4, Ca3B2N4, Sr3B2N4, Ba3B2N4 or combinational 
constituents of these compounds. For example, good quality crystals can form after 
60 hours, a 0.25 carat (50 mg) crystal at 5.5 GPa in-between a range of 1890–1540 K 
temperature gradient. The temperature variance can be changed by means of two 
main methods in the middle of nutrient and seed (i) by varying the position of a 
growth cell in a vertical furnace, minding the presence of a temperature gradient 
in-between the center and the top of the heater tube or (ii) by thrusting a thin 
molybdenum sheet with a drill hole, also as a baffle, in-between the flux and the 
h-BN source and changing the diameter of this hole. These two techniques allow 
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noticed with a higher operational frequency as well as appreciable than 5X enhance 
in graphene’s potency of transportation from 1200 to 6500 cm2/Vs. h-BN is a vital 
part in graphene and other 2D material-based electronic devices as a gate dielectric. 
In dielectric at a constant value of 6, voltage breakdown value of 8–10 MV/cm, and 
nearing bandgap value of 6 eV which are advantageous over typical SiO2 dielectrics 
can be accomplished [13].

4.2 Vertical tunneling device and behavior
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constructs have been effectuated on a substrate which is conductive using conduc-
tive type atomic force microscopy (C-AFM). With beneficial tip areas normally 
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examined and that are non dependent on general failure mechanisms of whether 
macro- or either microscopic dielectric including dust particles, grain edges and 
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4.3 h-BN in protective coatings

While h-BN research much concentrated on nanoelectronic applications, tech-
nologies of others use the ultrathin and impactful studies on layered materials also 
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4.4 h-BN in gas sensing

h-BN also been used as a essential substance to sense gases such as ammonia and 
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tration of about very low (100 ppm) amount of gas was allowed to pass across the 
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the absorbed oxygen molecule gets ionized through available free electrons of h-BN 
conduction band, the output is an enhance of the resistance. Identically, when 
ethanol gets introduced, it effects a resultant action on the surface, i.e., decreasing 
the resistance because of electrons releases back to the sensor. Thus, this mechanism 
proves the efficiency even at varied temperatures and concentrations of ethanol.

5. Synthesis of c-BN

In 2015, Caldwell et al. explored the utmost case of a-BN as initiating mate-
rial. They concluded a-BN possibly be permuted into c-BN at above 7.0 GPa 
pressures and temperature of above 1070 K. On condition that portal pressure 
is bigger than the required in starting material which is of poorly crystalline 
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h-BN source and changing the diameter of this hole. These two techniques allow 
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control of the super saturation which is responsible for the difference noticed in the 
crystal growth shape. The crystal shapes can change from polyhedral to dendritic 
geometries as the super saturation increases [15].

6.2 Dynamic high pressure process

This technique is mainly used for compacting c-BN powders. The emerging 
movement of a boron nitride impenetrable form produced under shock compression 
was studied by Sawaoka and Akashi. By single shock compression, they noticed only 
the transformation to w-BN with a greater decrement in the size of particle (by a 
factor of 10) in relation with the initiating material. A compression of type double-
shock leading to form an amorphous material and a very little quantity (amount) of 
c-BN (certain per cent). These particles of c-BN are 2D seeds. The synthesis of c-BN 
requires shocks in multiple during compression. If w-BN is capitulated to a shock 
compression at above 10 GPa pressure, c-BN can be derived. Sawaoka and Akashi 
proposed the following sequence to achieve c-BN transformation. By single-shock 
treatment, a greater amount of lattice strains in numerical exists in the w-BN crystals 
and these flaws are enhanced with subsequent second shock during compression 
process. This is mainly because of the energy variance in-between wurtzite-type and 
zinc blende-type stacking sequence is very little quantity, yet the strains in lattice 
are enough to accomplish the w-BN-* c-BN conversion. Sato et al. process patented 
for producing c-BN from r-BN by shock wave compression. Dremin et al. studied 
the crack in the frail dominion region and the velocity of particle for trinitrotoluene-
RDX blends with supplements of h-BN. They reviewed the works in which signs of 
the “weak detonation regime” have been found [16].

7. Cubic boron nitride: industrial and potential applications

7.1 Mechanical applications

c-BN, in relation to hardness correlating to diamond, is much more harder than 
the traditional abrasive materials like Al2O3, SiC and boron carbide. Hence, the output 
performance of grinding with c-BN wheels are enhance increased over the traditional 
abrasive material (SiC or Al2O3) wheels during grinding hardened high speed steels 
and cast irons of chilled mill grade. Tools made out of diamond cannot generally be 
used in above cases due to its chemical reactivity nature with ferrous metals, whereas 
c-BN is against to chemical attack in ferrous metals existence up to 1500–1600 K.

For cutting tools, c-BN is used as sintered c-BN. The c-BN sintering should be 
done in the region of thermodynamic stability with the pursuit to prevent retrans-
formation into h-BN at higher temperatures while at the process of sintering. Alike 
diamond, c-BN is hard-to-sinter material typically, due to its bonding nature of 
strong covalence and its stableness at higher operating conditions of temperature 
and pressure. There are possibly two processes: the instantaneous sintering of c-BN 
while the conversion of h-BN or two-step sintering. During the previous case, the 
preliminary step is the transformation from h-BN to c-BN (utilizing a traditional 
higher temperature and pressure flux transformation method) exemplified by the 
isolation and purification of c-BN in powder form and the next step involves sinter-
ing during rest or movable during high pressure conditions.

Hirano et al. concluded work on the one-step process as follows; the concurrent 
sintering and transformation of c-BN from h-BN by means of adding A1N. The 
operating conditions of pressure and temperature are same as that of c-BN formation. 
It is observed that Fukunaga used additives to enhance transformation and sintering 
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which is 2 mol.% lesser than that of magnesium nitride (Mg3N2). He observed the 
complete change or an conversion during 5.0 GPa and 1770 K for 1 hour. Fukunaga 
and co-workers used Mg3BN3 as sintering agent and formed semi-transparent c-BN 
polycrystals, at the working conditions of 6 GPa pressure and 1770 K as temperature. 
The formed c-BN polycrystals are with 99% of the calculated density.

Akashi and Sawaoka studied shock compaction about the sintering of c-BN 
powder. The powders without any form of additives are directly handled using 
shock compression. The starting powders must be coarse. The density and micro 
hardness of the produced c-BN compacts are dependent in nature strongly based 
on the size of the starting powder. They obtained compacts with 98% of theoreti-
cal density and micro hardness of 51.3 GPa. Shintani et al. compared the micro-
structural metallographic study and the properties of mechanical associated with 
two sintered c-BN materials. Singh reviewed sintered materials of super hard nature 
such as diamond, w-BN and c-BN. By examining them through X-ray diffraction, 
scanning electron microscopy (SEM) and energy-dispersive X-ray analysis.

In most cases, the compacted c-BN powder is cemented on tungsten carbide or 
ceramic substrates. Sintered cutting tools allow ferrous metals, chilled cast irons 
and hardened steels to be machined. The cutting speed is augmented and life of the 
tool is increased influentially by the value of 7–50 (in comparison with tungsten 
carbide tools). The high quality of the surface finish dispenses with further grind-
ing and polishing actions in many cases [17].

7.2 Applications in electronics

c-BN is an III-V semiconductor compound. Its very wide band gap makes it a very 
good insulator. Furthermore, c-BN has highest thermal conductivity, which allows it to 
be used as a heat sink for semiconductor lasers, microwave devices etc. In these applica-
tions, the surface of c-BN ceramics is coated with a group VIII metal or aluminium (or 
aluminium alloy) by CVD process. It is possible to metalize as innovated by Tanji and 
Kawasaki with nickel by CVD process or with gold or aluminium by sputtering.

c-BN is able to be mixed with silicon and also with beryllium in pursuance to get 
p-type or n-type semiconductors respectively. Mishima et al. patented a growing 
method semi conductable c-BN crystals. For example, when LiCaBN2-Si mixture 
used as a flux antecedent to the h-BN-” and c-BN transformation at 5.5 GPa and at a 
temperature of 2070 K for 18 hours time period, researchers acquired n-type c-BN 
crystals size by 1.2 mm. These doped crystals of c-BN able to produce p-n junction 
diodes that even works at high temperatures due to c-BN’s higher thermal stability. 
Injection scintillation in the ultra violet was noticed at a high pressure from a c-BN 
made p-n junction. This emission of light occurs near the certain region especially at 
junction only based on several conditions. Certain methods of producing p-n junc-
tions from c-BN semiconductors formed through a high pressure, high temperature 
processes have been patented. Recently, Ahmad and Lichtman have studied c-BN 
thin films for UV sensor applications [18].

The c-BN electronic applications have only begun to be developed; their use 
should be increased significantly in the future. Because of the small size of the 
components required in electronics, compounds or thin films with a higher value of 
thermal conductivity and electrically insulating properties are needed [12].

8. Conclusion

The boron nitride amalgamation combination was noticed by Balmain in the year 
1842 and synthesized to powders by Robert H. Wentorf a GE scientist at 1857. Boron 
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control of the super saturation which is responsible for the difference noticed in the 
crystal growth shape. The crystal shapes can change from polyhedral to dendritic 
geometries as the super saturation increases [15].
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factor of 10) in relation with the initiating material. A compression of type double-
shock leading to form an amorphous material and a very little quantity (amount) of 
c-BN (certain per cent). These particles of c-BN are 2D seeds. The synthesis of c-BN 
requires shocks in multiple during compression. If w-BN is capitulated to a shock 
compression at above 10 GPa pressure, c-BN can be derived. Sawaoka and Akashi 
proposed the following sequence to achieve c-BN transformation. By single-shock 
treatment, a greater amount of lattice strains in numerical exists in the w-BN crystals 
and these flaws are enhanced with subsequent second shock during compression 
process. This is mainly because of the energy variance in-between wurtzite-type and 
zinc blende-type stacking sequence is very little quantity, yet the strains in lattice 
are enough to accomplish the w-BN-* c-BN conversion. Sato et al. process patented 
for producing c-BN from r-BN by shock wave compression. Dremin et al. studied 
the crack in the frail dominion region and the velocity of particle for trinitrotoluene-
RDX blends with supplements of h-BN. They reviewed the works in which signs of 
the “weak detonation regime” have been found [16].

7. Cubic boron nitride: industrial and potential applications

7.1 Mechanical applications

c-BN, in relation to hardness correlating to diamond, is much more harder than 
the traditional abrasive materials like Al2O3, SiC and boron carbide. Hence, the output 
performance of grinding with c-BN wheels are enhance increased over the traditional 
abrasive material (SiC or Al2O3) wheels during grinding hardened high speed steels 
and cast irons of chilled mill grade. Tools made out of diamond cannot generally be 
used in above cases due to its chemical reactivity nature with ferrous metals, whereas 
c-BN is against to chemical attack in ferrous metals existence up to 1500–1600 K.

For cutting tools, c-BN is used as sintered c-BN. The c-BN sintering should be 
done in the region of thermodynamic stability with the pursuit to prevent retrans-
formation into h-BN at higher temperatures while at the process of sintering. Alike 
diamond, c-BN is hard-to-sinter material typically, due to its bonding nature of 
strong covalence and its stableness at higher operating conditions of temperature 
and pressure. There are possibly two processes: the instantaneous sintering of c-BN 
while the conversion of h-BN or two-step sintering. During the previous case, the 
preliminary step is the transformation from h-BN to c-BN (utilizing a traditional 
higher temperature and pressure flux transformation method) exemplified by the 
isolation and purification of c-BN in powder form and the next step involves sinter-
ing during rest or movable during high pressure conditions.

Hirano et al. concluded work on the one-step process as follows; the concurrent 
sintering and transformation of c-BN from h-BN by means of adding A1N. The 
operating conditions of pressure and temperature are same as that of c-BN formation. 
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and co-workers used Mg3BN3 as sintering agent and formed semi-transparent c-BN 
polycrystals, at the working conditions of 6 GPa pressure and 1770 K as temperature. 
The formed c-BN polycrystals are with 99% of the calculated density.

Akashi and Sawaoka studied shock compaction about the sintering of c-BN 
powder. The powders without any form of additives are directly handled using 
shock compression. The starting powders must be coarse. The density and micro 
hardness of the produced c-BN compacts are dependent in nature strongly based 
on the size of the starting powder. They obtained compacts with 98% of theoreti-
cal density and micro hardness of 51.3 GPa. Shintani et al. compared the micro-
structural metallographic study and the properties of mechanical associated with 
two sintered c-BN materials. Singh reviewed sintered materials of super hard nature 
such as diamond, w-BN and c-BN. By examining them through X-ray diffraction, 
scanning electron microscopy (SEM) and energy-dispersive X-ray analysis.

In most cases, the compacted c-BN powder is cemented on tungsten carbide or 
ceramic substrates. Sintered cutting tools allow ferrous metals, chilled cast irons 
and hardened steels to be machined. The cutting speed is augmented and life of the 
tool is increased influentially by the value of 7–50 (in comparison with tungsten 
carbide tools). The high quality of the surface finish dispenses with further grind-
ing and polishing actions in many cases [17].

7.2 Applications in electronics

c-BN is an III-V semiconductor compound. Its very wide band gap makes it a very 
good insulator. Furthermore, c-BN has highest thermal conductivity, which allows it to 
be used as a heat sink for semiconductor lasers, microwave devices etc. In these applica-
tions, the surface of c-BN ceramics is coated with a group VIII metal or aluminium (or 
aluminium alloy) by CVD process. It is possible to metalize as innovated by Tanji and 
Kawasaki with nickel by CVD process or with gold or aluminium by sputtering.

c-BN is able to be mixed with silicon and also with beryllium in pursuance to get 
p-type or n-type semiconductors respectively. Mishima et al. patented a growing 
method semi conductable c-BN crystals. For example, when LiCaBN2-Si mixture 
used as a flux antecedent to the h-BN-” and c-BN transformation at 5.5 GPa and at a 
temperature of 2070 K for 18 hours time period, researchers acquired n-type c-BN 
crystals size by 1.2 mm. These doped crystals of c-BN able to produce p-n junction 
diodes that even works at high temperatures due to c-BN’s higher thermal stability. 
Injection scintillation in the ultra violet was noticed at a high pressure from a c-BN 
made p-n junction. This emission of light occurs near the certain region especially at 
junction only based on several conditions. Certain methods of producing p-n junc-
tions from c-BN semiconductors formed through a high pressure, high temperature 
processes have been patented. Recently, Ahmad and Lichtman have studied c-BN 
thin films for UV sensor applications [18].

The c-BN electronic applications have only begun to be developed; their use 
should be increased significantly in the future. Because of the small size of the 
components required in electronics, compounds or thin films with a higher value of 
thermal conductivity and electrically insulating properties are needed [12].
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The boron nitride amalgamation combination was noticed by Balmain in the year 
1842 and synthesized to powders by Robert H. Wentorf a GE scientist at 1857. Boron 
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nitride occurs in various polymorphic forms like a-BN, h-BN, t-BN, r-BN, m-BN, 
o-BN, w-BN and c-BN phases. h-BN exists in three types of allotropes. BNNTs are 
isoelectric in nature to CNTs. h-BN is attractive for various electronic applications 
due to its thermal conductive behavior. It also can be used as filler materials in ther-
mal radiators, UV emitters and field emitters. h-BN and c-BN shows high stableness 
both thermally and chemically. Direct grown h-BN and exfoliated h-BN materials are 
ideal for hazardous applications such as thermal and chemical industry. Exfoliated 
h-BN is favorably feasible with conductive type atomic force microscopy (C-AFM). 
h-BN can also be used as an excellent antifriction coating, corrosion resistance and 
also as antioxidation protective coatings. h-BN also used in gas sensing at any varied 
temperatures and concentration. There are two significant methods for cubic boron 
nitride synthesis; at static high pressure crystal growth observed and dynamic high 
pressure process. Sintered c-BN is necessary for mechanical applications to prevent 
conversion to h-BN at higher temperatures. c-BN powder is cemented on tungsten 
carbide tools and which allows ferrous metals, chilled cast irons and hardened steels 
to be machined. The doped crystals of c-BN are able to produce p-n junction diodes 
which can even works at higher temperatures due to its higher thermal stability. c-BN 
electronic applications have recently started to get developed; their significant usage 
will be developed in mere future. The future researchers can pay attention on the 
above area as well as on metal matrix composites in particular aluminium to produce 
better efficient and durable materials for modern era and requirements.
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nitride occurs in various polymorphic forms like a-BN, h-BN, t-BN, r-BN, m-BN, 
o-BN, w-BN and c-BN phases. h-BN exists in three types of allotropes. BNNTs are 
isoelectric in nature to CNTs. h-BN is attractive for various electronic applications 
due to its thermal conductive behavior. It also can be used as filler materials in ther-
mal radiators, UV emitters and field emitters. h-BN and c-BN shows high stableness 
both thermally and chemically. Direct grown h-BN and exfoliated h-BN materials are 
ideal for hazardous applications such as thermal and chemical industry. Exfoliated 
h-BN is favorably feasible with conductive type atomic force microscopy (C-AFM). 
h-BN can also be used as an excellent antifriction coating, corrosion resistance and 
also as antioxidation protective coatings. h-BN also used in gas sensing at any varied 
temperatures and concentration. There are two significant methods for cubic boron 
nitride synthesis; at static high pressure crystal growth observed and dynamic high 
pressure process. Sintered c-BN is necessary for mechanical applications to prevent 
conversion to h-BN at higher temperatures. c-BN powder is cemented on tungsten 
carbide tools and which allows ferrous metals, chilled cast irons and hardened steels 
to be machined. The doped crystals of c-BN are able to produce p-n junction diodes 
which can even works at higher temperatures due to its higher thermal stability. c-BN 
electronic applications have recently started to get developed; their significant usage 
will be developed in mere future. The future researchers can pay attention on the 
above area as well as on metal matrix composites in particular aluminium to produce 
better efficient and durable materials for modern era and requirements.
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Chapter 5

Hexachlorinated Boron(III) 
Subphthalocyanine as Acceptor 
for Organic Photovoltaics: A Brief 
Overview
Georgy L. Pakhomov, Vlad V. Travkin and Pavel A. Stuzhin

Abstract

A boron(III) complex of peripherally hexachlorinated subphthalocyanine, 
Cl6SubPc is a very promising small-molecule acceptor for application in organic 
photovoltaics. In this chapter the recent experimental results in the field are 
compared, and a critical review is given of the published works on the solar cells 
with the planar or bulk heterojunction architectures. The thin film properties of 
Cl6SubPc are also considered. The approaches to the further modification of the 
molecular structure of boron(III) subphthalocyanine-type compounds for the 
enhancement of their photoelectrical properties are discussed.

Keywords: boron(III) subphthalocyanines, acceptors, organic electronics

1. Introduction

Recent achievements in the synthetic chemistry of subphthalocyanine-type 
compounds have led to an appearance of numerous molecular structures in a variety 
of shapes with markedly different redox and optical properties [1–3] and durability. 
However, only a few of those structures deserve the close attention of engineers 
involved in organic electronics.

The thin film electronic devices utilizing both subphthalocyanines and diverse 
phthalocyanine-type compounds are traditionally classified as organic light-emit-
ting diodes (OLEDs), organic field-effect transistors (OFETs), and organic photo-
voltaic cells (OPVC) [1, 4–7]. Of course, these fascinating heterocyclic molecules 
find their way into other areas of application such as resistive memory or molecular 
switches [8, 9], but those are incomparably inferior to the above three types of thin 
film devices in terms of practical achievements.

The light-emitting properties of conventional phthalocyanines in the undoped 
films do not appear to be very promising, so they are included in the OLED scheme 
mostly as the charge transporting components [1, 4, 10, 11]. Plint et al., who are 
continuing a long-term research in this field, proposed two SubPc derivatives as 
dopant emitters for an (8-hydroxyquinolinato)3Al matrix to obtain the white light 
from a standard multilayer OLED made by the high-vacuum sublimation technique 
[12]. Also worth mentioning here is the earlier work of Torres’ group [13], in which 
the solution-processable OLED structures incorporating variously substituted 
SubPcs were fabricated and tested.
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As to the applications in OFETs, the readers should turn to the review in Ref. 
[14]. In short, the charge carrier mobilities measured using the standard transistor 
geometry in subphthalocyanine films are lower than in the films of four-leaf phtha-
locyanines that are capable of forming highly ordered structures in the channel. A 
noteworthy work was published more than 10 years ago by Yasuda and Tsutsui [15] 
who observed sign inversion (from N- to P-) in the majority charge carriers when 
transferring the SubPc-based OFETs with gold S/D electrodes from the glove box to 
ambient air. This adds intrigue to the current discussion of whether SubPc acts as a 
P- or N-type layer in the junction with another molecular material: a possible reason 
for that may be the unintentional doping from the adjacent layers or the unevenness 
of fabrication/measurement conditions for different prototypes.

The most impressive results today appear in the field of photovoltaics. We 
therefore will discuss SubPcs only from the viewpoint of their behavior in thin film 
photovoltaic cells, particularly in cells with an organic or hybrid heterojunction 
based on the hexachlorinated subphthalocyanine derivative Cl6SubPc (Figure 1). 
This compound is gaining practical importance, though many other peripherally 
halogen-substituted SubPc derivatives have been synthesized over the last decade 
[1–5, 16]. To the best of our knowledge, only one hexachlorinated derivative with 
an extraligand other than chlorine was used in a photovoltaic cell [17]. Despite the 
availability of many sound publications that deal with Cl6SubPc as the photovoltaic 
material, little is known about its fundamental (intrinsic) properties in a solid. In 
addition, we have found some inconsistencies in the discussions and speculations 
unsupported by the relevant experimental data.

2. Properties of Cl6SubPc thin films

After the introduction of electron-withdrawing chlorine atoms on the periph-
ery of a macrocycle, the Cl6SubPc molecule behaves as the electron acceptor with 
respect to the molecule on the other side of the heterointerface (e.g., unsubstituted 
SubPc [6, 18–22]), thereby participating in the separation of the photogen-
erated charges. In the bulk phase, addition of chlorine atoms to the conjugated 
macrocycle assists in getting the electron transporting organic semiconductors 
[7]. Therefore, judging from its chemical formulae (Figure 1), Cl6SubPc is a 
priori assumed to be the accept or N-type material for the organic photovoltaic 
cells. Perhaps, it is due to this assumption that too little effort has been made to 

Figure 1. 
Cl6SubPc molecule: the planar chemical structure with π-conjugation (left) and the computed 3D structure 
illustrating the conical geometry (right). Green balls show chlorine atoms, one in the axial position 
(extraligand) and six on the periphery of the benzene rings.
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fundamentally characterize N-type conductivity in the Cl6SubPc solid, except for a 
series of electro-physical experiments on the vacuum-deposited thin films, carried 
out by Beaumont et al. in [23].

The energy level alignment at SubPc/Cl6SubPc heterojunction was recently 
discussed in detail [21] with the emphasis on the interface gap EG = EDonor

HOMO-
EAcceptor

LUMO that determines the maximum achievable open-circuit voltage in 
a photovoltaic device with a D/A junction. The interface gap EG of 1.95 eV was 
derived from soft XPS and XAS, with the use of DFT (Table 1) [21]. This value of 
EG is much greater than what is attainable through pairing the SubPc donor with 
the conventional N-type acceptor C60, which explains the popularity of Cl6SubPc 
among the so-called “non-fullerene” acceptors for organic photovoltaics [5, 16, 17, 
21, 25, 27, 30, 32, 33]. The DFT calculations on a Cl6SubPc molecule were also per-
formed in Refs. [6, 33], including the visualization of the most important frontier 
MOs. However, even in the abovementioned studies, such parameters as transport 

Parameter Value Ref. Comment

Sublimation 
temperature, oC

270–290 [24] Greater than for many halogenxSubPc

Color Purple [24] In powder and in toluene solution

λmax(Q ), nm, 
In solution

In sublimed film

576
569
570

585–590

[25]
[24]
[26]

[18, 19, 24]

In chloroform
In toluene

In dichloromethane
Identical with SubPc

Eopt, eV 2.1
2.16
2.1

2.19

[20]
[27]
[28]
[24]

Link to Ref. [28]
Not specified

From λmax(Q ) in solid film
From λmax(Q ) in solution

Eact, eV 1.38 [24] From thermally activated conductivity in 
thin vacuum-deposited films

HOMO, eVa 6.69
5.9
6.0
5.8

6.06
6.0

[6]
[20, 23]

[21]
[22]
[27]

[28, 29]

From UPS
Adopted from [28]

From XPS, XAS, and DFT
From cyclic voltammetry
From cyclic voltammetry

Adopted from [22]

LUMO, eVa 3.8
3.9
3.7

3.61
3.90
3.6

[20, 23]
[21]
[22]
[30]
[27]

[28, 29]

Adopted from [28]
From XPS, XAS, and DFT

From HOMO-Eopt difference
From cyclic voltammetry

From HOMO-Eopt difference
From HOMO-Eopt difference

Charge carrier mobility 
μ, cm2 V−1 s−1 at RT

8 ± 2 × 10−7

8.3 × 10−6

7.6 × 10−5

[23]

[27]

[31]

Vertical zero-field electron mobility, from 
impedance spectroscopy

Blend with PTB7-Th, vertical electron 
mobility, from SCLC

Charge carrier mobility of the sum of holes 
and electrons Σμ, from flash-photolysis 
time-resolved microwave conductivity

aThese are actually negative, below vacuum level.
Methods: UPS = ultraviolet photoelectron spectroscopy, XPS = X-ray photoelectron spectroscopy, XAS = X-ray 
absorption spectroscopy, DFT = density functional theory, SCLC = space-charge-limited current.

Table 1. 
Cl6SubPc, some experimental data.
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gap, exciton binding energy Ebi, or diffusion lengths LD, which are of paramount 
importance when constructing a heterojunction-based device [6, 34], have not been 
estimated1.

Table 1 summarizes the data on some solid-state properties of Cl6SubPc avail-
able in the literature. As expected, the most frequently discussed values are the 
positions of the highest occupied and lowest vacant molecular orbitals (HOMO and 
LUMO) since they can be used for deriving EG and, further, for constructing the 
band diagrams that predict the basic photoconversion parameters of the devices 
employing various donor/acceptor pairs [20–23, 28–30, 35].

As seen from Table 1, the HOMO-LUMO values obtained by various methods/
research groups fluctuate within the range of ±0.2 eV. Moreover, different numbers 
can be reported in the articles by the same authors ([20] vs. [28] or [21] vs. [22]). 
Such discrepancies are not surprising, considering the diversity of approaches/
methods used for estimation [36]. Certain caution should therefore be taken when 
comparing the data from different sources and, especially, when relying on them in 
the interpretation of the device characteristics [30, 36]. For instance, in the same 
Ref. [30], EG for the SubPc/Cl6SubPc pair was calculated to be equal to 1.83 eV, i.e., 
the value did not coincide with that from the Ref. [21]. Importantly, the optical 
bandgap Eopt is smaller than the fundamental bandgap (the difference between 
the ionization potential and the electron affinity of a molecule) by the value of the 
electron–hole pair binding energy. Thus, the HOMO-LUMO difference obtained 
from the quantum chemical calculations with various levels of accuracy provides 
an approximation to the fundamental gap and needs to be amended before used as 
equivalent of Eopt (Table 1). The situation gets more complicated in a solid, where 
the transport of charge carriers or quasiparticles (excitons) occurs. Due to the 
polarization/stabilization effects, Ebi differs from the binding energy of electron–
hole pair created within a (single) photoexcited molecule in the gas phase [36].

Cl6SubPc sublimes in a high vacuum without noticeable decomposition, which 
allows one to obtain thin films on various functional substrates. The vacuum-
deposited films are intensively purple colored, homogeneous, and smooth [24]. 
This favors their application in multilayer photovoltaic devices. However, they are 
electrically resistive [21, 24, 35], with the charge carrier mobility (electrons) much 
lower than in fullerenes (Table 1). In the literature, the Cl6SubPc films are com-
monly treated as amorphous [21]. As recently shown, a correct choice of deposi-
tion surface and temperature contributes to the production of crystalline films 
of Cl6SubPc with improved conductivity, which in turn upgrades the parameters 
of photovoltaic devices [24, 35]. To our knowledge, the effect of intentional or 
unintentional (e.g., atmospheric) doping of the Cl6SubPc matrix on its conducting 
properties has not been investigated so far.

3. Fabrication of Cl6SubPc-based heterojunctions for photovoltaic cells

Roughly, there are two types of heterojunctions with clear geometrical dis-
similarity: flat heterojunction (PHJ) and bulk heterojunction (BHJ). Cl6SubPc can 
be used in both—Refs. [5, 18–23, 25, 28–30, 35] and [5, 6, 27, 33], respectively. Such 
flexibility is accounted for by the increased, as compared to phthalocyanines, solu-
bility of Cl6SubPc, and subphthalocyanines in general, although a rigorous study of 

1 We have found only one source [Barito AJ. Cascade Organic Photovoltaics [thesis]. University of 
Michigan; 2015] unsupported by the relevant peer-reviewed journal publication, in which LD = 4.5 nm 
and exciton lifetime τ = 0.53 ns are reported for the vacuum-deposited Cl6SubPc films.
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the solvation processes does not permit unambiguous attribution of conventional 
SubPc to the classical dyes, it is pigment-like rather [26, 37].

PHJ is prepared by sequentially depositing thin layers of donor and Cl6SubPc. The 
most common A-on-D order of deposition gives a normal PHJ, assuming the cathode 
located on top of the device, while the D-on-A configuration with the anode on 
top is termed as inverted PHJ. The thickness of layers is of paramount importance, 
and it should be adjusted individually not only for the donor but also for Cl6SubPc, 
since the experimental setup, deposition sequence, additional functional materi-
als, etc. may vary in each research group. Thicker photoactive layers are likely to 
capture more incident photons and protect against leakages, but short LD and rapidly 
increasing serial resistance require that the layers be kept sufficiently thin. Typical 
thickness of Cl6SubPc in PHJ does not exceed few tens nanometers. Deposition pro-
cess is carried out mostly via the vacuum evaporation technique, but the examples of 
solution-processed PHJ with subphthalocyanines are also known [38, 39].

To obtain a BHJ, a donor component and Cl6SubPc should be dissolved in the 
chlorobenzene (various additives like 1,8-diiodooctane (DIO) or 1-chloronaphtha-
lene (CN) are recommended) and then deposited using the spin-coating technique. 
Both the solution chemistry and post-deposition treatment of thus made blend 
affect the resulting device parameters [17, 27, 33].

It is generally believed that the efficiency of power conversion (PCE) in the 
photovoltaic cells with BHJ must be greater than in the PHJ-based cells, this being 
due to the morphological reasons [38–40]. Quite surprisingly, in all the works 
dealing with both solution- and vacuum-processed BHJ with a Cl6SubPc accep-
tor, the actual morphology of the photoactive layer(s) remains highly uncertain. 
In Ref. [6], the morphology of 20 nm thick films consisting of a co-evaporated 
in vacuum SubPcx:Cl6SubPc1-x blend has not been elucidated. In Ref. [27], the 
polymer: Cl6SubPc mixture termed as BHJ was spin-coated and annealed to obtain 
75 nm thick photoactive layers (Table 2), but the transmission electron microscopy 
(TEM) images showed a homogeneous blend without a noteworthy phase separa-
tion. This led authors to a conclusion that the pure phase domains are absent. 
Notably, the nanocrystalline domains with high local carrier mobility of at least one 
of the two components of BHJ are required for efficient dissociation of the charge 
transfer (CT) states into free charge carriers at the D/A interface [27].

A broader morphological study in Ref. [33] included atomic force microscopy 
(AFM), TEM, and X-ray diffraction (XRD) measurements on the spin-coated mix-
tures of substituted subphthalocyanines, including Cl6SubPc, with a polymer, also 
termed as BHJ. However, a thorough examination of the published images reveals 
that neither AFM nor TEM indicates a formation of a long-enough fibrillary struc-
ture in the films (unspecified thickness), although authors stated otherwise2. The 
XRD patterns display the changes in the intensity of a single diffraction peak cor-
responding to the polymeric component of the blend relative to the pure phase of the 
polymer (at only one D/A ratio) [33], which cannot be regarded as a proof of BHJ.

In neither of the above studies, a relevant morphological model has been 
developed based on the instrumental analysis. The “phase diagram” attributing 
the morphological changes to the composition of a binary phase [43–45] is missing 
as well. The well-known “mosaic” picture of the polymer: subphthalocyanine BHJ 
published in 2009 [38] seems to be borrowed from the sketches of the polymeric 
solution-made BHJ [16, 45] without being confirmed by adequate morphological 
analysis. Contrary to what is drawn, the authors stated at the end of the article [38] 
that the films stayed amorphous even for the 1:5 blend (from grazing incidence 

2 Authors claimed in the supplementary materials section that their Cl6SubPc-based cells outperform the 
BHJ-based cells fabricated in Ref. [27], which is not true (Table 2).
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gap, exciton binding energy Ebi, or diffusion lengths LD, which are of paramount 
importance when constructing a heterojunction-based device [6, 34], have not been 
estimated1.

Table 1 summarizes the data on some solid-state properties of Cl6SubPc avail-
able in the literature. As expected, the most frequently discussed values are the 
positions of the highest occupied and lowest vacant molecular orbitals (HOMO and 
LUMO) since they can be used for deriving EG and, further, for constructing the 
band diagrams that predict the basic photoconversion parameters of the devices 
employing various donor/acceptor pairs [20–23, 28–30, 35].

As seen from Table 1, the HOMO-LUMO values obtained by various methods/
research groups fluctuate within the range of ±0.2 eV. Moreover, different numbers 
can be reported in the articles by the same authors ([20] vs. [28] or [21] vs. [22]). 
Such discrepancies are not surprising, considering the diversity of approaches/
methods used for estimation [36]. Certain caution should therefore be taken when 
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Cl6SubPc sublimes in a high vacuum without noticeable decomposition, which 
allows one to obtain thin films on various functional substrates. The vacuum-
deposited films are intensively purple colored, homogeneous, and smooth [24]. 
This favors their application in multilayer photovoltaic devices. However, they are 
electrically resistive [21, 24, 35], with the charge carrier mobility (electrons) much 
lower than in fullerenes (Table 1). In the literature, the Cl6SubPc films are com-
monly treated as amorphous [21]. As recently shown, a correct choice of deposi-
tion surface and temperature contributes to the production of crystalline films 
of Cl6SubPc with improved conductivity, which in turn upgrades the parameters 
of photovoltaic devices [24, 35]. To our knowledge, the effect of intentional or 
unintentional (e.g., atmospheric) doping of the Cl6SubPc matrix on its conducting 
properties has not been investigated so far.

3. Fabrication of Cl6SubPc-based heterojunctions for photovoltaic cells

Roughly, there are two types of heterojunctions with clear geometrical dis-
similarity: flat heterojunction (PHJ) and bulk heterojunction (BHJ). Cl6SubPc can 
be used in both—Refs. [5, 18–23, 25, 28–30, 35] and [5, 6, 27, 33], respectively. Such 
flexibility is accounted for by the increased, as compared to phthalocyanines, solu-
bility of Cl6SubPc, and subphthalocyanines in general, although a rigorous study of 

1 We have found only one source [Barito AJ. Cascade Organic Photovoltaics [thesis]. University of 
Michigan; 2015] unsupported by the relevant peer-reviewed journal publication, in which LD = 4.5 nm 
and exciton lifetime τ = 0.53 ns are reported for the vacuum-deposited Cl6SubPc films.
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the solvation processes does not permit unambiguous attribution of conventional 
SubPc to the classical dyes, it is pigment-like rather [26, 37].

PHJ is prepared by sequentially depositing thin layers of donor and Cl6SubPc. The 
most common A-on-D order of deposition gives a normal PHJ, assuming the cathode 
located on top of the device, while the D-on-A configuration with the anode on 
top is termed as inverted PHJ. The thickness of layers is of paramount importance, 
and it should be adjusted individually not only for the donor but also for Cl6SubPc, 
since the experimental setup, deposition sequence, additional functional materi-
als, etc. may vary in each research group. Thicker photoactive layers are likely to 
capture more incident photons and protect against leakages, but short LD and rapidly 
increasing serial resistance require that the layers be kept sufficiently thin. Typical 
thickness of Cl6SubPc in PHJ does not exceed few tens nanometers. Deposition pro-
cess is carried out mostly via the vacuum evaporation technique, but the examples of 
solution-processed PHJ with subphthalocyanines are also known [38, 39].

To obtain a BHJ, a donor component and Cl6SubPc should be dissolved in the 
chlorobenzene (various additives like 1,8-diiodooctane (DIO) or 1-chloronaphtha-
lene (CN) are recommended) and then deposited using the spin-coating technique. 
Both the solution chemistry and post-deposition treatment of thus made blend 
affect the resulting device parameters [17, 27, 33].

It is generally believed that the efficiency of power conversion (PCE) in the 
photovoltaic cells with BHJ must be greater than in the PHJ-based cells, this being 
due to the morphological reasons [38–40]. Quite surprisingly, in all the works 
dealing with both solution- and vacuum-processed BHJ with a Cl6SubPc accep-
tor, the actual morphology of the photoactive layer(s) remains highly uncertain. 
In Ref. [6], the morphology of 20 nm thick films consisting of a co-evaporated 
in vacuum SubPcx:Cl6SubPc1-x blend has not been elucidated. In Ref. [27], the 
polymer: Cl6SubPc mixture termed as BHJ was spin-coated and annealed to obtain 
75 nm thick photoactive layers (Table 2), but the transmission electron microscopy 
(TEM) images showed a homogeneous blend without a noteworthy phase separa-
tion. This led authors to a conclusion that the pure phase domains are absent. 
Notably, the nanocrystalline domains with high local carrier mobility of at least one 
of the two components of BHJ are required for efficient dissociation of the charge 
transfer (CT) states into free charge carriers at the D/A interface [27].

A broader morphological study in Ref. [33] included atomic force microscopy 
(AFM), TEM, and X-ray diffraction (XRD) measurements on the spin-coated mix-
tures of substituted subphthalocyanines, including Cl6SubPc, with a polymer, also 
termed as BHJ. However, a thorough examination of the published images reveals 
that neither AFM nor TEM indicates a formation of a long-enough fibrillary struc-
ture in the films (unspecified thickness), although authors stated otherwise2. The 
XRD patterns display the changes in the intensity of a single diffraction peak cor-
responding to the polymeric component of the blend relative to the pure phase of the 
polymer (at only one D/A ratio) [33], which cannot be regarded as a proof of BHJ.

In neither of the above studies, a relevant morphological model has been 
developed based on the instrumental analysis. The “phase diagram” attributing 
the morphological changes to the composition of a binary phase [43–45] is missing 
as well. The well-known “mosaic” picture of the polymer: subphthalocyanine BHJ 
published in 2009 [38] seems to be borrowed from the sketches of the polymeric 
solution-made BHJ [16, 45] without being confirmed by adequate morphological 
analysis. Contrary to what is drawn, the authors stated at the end of the article [38] 
that the films stayed amorphous even for the 1:5 blend (from grazing incidence 

2 Authors claimed in the supplementary materials section that their Cl6SubPc-based cells outperform the 
BHJ-based cells fabricated in Ref. [27], which is not true (Table 2).
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wide-angle X-ray scattering) and that “work is under way to improve the crystallin-
ity of SubPc derivatives” [38].

Therefore, the researchers rely only on the fact that a film containing a mixture of 
two components is a BHJ. But rigorously speaking, there are certain morphological 
features that determine the ultrafast charge transport—the reason behind the success 

Ref. Schematic of cells* Junction type Parameters

Jsc (mA/cm2) Voc (V) FF PCE (%)

[18, 19] A1
A2
A3

PHJ 3.10
3.62
3.28

1.33
1.29
1.32

0.59
0.47
0.63

2.39
2.20
2.70

[22] B PHJ 3.53 1.31 0.58 2.68

[23, 28] C1
C2

PHJ 2.54
2.09

0.89
0.50

0.50
0.48

1.12
0.50

[30] D1
D2

PHJ 6.17
10.1

1.00
1.04

0.66
0.67

3.96
6.86

[25] E1
E2
E3

PHJ 9.0
9.0
9.2

1.03
1.02
1.03

0.71
0.68
0.58

6.4
6.1
5.4

[28, 29] F1
F2

PHJ 5.72
2.13

0.60
0.44

0.56
0.57

1.89
0.52

[35] G PHJ 6.43 0.55 0.48 1.71

[27] H BHJ 10.7 0.77 0.48 4.0

[33] K BHJ 7.79 0.66 0.48 2.48

[41] L PHJ/
BHJ

8.6 0.92 56 4.46

Cells with SubNc as acceptor or donor

[42] M PHJ 14.55 0.96 61 8.40

[39] N1
N2

BHJ 10.3
12.1

0.90
0.74

41
47

3.8
4.2

*Description of the schematic (thickness of layers in nm is given in the parentheses, if specified by authors): 
A1 = ITO/MoOx(5 nm)/SubPc(15)/Cl6SubPc(20)/BCP(8)/Al, normal; A2 = ITO/BCP(8)/Cl6SubPc(15)/
SubPc(15)/MoOx(40)/Al, inverted; A3 = ITO/MoOx(5)/SubPc(14)/Cl6SubPc(30)/BCP(5)/Al, optimized; 
B = ITO/MoOx(5)/SubPc(10)/ Cl6SubPc(27)/BCP(8)/Al; C1 = ITO/MoOx(5)/Tc(60)/Cl6SubPc(35)/BCP(8)/
Al(100); C2 = ITO/MoOx(5)/Pent(60)/Cl6SubPc(25)/BCP(8)/Al(100); D1 = ITO/MoO3(5)/SubNc 
(14)/Cl6SubPc(8)/BCP:C60(50)/Ag; D2 = ITO/PEDOT:PSS/DIP(5)/SubNc(14)/Cl6SubPc(8)/BCP:C60(50)/
Ag; E1 = ITO/PEDOT:PSS/DIP(5)/SubNc(12)/Cl6SubPc(10)/BCP:C60(45)/Ag; E2 = ITO/PEDOT:PSS/DIP(5)/
SubNc(12)/Cl6SubPc(10)/C60(35)/BCP(10)/Ag; E3 = ITO/PEDOT:PSS/DIP(5)/SubNc 
(19)/Cl6SubPc(10)/BCP:Yb(45)/Ag; F1 = ITO/PEDOT:PSS/α6T(55, evaporated)/Cl6SubPc (20)/BCP(10)/
Ag(100); F2 = ITO/PEDOT:PSS/P3HT(55, spin-coated)/Cl6SubPc(20)/BCP(10)/Ag(80); G = ITO/MoOx(3)/
CuI(60)/Cl6SubPc(45)/BCP(6)/Al(100), structured; H = ITO/ZnO(40)/PTB7-Th:Cl6SubPcCl (~75,  
solution)/MoOx(10)/Ag(100); K = ITO/PEDOT:PSS(40)/PBDB-T:Cl6SubPcCl(?, solution)/Ca(20)/Al(100); 
L = ITO/MoOx(10)/DPSQ(13)/C60(15)/C60:ZCl:Cl6SubPc(60,2:1:1 co-evaporated blend)/BCP 
(10)/Al(100); M = ITO/PEDOT:PSS(20)/α6T(60)/SubNc(12)/SubPc(18)/BCP(7)/Ag(120); N1 = ITO/
MoO3(5)/SubNc:PC70BM(75,1:5 solution)/BCP(6)/Al(100); N2 = ITO/MoO3(5)/SubNc:C70(75,1:5 co-evaporated  
blend)/BCP(6)/Al(100).
Donors: SubPc = unsubstituted subphthalocyanine; Tc = tetracene; Pent = pentacene; SubNc = unsubstituted 
subnaphthalocyanine; α6T = α-sexithiophene; P3HT = poly(3-hexylthiophene); PTB7-Th = polymer with linear 
formula (C49H57FO2S6)n; PBDB-T = polymer with linear formula (C68H78O2S8)n; DPSQ = 2,4-bis[4–(N,N-
diphenylamino)–2,6-dihydroxyphenyl] squaraine.
Other device components: ITO = indium-tin oxide, In2O3:SnO2; MoOx or MoO3 = molybdenum trioxide, usually 
substoichiometric; PEDOT:PSS = poly(2,3-dihydrothieno-1,4-dioxin)-poly(styrenesulfonate); BCP = bathocuproine; 
DIP = diindenoperylene (C32H16), CuI = cuprous iodide, ZnO = zinc oxide; ZCl = chlorinated zinc dipyrrin; 
PC70BM = [6,6]-phenyl-C71-butyric acid methyl ester.

Table 2. 
Parameters of the photovoltaic cells with Cl6SubPc as acceptor.
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of the BHJ concept in organic photovoltaics [45]. The most important of them is the 
formation of bicontinuous interpenetrating 3D networks of components within a 
D/A blend. These networks, often thought of as columnar (pipelines), comb-like, or 
interdigital structures, should accomplish the transport of photogenerated charge 
carriers to the respective electrodes. Obviously, breaking the continuity will lower 
the charge collection efficiency. There is ample experimental evidence of the exis-
tence of such interdigitation in the classical solution-processed polymer: fullerene 
blends obtained by a set of independent, complementary analytical techniques, 
including the secondary ion mass spectrometry (SIMS) with depth profiling [45, 46].

We have found out that the misconception about any two-component layer as 
being truly a BHJ rests on the analogy with few examples of the photovoltaic cells, 
in which the (sub)phthalocyanine is mixed with C60. Vacuum-deposited SubPc:C60 
blends are widely known in organic photovoltaics due to availability and high effi-
ciency; they are often used as a model system in many theoretical and experimental 
works. However, there is only one work where their microstructure was sufficiently 
detailized. Pandey et al. [44] conducted a comprehensive characterization of thin 
films of a mixture of SubPc:C60, involving XRD, TEM, optical spectroscopy, and 
selected area electron diffraction. At only one mixing ratio of 1:4, they found some 
signs of crystallinity of SubPc dispersed in the nanocrystalline C60 matrix, whereas 
other compositions resulted in amorphous films. The PCE of the photovoltaic cells 
with thus optimized composition of the photoactive layer was only 9% higher than 
in a similar cell, in which the composition was not optimized (1:9). Besides, the 
morphology characterization and photovoltaic measurements were carried out 
on different substrates and films of different thickness, which requires further 
refinement3.

Even for the metal-phthalocyanine complexes that tend to self-assemble (crys-
tallize) due to a strong intermolecular interaction, a reliable experimental observa-
tion of the anticipated nanostructuring in co-evaporated blends turned out to be 
very problematic. As-deposited phthalocyanine: fullerene mixtures (commonly 
used ratio is 1:1) adopt fully amorphous structure, as witnessed via a combination 
of several independent analytical techniques [40, 51–55]. Again, it points to a lack 
of the phase separation, which is a prerequisite toward the formation of the inter-
penetrating D/A network typical of BHJ [45]. Only through considerable effort, 
by thoroughly selecting the annealing temperature, mixing ratio, or seed layer, 
the microscale organization of a blend can be initiated, and the pure crystalline 
phthalocyanine domains become visible [44, 52–54]. Unlike phthalocyanines, the 
SubPc molecules weakly interact in a solid, which makes their self-assembly rather 
difficult. As such, the formation of a well-established charge carrier percolation 
pathways in the SubPc:C60 blend will be less probable than in the phthalocyanine-
based blends.

Crystallographic studies show that interactions between the neighboring 
Cl6SubPc molecules in a solid are stronger than those in SubPc [23], but the forma-
tion (and observation) of a well-organized BHJ incorporating subphthalocyanine-
type acceptor is still a challenging task.

3 In mid 1990s, studies of the photoconductivity in thick films of the C60-doped zinc phthalocyanine 
revealed the formation of a charge transfer complex that amplifies the photosensitivity of the blend [47, 48]. 
This was confirmed in Refs. [49, 50] using several optical methods, but later the authors sided with another 
model more closely associated with the BHJ, again with no morphological indications. In either way, the 
formation of a bimolecular CT complex means that the uniformly 1:1 mixed phase cannot be treated in 
terms of individual organic semiconductors any longer. Here, it is worthwhile to look further into the matter 
by proposing the new insights on the photoconductivity mechanisms instead of pursuing adaptation of the 
standard polymeric BHJ concept to the amorphous small-molecule based blends [51].
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of the BHJ concept in organic photovoltaics [45]. The most important of them is the 
formation of bicontinuous interpenetrating 3D networks of components within a 
D/A blend. These networks, often thought of as columnar (pipelines), comb-like, or 
interdigital structures, should accomplish the transport of photogenerated charge 
carriers to the respective electrodes. Obviously, breaking the continuity will lower 
the charge collection efficiency. There is ample experimental evidence of the exis-
tence of such interdigitation in the classical solution-processed polymer: fullerene 
blends obtained by a set of independent, complementary analytical techniques, 
including the secondary ion mass spectrometry (SIMS) with depth profiling [45, 46].

We have found out that the misconception about any two-component layer as 
being truly a BHJ rests on the analogy with few examples of the photovoltaic cells, 
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In any heterojunction type, the charge transfer across the D/A interface could 
also be influenced by the dipole moment of a molecule of one or both components. 
It bound to occur in the pyramidal subphthalocyanine molecules bearing axially 
attached halogen (Figure 1) and can further be tuned by the axial/peripheral sub-
stitution [4, 26, 56–59]. Mutual orientation of the acceptor/donor molecules at the 
interface affects both the dissociation distance and the local electric field during the 
charge transfer and separation, thus modifying the resulting Voc of the device [59]. 
Morris et al. [59] experimentally investigated and modeled the characteristics of 
PHJ-based photovoltaic cells with two subphthalocyanines containing either chlo-
rine or fluorine extraligand paired with the C60 acceptor. These donor molecules have 
nearly identical structure, except for a permanent electrical dipole, which allows the 
analysis of the variations in Voc in terms of D/A separation width, polaron pair bind-
ing energy, and dipole orientation, other morphological factors being neglected.

Unfortunately, this interesting issue has not been given enough attention in the 
experiments. Theoretical considerations regarding the influence of a molecular 
dipole in a series of, mostly hypothetical, subphthalocyanines on the photovoltaic 
parameters were recently published [58]. The first-principles DFT calculations 
were also performed in [60] to characterize the electronic structure of the axially 
substituted SubPc molecules interfaced with C60. A strong correlation between 
the experimentally measured Voc and the computed CT excited state energy was 
found. One concluding remark hints that the dependence of these parameters on 
the actual interface morphology can be greater in significance than the modification 
of the ionization potential induced by change in the chemistry. Another prediction 
is that to gain a higher value of Voc, the D/A interaction should be lowered, e.g., by 
increasing the spatial separation through the introduction of steric hindrances [60]. 
A fundamental theoretical study of relative arrangements of the donor and accep-
tor molecules was carried out by a large group of authors using the pentacene/C60 
system as an example [61]. It was shown that the interfacial dipole originates mostly 
in polarization effects rather than a partial charge transfer from donor to acceptor. 
Next, the calculations demonstrate that the measurement of the macroscopic dipole 
averaged over the interface is not a representative of the local dipoles that can be 
induced by individual molecules at the interface. The local dipole was found to fluc-
tuate in sign and magnitude over the interface and appears as if a sensitive probe of 
the relative arrangements of the pentacene and C60 molecules.

Note that theoretical findings are usually done under the assumption of an inert, 
molecularly sharp, regular, and pure PHJ (which almost never occurs in the experi-
ments) and lack systematic verification in a representative series of the prototypical 
devices. For instance, the experimental evidence on the formation of a Diels-Adler 
adduct at the pentacene/C60 interface was recently found [62], thus casting doubt 
on the above results.

These and many other morphological issues are also addressed in the mono-
graph, Chapter 2 in Ref. [63]. This book in general is strongly recommended for the 
readers interested in organic photovoltaic devices and materials.

4. Analysis of the cell performance

Table 2 summarizes the efficiency metrics for the prototypical solar cells 
exploiting Cl6SubPc adopted from various sources, along with a description of the 
device schematics. For comparison, a few examples of the cells with subphthalocya-
nine are included in the last two rows. Other data collections describing the perfor-
mances of variously designed photovoltaic devices based on SubPc-type compounds 
can also be found in Refs. [1, 4, 5, 28, 64].
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As seen from Table 2, the single-junction photovoltaic cells with Cl6SubPc 
as the acceptor can generate open-circuit voltage Voc in the range of 0.44–1.33 V, 
usually about 1 V or above. Expectedly, the decisive contribution in the resulting 
PCE makes the short-circuit current Jsc; its value varies several times among dif-
ferent devices, while fill-factor FF lies within a range of 0.57 ± 0.12. The reported 
parameters largely depend on the device scheme, adjacent functional materials, and 
measurement conditions used in a particular study, which make their comparison 
difficult. Nonetheless, there are several points to ponder on when looking at the 
collected data:

1. Pairing Cl6SubPc with the congener donors, SubNc or SubPc, results in the pho-
tovoltages exceeding 1 V. This value is greater than ever reported for the analo-
gous PHJ utilizing structurally dissimilar small-molecule acceptors, like perha-
logenated phthalocyanines or perylenes. Presumably, the structural similarity 
of the pairing conical molecules allows them to form a more intimately bound 
D/A pairs at the interface. This would mean, for example, a good quality of the 
(less distant) physical contact at the P/N junction. Second, as discussed above, 
certain orientations of electrical dipole of the donor molecule relative to the 
intrinsic dipole of acceptor, if one exists, could favor the charge separation. Mac-
roscopic interfacial dipole at the SubPc/Cl6SubPc junction was found to be small 
(0.15 eV) in [21], but in principle its role can be significant [51, 57, 59, 61, 63]4.

2. The devices obtained entirely by the vacuum deposition techniques usually 
exhibit better characteristics than devices with the solution-processed hetero-
junction (Table 2). At least two reasons could be suggested, taking into ac-
count that in reality the metallic contacts and oxide buffer layers are vacuum-
evaporated even in the cells referred to by the authors as “solution-processed.” 
First, the combination of wet and dry laboratory techniques used for the 
growth of multilayered heterostructures incurs problems with the compat-
ibility of materials, transfer of semi-finished samples to the evaporator and 
back, etc. Using the vacuum methods only, the fabrication of the entire sample 
can be realized within a single run without breaking the growth process, from 
etching of substrates to deposition of the top electrode (including character-
ization tools, most of which require high vacuum). Second, the simplicity and 
robustness of the solution-based deposition techniques are somewhat over-
rated in the case of BHJ based on small-molecules. This is illustrated in the pre-
ceding section that describes the difficulties in obtaining the phase-separated 
bicontinuous networks with SubPcs. The BHJ concept does not provide the 
expected benefit in efficiency and is particularly unuseful for improving Voc.

3. The champion efficiency of 8.4% reported for the PHJ-based photovoltaic 
cells so far has been obtained for the α6T/SubNc/SubPc cascade [42], which 
geometrically is a sequence of vacuum-evaporated PHJs. Here, both SubNc 
and SubPc behave as acceptors with respect to the thiophene molecules while 
being donors when paired with fullerenes or halogenated subphthalocyanines 
(Table 2). The excitons freely migrate across the relatively thick layers from 

4 In Ref. [65], a complex study of the “copper phthalocyanine/C60” interface by DFT, UPS, and SIMS 
suggests that the local net charge-induced electric field, rather than the spontaneous charge transfer 
across the interface, is responsible for the interface dipole, in accordance with the theoretical predictions 
[61]. Authors observed a sizable interface dipole of electrostatic nature (up to 0.27 eV, depending on 
molecular orientation with respect to the deposition surface and on the deposition sequence), which 
rules out the charge transfer as the origin of the interface dipole.
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the wide-bandgap to the smaller-bandgap acceptor with a subsequent dissocia-
tion at the donor interface via a long-range Förster energy transfer, which is in 
turn a function of the relative orientation of the transition dipole moments and 
distance between the molecules. The mechanisms explaining why both accep-
tors actively contribute to the photocurrent caused an active response in the 
organic photovoltaic community and spawned a large number of emulations. 
The attempt of Bender et al. [20] to use Cl6SubPc as the donor component of 
the cascade cell with the scheme “Cl6SubPc/μ-oxo-SubPc/C70” was unsuccess-
ful, highly likely due to the wrongly cascading LUMOs (but a very small layer 
thickness permitted enough efficiency). The cascade cells in Refs. [25, 30], 
although the authors do not consider them as such, demonstrated a high pho-
tovoltaic performance (Table 2).

It should be noted that SubNcs hold the second position in the ranking of SubPc-
type compounds after parent SubPc; their properties and optoelectronic applica-
tions deserve a separate circumstantial review.

5. Current status and perspectives

Work on design of D/A junctions with various halogen-substituted subphthalo-
cyanines was initiated back in 2009 [64]. In the last few years it is Cl6SubPc that has 
become one of the most efficient acceptors in both bilayer and blended heterojunc-
tions. Many authors now use Cl6SubPc as a reference when introducing their newly 
synthesized compounds belonging to the subphthalocyanine family in photovoltaic 
devices [16, 17, 24, 27, 28, 31–33, 66], as was commonly done earlier with C60. 
However, the critical analysis of the current literature suggests that Cl6SubPc still 
holds the lead among competitors. It combines availability (ease of synthesis and 
good yield), versatility of deposition (both wet and dry methods are available), 
appropriate color characteristics (position and intensity of the Q-band), and stabil-
ity. Such benefits stimulate appearance of new heterojunctions designs employing 
this compound and steady interest in future research. For instance, such drawbacks 
as low charge carrier mobility in thin films can be overcome using morphology 
engineering [35]. Doping of the Cl6SubPc molecular matrix with appropriate agents 
could be another option for improvement of the conducting properties [30]. Or vice 
versa, Cl6SubPc can be doped into (mixed with) another acceptor to form a ternary 
blended junction [41].

Meanwhile, the search for new electron acceptors for photovoltaics among the 
subphthalocyanines with electron-withdrawing substituents on the periphery is 
underway. Two interesting approaches have been proposed last year by Torres and 
coworkers, who are the main newsmakers in this field. The first one consists in the 
synthesis of subphthalocyanines hexacyanated at the same peripheral positions as 
in Cl6SubPc [31]. Unfortunately, due to the inherent instability of hexa-substituted 
derivatives, only slightly cyanated compounds were obtained and characterized, 
which have two cyano groups in only one isoindole unit, while the other two 
still bear two chlorines each, as in the parent Cl6SubPc (Figure 1). Even for such 
CN4Cl2SubPc complex, there are indications on the increased mobility of charge 
carriers in vacuum-deposited films [31].

The second approach addresses the synthesis of new SubNc-type compounds 
with chlorines in the outer benzene rings [66]. Authors chose to directly use the 
dodeca-substituted derivative having four Cl atoms in each outer benzene ring, 
which unluckily is insoluble, whereas the entire work was targeted at making 
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devices with a solution-processed BHJ5 only. In this respect another work of Bender 
et al. [67] is worth mentioning, in which the authors argue that due to the nature of 
synthesis all of the SubNcs, both commercially available or obtained using the pub-
lished protocols, in fact represent a mixture of derivatives randomly chlorinated at 
bay position. That is, in addition to the axial chlorine, part of the molecules inevita-
bly contains chlorine atoms attached to the inner benzene rings of the naphthalene 
moieties. The outer benzene rings remain always hydrogenated. The presence of 
1.13–2.96 chlorines per molecule on average was estimated [67]. Curiously, chlo-
rination of all available bay positions in this compound would yield the Cl6SubNc 
compound that has not been described yet.

The electron-accepting properties of the Cl6SubPc molecule can be further 
enhanced by substituting the carbon atoms not bonded to chlorine with the more 
electronegative nitrogen. Such subporphyrazine-type compounds are synthesized 
in our group [24, 68]. However, the deep-lying HOMOs often cause a decrease 
in the specific conductivity of the bulk material. As with many other synthetic 
approaches, an exact balance must be maintained between the individual properties 
of a molecule and the photoelectrical properties (including morphological issues) 
of a solid.

Eventually, the group from Kyushu University developed the SubPc-type 
compounds, in which two chlorines in each benzene ring are (a) replaced by the 
-S-(C=O)-S- semicircle, or (b) peripheral benzenes in SubPc were directly replaced 
with the electron-withdrawing 1,3-dithiole-2-one units [69]. The deep bowl depths 
and curvatures of the formed SubPc and SubPz cores (cf. Figure 1) motivated 
authors to investigate the bimolecular concave-convex interactions with fuller-
enes in the co-crystals, as a first step to the fabrication of photovoltaically active 
materials.

6. Conclusion

Molecular properties of the Cl6SubPc compound, such as redox potentials and 
positions of the absorption bands, fluorescence quantum yield, solubility, and 
stability, make it a material of choice when it comes to fabrication of a small-
molecule based optoelectronic device, with almost any schematic. After a proper 
optimization of the donor material in the P/N junction (N = Cl6SubPc) and with 
corresponding device composition, the open-circuit voltages above 1.3 V can be 
achieved. Further progress in the power conversion efficiency is limited mostly 
by the density of current leaking through the illuminated device, a parameter 
strongly dependent on the mutual arrangement of Cl6SubPc molecules either 
in a layer (for PHJ) or in the interpenetrating network (if it exists) and on the 
morphology of the heterointerface at the nanoscale. The questions whether the 
electrical dipole or symmetry of the molecule could affect the generation of 
charge carriers by the junction do not seem to be of serious practical importance, 
but are very interesting for fundamental understanding of the photovoltaic 
process proper.

5 The authors claimed that SubNcs have never been tested as either donors or acceptors in solution-
processed BHJ solar cells [66]. This is not correct since in 2013, Yang and coworkers have published their 
data on both solution-processed and vacuum-evaporated BHJ with SubNc donor (acceptor was PC70BM 
or C70, respectively) [39]. The optimized devices showed promising efficiency of 4.0 and 4.4% at room 
temperature (Table 2).
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molecule based optoelectronic device, with almost any schematic. After a proper 
optimization of the donor material in the P/N junction (N = Cl6SubPc) and with 
corresponding device composition, the open-circuit voltages above 1.3 V can be 
achieved. Further progress in the power conversion efficiency is limited mostly 
by the density of current leaking through the illuminated device, a parameter 
strongly dependent on the mutual arrangement of Cl6SubPc molecules either 
in a layer (for PHJ) or in the interpenetrating network (if it exists) and on the 
morphology of the heterointerface at the nanoscale. The questions whether the 
electrical dipole or symmetry of the molecule could affect the generation of 
charge carriers by the junction do not seem to be of serious practical importance, 
but are very interesting for fundamental understanding of the photovoltaic 
process proper.

5 The authors claimed that SubNcs have never been tested as either donors or acceptors in solution-
processed BHJ solar cells [66]. This is not correct since in 2013, Yang and coworkers have published their 
data on both solution-processed and vacuum-evaporated BHJ with SubNc donor (acceptor was PC70BM 
or C70, respectively) [39]. The optimized devices showed promising efficiency of 4.0 and 4.4% at room 
temperature (Table 2).
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Chapter 6

Peculiarities of Refractory
Borides Formation during
Mechanical Alloying IV-V Group
Transition Metals with Boron in
Planetary Mill
Maria P. Savyak and Alex B. Melnick

Abstract

Mechanical alloying in the transition IV-V group metal-boron systems runs by the
two following mechanisms: mechanically induced reaction of self-propagating syn-
thesis determined by the enthalpy of refractory compound formation and capability
to form substitutional solid solution through replacement of a metal atom by boron
atoms; and diffusion-controlled process when a supersaturated interstitial solid solu-
tion prevails and its bcc lattice gradually transforms to the hexagonal lattice of the
MeB2 phase at a critical boron content. The domination of one of the above mecha-
nisms is determined by capability of boron to form substitutional or interstitial solid
solution. In the case of formation of combined (SSS and ISS) solid solutions, domi-
nation of a mechanism is determined by the interatomic bond strength as well as by
the intensity of mechanical alloying. The method for calculation of the free Gibbs
energy of the interstitial and substitutional solid solutions on the basis of the regular
solution model was developed. It was shown that during milling tantalum and boron
in a planetary mill, at first the formation of a combined solid solution occurs where
two boron atoms replace one tantalum atom. Both the mechanisms of solid solution
formation decrease the solution Gibbs energy. When a SSS dominates over the
formation of an ISS, the Gibbs energy acquires a minimum value at a concentration
of boron in tantalum of 50 at%, which leads to the solution decomposition.

Keywords: transition metals, refractory borides, Gibbs energy, solid solution,
mechanical alloying, modeling

1. Introduction

Refractory metal borides have a high melting point, high thermal and electrical
conductivity, low linear coefficient of thermal expansion, excellent corrosion resis-
tance, and very high microhardness. Therefore, they attract much attention as
promising materials for application. The potential application of such materials
could be jet engine parts, armor plates, cutting tools, dies, etc. [1]. A large number
of studies are devoted to these materials and in particular to methods for their
preparation. As a rule, borides are obtained at high temperature and, therefore, the
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grain size of the formed boride is big. However, high enthalpy of borides points that
these compounds can be obtained at reduced temperature (for example, formation
enthalpy ΔH (in kJ/mol) is 266 for TiB2, 333 for HfB2, 182–191 for TaB, 181–192 for
TaB2, 221 for NbB, 174 for NbB2, 130 for VB, and 259 for VB2 [2]). This can be
performed with the help of a planetary mill where extremely high centrifugal forces
appear under milling due to the disk and the vials rotation in the counter direction.
Milling process of a solid state powder, where the powder particles are subjected to
high energetic impacts by the balls in a vial, which involves repeated cold welding,
fracturing, and rewelding of powder particles, is called mechanical alloying [3].
Numerous studies have been devoted to production of transition metal borides
using a mechanical alloying [4–11]. This method allows one to obtain a nanocrys-
talline structure of these compounds, which helps to reduce the sintering tempera-
ture of borides to achieve a dense state of material. Ball milling can induce self-
propagating reaction in such highly exothermic powder mixtures as boron and a
transition metal. This process is called the self-propagating mechanically induced
synthesis (SMS) [4]. SMS is characterized by ignition temperature Ti, at which the
self-propagating reaction begins, and temperature Tm, to which the powder is
heated between the ball collisions. The latter increases at the expense of the kinetic
energy of the balls. As established experimentally, such an increase takes place up to
350°C, which is not enough to initiate the SMS process. In the standard SMS process
Ti > Tm and, hence, no ignition occurs. However, Ti decreases during the milling
process under the action of several factors: the particles are refined, chemically
active defects emerge, new dislocations and interfaces show up, etc. So when
Ti < Tm, ignition does occur. Therefore the question arises: what initiates the SMS
process in mechanical alloying of borides? One of the reasons is stresses arising in
the metal due to various defects of dislocations and solid solutions induced in the
metal during milling. Therefore, it is necessary to carefully study the structural
changes in the metal after milling. The peculiarities of structure transformation
under milling transition metals with boron have not clarified yet. The mechanisms
of SMS during formation of the transition metal borides by mechanical alloying are
still under discussion as well. It has been established that in the course of mechan-
ical processing of Nb + B mixtures, formation of boron-in-niobium solid solution
takes place followed by gradual precipitation of the NbB2 phase [8]. However,
questions concerning the influence of the structure and atom size on the peculiari-
ties of boride formation during mechanical alloying have been scarcely considered
so far. The transition metals of group IV Тi, Zr, and Hf have a hexagonal close-
packed (hcp) structure while the transition metals of group V Nb and Ta have a
body-centered (bcc) structure, which is characterized by a bigger free volume
(space fill factors are 0.74 and 0.68, respectively). The group VI metals Cr, Mo, and
W have a bcc structure as well, but their atoms are much smaller compared to
group V metals and possess a stronger interatomic bond, which is confirmed by far
higher Young modulus.

We selected the Ta-B system with different tantalum-to-boron ratios as a model
to study the peculiarities of structure transformation under milling transition group
V metals (bcc structure) with boron and Ti-B system as a model to study the
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The aim of the work was to study what phases can form during mechanical
alloying of transition metals with different crystalline structures with boron in a
planetary mill and how much the phase formation depends on the metal structure,
the metal/boron atom size relationship, and the peculiarities of mechanical alloying
process and to develop a model of solid solutions formation during milling using the
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2. Experimental procedure

High purity tantalum and niobium powders with 10–60 μm particles were used.
They were produced at the “Silmet” metallurgical plant by electrolytic reduction
with hydrogenation and dehydrogenation for further purification. Titanium pow-
der was produced at the Zaporizhzhya titanium-magnesium plant with a specific
surface area of 0.1 m2/g brand TG-TB (�2 + 1) mm, zirconium (Dneprodzerzhinsky
PA “PCP”) was obtained by the calcium thermal method, vanadium by thermal
dissociation of vanadium iodide. Black amorphous boron powder (B-99 grade, as
per 1-92-15490) with a specific surface area of 11.2 m2/g was used. The brand of
such black amorphous boron powder was obtained by gaseous boron halogenide
reduction with hydrogen. The metal-to-boron atoms ratio depended on a specific
metal-boron compound to be produced: MeB (1Me:1B), and MeB2 (1Me:2B). Milling
was performed in an argon medium in a planetary mill AIR 015 M, which provides
an acceleration of 45 g at an rotation speeds of the disk and vials of 735 and 1840
rev/min, respectively. The balls-to-powder mass ratio was 20:1. XRD analysis was
carried out on an installation DRON3 under copper Ka radiation. Broadening anal-
ysis of X-ray reflections estimated the coherent scattering domain (CSD) and the
crystal lattice microdistortion ε. The microstructure was studied using a transmis-
sion electron microscopy (TEM) JEM-100CX. The steel balls were pre-milled with
boron and tantalum at the same time as the process of milling was 50 min.
Therefore, contamination of steel material was minimal. In the case of milling
within 10 min, the contamination of iron was 0.4 mass%. The iron worn off from
the milling balls was removed with HCl leaching under the effect of ultrasonic
stirring.

3. Experimental results

3.1 Ti-B

Using titanium as an example, let us consider how borides are formed during
milling hcp metals of group IV with boron. Figure 1 demonstrates changes in XRD
patterns of Ti-B (1:2) mixture depending on the milling time. The change in the
crystal lattice volume of titanium after milling with boron, calculated by the
Rietveld method, is shown in Figure 2. As seen, the lattice volume of titanium
noticeably decreases after 5 min milling. Under milling, titanium undergoes signif-
icant plastic deformation, which is confirmed by the texture in the plane of the
easiest slip (002) in Figure 1b. Boride phase nucleation occurs after 6 min of
milling, therefore the lattice volume of titanium increases (Figure 2). Titanium
completely transforms into titanium diboride ТiB2 after 7 min milling (Figure 1d).
The electron microscopic studies showed that milling of powder mixtures Ti-B for
6 min leads to extraction of nanodisperse allocation no larger than 3–5 nm in the
shells of particles. TEM microphotographs of obtained TiB2 are shown in Figure 3.
Flat, greatly loosened along the edges polycrystalline particles are the main
components after 7 min milling. These particles consist of nanodisperse grains of
titanium diboride. The main range of the grain sizes is 3–10 nm; however, there are
also areas where they reach 15–20 nm. To estimate the effect of boron on the change
in the crystal lattice volume of titanium after milling, we milled pure titanium
powder in argon. We did not observe any formation of texture during milling of
pure titanium; also, we did not reveal any changes in the size of the titanium
crystalline lattice after 5 and 6 min milling.
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Figure 1.
XRD patterns of Ti-B mixture in the initial state (a), upon milling for (b) 5, (c) 6, and (d) 7 min (the indices
a, b, c denote Ti, and d TiB2).
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3.2 Zr-B

Zirconium like titanium has the hcp structure. Zirconium diboride is formed in
the same way as TiB2. XRD patterns of ZrB2 formed upon 6 min milling of Zr-B
mixture are shown in Figure 4.

Figure 3.
TEM microphotograph of TiB2 obtained upon milling Ti and B powders: (b) increased area accented in (a);
(c) microelectron diffraction pattern.

Figure 4.
XRD patterns of ZrB2 formed upon 6 min milling of Zr-B powders.

Figure 2.
Change in the crystal lattice volume of titanium after milling with boron calculated by the full-profile Rietveld
method [9].
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3.2.1 Milling of bcc group V metals with boron

A peculiarity of the group V transitions metals is that they have a bcc structure,
in which there is much more free volume in comparison with the close-packed
structures.

3.3 V-B

Figure 5 shows changes in the XRD patterns of V-B mixtures depending on the
milling time at V:B ratios of 1:1 and 1:2. The diffraction lines shift toward smaller
angles within 5 min milling, which indicates an increase in the lattice parameters at
the both atomic ratios of the components. The vanadium lattice parameter
(а = 0.3028 nm) for V:B = 1:1 after milling with boron for 5 min increases and is
equal to 0.3034 nm. Within 20 min milling, the V:B = 1:1 mixture transforms into

Figure 5.
XRD patterns of V-B powders upon milling for (а) (1) 0, (2) 5, (3) 20 min, (b) (1) 0, (2) 5, (3) 15 min [the
indices on lines 2 denote V, on lines 3: (a) VB, (b) VB2].
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the VB phase extremely rapidly, whereas the V:B = 1:2 mixture does into the VB2

phase upon 15 min milling.

3.4 Nb-В

XRD patterns for the transformation of niobium into the borides NbB and NbB2

under milling Nb-B mixtures are shown in Figure 6. Unlike vanadium character-
ized by increasing the lattice parameter within 5 min milling, in this case, at the
ratio Nb:B = 1:1, the lattice parameter does not change, whereas at the ratio Nb:
B = 1:2, it reduces and is equal to 0.3293 nm (a = 0.3300 nm for Nb), which indicates
the formation of a substitutional solid solution. After niobium transformation into
borides, in the XRD patterns, a strong niobium line (110) appears, shifted toward
smaller angles, that is, the lattice parameter increases. This remaining niobium with
an increased lattice parameter is evidence to the existence of parallel mechanisms of
formation of boron-in-niobium solid solutions: on the one hand, a SSS is formed,

Figure 6.
XRD patterns of Nb-B mixture upon milling for (а) (1) 0, (2) 5, (3) 20 min, (b) (1) 0, (2) 5 and (3)
15 min [the indices on lines 1 denote Nb, on lines 3: (a) NbB, (b) NbB2].
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which leads to a decrease in the lattice parameter; on the other hand, an ISS is
formed, which leads to the lattice parameter increasing.

3.5 Ta-B

3.5.1 Powder mixture at the atomic ratio Ta:B = 1:1

In the case of 5 min milling of the Ta:B = 1:1 mixture, the resulted structure is
defective, which is confirmed by weakening and broadening X-ray lines with
remaining their positions (Figure 7). After 8 min milling, the tantalum lines posi-
tions are still the same (Figure 8). The 10 min milling transforms the tantalum
powder into TaB with residual tantalum, whose line (110) is shifted toward smaller
angles (Figure 9), which indicates that the lattice parameter increases owing to the
formation of an interstitial boron-in-tantalum solid solution under milling. The
facts that the tantalum lattice parameter does not change after milling for 5 and
10 min and that there is residual tantalum with increased lattice parameter after
10 min milling may be indicative of running two processes in parallel which differ-
ently influence the lattice parameter. Therefore, it can be assumed that both inter-
stitial and substitutional solid solutions of boron in tantalum can be formed under
milling. The lattice parameter in the Ta:B = 1:1 mixture increases for ISS and
decreases for SSS. The powder mixtures containing 50 at% B show no change in the
lattice parameter.

Figure 7.
XRD patterns of Ta:B = 1:1 powder mixture: before milling (1) upon milling for 5 min (2) (the indices in
Figures 7 and 8 denote Ta).

Figure 8.
XRD patterns of Ta:B = 1:1 powder mixture upon 8 min milling.
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3.5.2 Powder mixture at the atomic ratio Ta:B = 1:2

Figure 10 compares XRD patterns recorded from powders milled during differ-
ent periods of time. As low-intensity peaks for the mixture milled for 15 min are not
seen in pattern 3 (Figure 10a) because of the scale factor, this pattern is enlarged in
Figure 10b, where one can see the peaks corresponding to the TaB2 phase. After
milling for 5 min, the lines shift toward smaller angles and reveal that the lattice
parameter changes from a = 0.3302 nm to a = 0.3315 nm, which indicates the fact of
formation of an ISS. The intensive milling of the Ta:B = 1:2 powders for 5 min leads,
like for Ta:B = 1:1 mixtures, to tantalum lattice distortion, which is confirmed by the
broadening the X-ray lines and a lower intensity of reflection peaks under the
impact of shock loads and shear deformation in the milling process. For the Ta:
B = 1:2 mixture milled for 5 min, coherent scattering domain (CSD) size D is
28.91 nm and distortion ε is 0.004578. Figure 11 shows XRD patterns from the Ta:
B = 1:2 mixture milled for 15, 30, and 50 min. Milling for 15 min leads to an increase
in bcc lattice distortion ε to 0.02394 with no significant change in the CSD size. The
tantalum diboride lines appear as well. Therefore, the solvent metal lattice
undergoes transformation (so-called concentration polymorphism) during the for-
mation of a supersaturated solid solution. When milling time increases to 30 and
50 min, the tantalum diboride lines become more intensive. The results of
performed calculations are the following: the lattice parameter a of the initial
tantalum powder is 0.3303 nm and increases to 0.3314 nm after milling for 5 min, to
0.3364 nm for 15 min, and to 0.3368 nm for 50 min.

As established in [12], the change in the lattice parameter Δa to 0.0018 nm
corresponds to the dissolution of 10 at% B. In this work, Δa is 0.0011 nm after 5 min
milling, which corresponds to 7 at% B. The intensive milling of Ta and B powders
can induce significant lattice distortion, which promotes diffusion of boron atoms
into tetrahedral pores in the tantalum bcc lattice with the formation of an ISS, the
decomposition of which leads to the appearance of hexagonal tantalum diboride
(AlB2 type). The diboride formed after 50 min milling is characterized by the
following lattice parameters: a = 0.3086 nm and c = 0.3254 nm. The tantalum
diboride has CSD D = 3.73 nm and distortion ε = 0.007851. In view of the above, one
can conclude that occupation of tetrahedral pores in the tantalum bcc lattice
becomes more preferable when boron concentration increases to 66 at%, which
breaks the equilibrium between the SSS and ISS existing at 33 and 50 at% B. The
lattice parameter increases after this mixture is milled for 5 min.

Figure 9.
XRD patterns of Ta:B = 1:1 powder mixture upon milling for 10 min (the indices denote TaB).

101

Peculiarities of Refractory Borides Formation during Mechanical Alloying IV-V Group…
DOI: http://dx.doi.org/10.5772/intechopen.89401



which leads to a decrease in the lattice parameter; on the other hand, an ISS is
formed, which leads to the lattice parameter increasing.

3.5 Ta-B

3.5.1 Powder mixture at the atomic ratio Ta:B = 1:1

In the case of 5 min milling of the Ta:B = 1:1 mixture, the resulted structure is
defective, which is confirmed by weakening and broadening X-ray lines with
remaining their positions (Figure 7). After 8 min milling, the tantalum lines posi-
tions are still the same (Figure 8). The 10 min milling transforms the tantalum
powder into TaB with residual tantalum, whose line (110) is shifted toward smaller
angles (Figure 9), which indicates that the lattice parameter increases owing to the
formation of an interstitial boron-in-tantalum solid solution under milling. The
facts that the tantalum lattice parameter does not change after milling for 5 and
10 min and that there is residual tantalum with increased lattice parameter after
10 min milling may be indicative of running two processes in parallel which differ-
ently influence the lattice parameter. Therefore, it can be assumed that both inter-
stitial and substitutional solid solutions of boron in tantalum can be formed under
milling. The lattice parameter in the Ta:B = 1:1 mixture increases for ISS and
decreases for SSS. The powder mixtures containing 50 at% B show no change in the
lattice parameter.

Figure 7.
XRD patterns of Ta:B = 1:1 powder mixture: before milling (1) upon milling for 5 min (2) (the indices in
Figures 7 and 8 denote Ta).

Figure 8.
XRD patterns of Ta:B = 1:1 powder mixture upon 8 min milling.

100

Recent Advances in Boron-Containing Materials

3.5.2 Powder mixture at the atomic ratio Ta:B = 1:2

Figure 10 compares XRD patterns recorded from powders milled during differ-
ent periods of time. As low-intensity peaks for the mixture milled for 15 min are not
seen in pattern 3 (Figure 10a) because of the scale factor, this pattern is enlarged in
Figure 10b, where one can see the peaks corresponding to the TaB2 phase. After
milling for 5 min, the lines shift toward smaller angles and reveal that the lattice
parameter changes from a = 0.3302 nm to a = 0.3315 nm, which indicates the fact of
formation of an ISS. The intensive milling of the Ta:B = 1:2 powders for 5 min leads,
like for Ta:B = 1:1 mixtures, to tantalum lattice distortion, which is confirmed by the
broadening the X-ray lines and a lower intensity of reflection peaks under the
impact of shock loads and shear deformation in the milling process. For the Ta:
B = 1:2 mixture milled for 5 min, coherent scattering domain (CSD) size D is
28.91 nm and distortion ε is 0.004578. Figure 11 shows XRD patterns from the Ta:
B = 1:2 mixture milled for 15, 30, and 50 min. Milling for 15 min leads to an increase
in bcc lattice distortion ε to 0.02394 with no significant change in the CSD size. The
tantalum diboride lines appear as well. Therefore, the solvent metal lattice
undergoes transformation (so-called concentration polymorphism) during the for-
mation of a supersaturated solid solution. When milling time increases to 30 and
50 min, the tantalum diboride lines become more intensive. The results of
performed calculations are the following: the lattice parameter a of the initial
tantalum powder is 0.3303 nm and increases to 0.3314 nm after milling for 5 min, to
0.3364 nm for 15 min, and to 0.3368 nm for 50 min.

As established in [12], the change in the lattice parameter Δa to 0.0018 nm
corresponds to the dissolution of 10 at% B. In this work, Δa is 0.0011 nm after 5 min
milling, which corresponds to 7 at% B. The intensive milling of Ta and B powders
can induce significant lattice distortion, which promotes diffusion of boron atoms
into tetrahedral pores in the tantalum bcc lattice with the formation of an ISS, the
decomposition of which leads to the appearance of hexagonal tantalum diboride
(AlB2 type). The diboride formed after 50 min milling is characterized by the
following lattice parameters: a = 0.3086 nm and c = 0.3254 nm. The tantalum
diboride has CSD D = 3.73 nm and distortion ε = 0.007851. In view of the above, one
can conclude that occupation of tetrahedral pores in the tantalum bcc lattice
becomes more preferable when boron concentration increases to 66 at%, which
breaks the equilibrium between the SSS and ISS existing at 33 and 50 at% B. The
lattice parameter increases after this mixture is milled for 5 min.

Figure 9.
XRD patterns of Ta:B = 1:1 powder mixture upon milling for 10 min (the indices denote TaB).

101

Peculiarities of Refractory Borides Formation during Mechanical Alloying IV-V Group…
DOI: http://dx.doi.org/10.5772/intechopen.89401



Figure 10.
XRD patterns of Ta:B = 1:2 powders in the initial state (1), upon milling for 5 (2), and 15 (3) min (the indices
in a denote Ta). (b) Enlarged scale of above pattern 3 in (a).

Figure 11.
XRD patterns of Ta:B = 1:2 powders mixture upon milling for 15 (1), 30 (2), 50 (3) min.
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3.6 Modeling for process of boron-in-tantalum solid solution formation

In order to produce stable solid solutions, the authors first estimated stability of
boron-in-tantalum ISS and SSS through determination of their Gibbs energy with
taking into account that the latter is formed by the elastic energy (owing to the
distortions in solid solutions) and the enthalpy of the system milling. Then, the solid
solutions were studied in the frame of the regular solution model [13], using the
following formula for the enthalpy of mixing n component alloys [14]:

ΔHmix ¼
Xn

i, j¼1

i 6¼j

cicjΩij, (1)

where Ωij is a parameter characterizing the interaction between i and j elements
in a regular solution; Ωij ¼ 4ΔHij

mix, ci is the atomic fraction of the ith element;

ΔHij
mix is the enthalpy of mixing for binary equiatomic alloys.
According to the Boltzmann hypothesis, the entropy of mixing n elements in a

regular solution can be expressed as follows:

ΔSmix ¼ �kB
Xn
i¼1

ci ln cið Þ, (2)

where ci is the atomic fraction of the ith element, and kB is the Boltzmann
constant.

The solid solutions are crystals with a distorted lattice because their atoms have
different sizes. Elastic distortions, arising from size discrepancy, can affect the free
energy of the alloy as well. It is important to take into consideration different
factors that contribute to the total enthalpy, such as the elastic energy ΔHel and
mixing enthalpy ΔHmix:

ΔH ¼ ΔHmix þ ΔHel, (3)

We consider that the atomic volumes and local bulk moduli for solid solutions
correspond to those for single-component systems. Since the components have
different sizes, the lattice becomes distorted. Taking V as an average atomic volume
of the solid solution, we will write equations for distortion of different atoms: ε1 ¼
VTa � V
� �

=V is the tantalum atom distortion in the absence of interstitial atoms
nearby, ε2 ¼ 2VB � V

� �
=V is the distortion of two boron atoms when they replacing

one tantalum atom in the bcc lattice in the absence of interstitial atoms nearby and
VTa and VB are the atomic volumes of tantalum and boron, respectively. Since two
boron atoms and one replaced tantalum atom are commensurable in volume, it can
be assumed that boron causes minimum distortion. It can penetrate into octahedral
and tetrahedral pores of the bcc lattice. Then distortion of the interstitial boron atom
will be ε3 ¼ VB � Vpð Þ=Vp (Vp is the pore volume). Finally, distortion of the
tantalum and boron atoms that replace them in the presence of m interstitial atoms
nearby will become ε4 mð Þ ¼ VTa � V �mαVp
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= V �mαVp
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and ε5 mð Þ ¼
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= V �mαVp
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, respectively.
Here α is the parameter that characterizes the pore volume fraction

corresponding to one tantalum atom. We take into account that Vp ¼ 2
3V and
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Figure 10.
XRD patterns of Ta:B = 1:2 powders in the initial state (1), upon milling for 5 (2), and 15 (3) min (the indices
in a denote Ta). (b) Enlarged scale of above pattern 3 in (a).

Figure 11.
XRD patterns of Ta:B = 1:2 powders mixture upon milling for 15 (1), 30 (2), 50 (3) min.
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3.6 Modeling for process of boron-in-tantalum solid solution formation
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ΔHmix ¼
Xn

i, j¼1

i 6¼j

cicjΩij, (1)
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mix, ci is the atomic fraction of the ith element;

ΔHij
mix is the enthalpy of mixing for binary equiatomic alloys.
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ΔSmix ¼ �kB
Xn
i¼1

ci ln cið Þ, (2)
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α = 1/6 in case of an octahedral pore and Vp ¼ 1
6V and α = 1/4 in case of a tetrahedral

pore. If the lattice is stable, its stresses are compensated and the following equation
is valid:

c1BTaε4 m� 1ð Þ V � m� 1ð ÞαVP
� �þ c2BBε2V þ c3BBε5 m� 1ð Þ V � m� 1ð ÞαVP

� �

þ c4BTaε4 mð Þ V �mαVP
� �þ c5BBε5 mð Þ V �mαVP

� � ¼ 0

(4)

where BTa and BB are the bulk moduli for tantalum and boron. If cTa is the
atomic fraction of tantalum in the solution and cBs and cBi are the atomic fractions of
boron in substitutional and interstitial states, then the concentration coefficients for
SSS and ISS with boron in octahedral pores will be as follows:

c1 ¼ cTa 1� 6cBi
cTa þ cBs

2
þ INT

6cBi
cTa þ cBs

2

� �� �
;

c2 ¼ cBs
2

1� 6cBi
cTa þ cBs

2
þ INT

6cBi
cTa þ cBs

2

� �� �
;

c3 ¼ cBi;

c4 ¼ cTa
6cBi

cTa þ cBs
2
� INT

6cBi
cTa þ cBs

2

� �� �
;

c5 ¼ cBs
2

6cBi
cTa þ cBs

2
� INT

6cBi
cTa þ cBs

2

� �� �
;

And for SSS and ISS with boron in tetrahedral pores:

c1 ¼ cTa 1� 4cBi
cTa þ cBs

2
þ INT

4cBi
cTa þ cBs

2

� �� �
;

c2 ¼ cBs
2

1� 4cBi
cTa þ cBs

2
þ INT

4cBi
cTa þ cBs

2

� �� �
;

c3 ¼ cBi;

c4 ¼ cTa
4cBi

cTa þ cBs
2
� INT

4cBi
cTa þ cBs

2

� �� �
;

c5 ¼ cBs
2

4cBi
cTa þ cBs

2
� INT

4cBi
cTa þ cBs

2

� �� �
;

Function INT[x] specifies the integer part of x.
Eq. (4) can be used to obtain the expression for average atomic volume V of the

solution and calculate distortion energy Hel:

Hel ¼ 1
2

c1BTaε
2
1V þ c2BBε

2
2V þ c3BBε

2
3Vpþ c4BTaε

2
4 V �mαVp
� �þ c5BBε5ε

2
5 V �mαVp
� �� �

(5)

In this case, the equation allowing for change in the free Gibbs energy in transi-
tion to the solid solution state is as follows:

ΔG ¼ 4cTa cBs þ cBið ÞΔHTaB
mix þHel � kBT cBs þ cBið Þ ln cTað Þ þ cTa ln cBs þ cBið Þð Þ:

(6)
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To calculate the composition dependences of ΔG for the substitutional and
interstitial solid solutions with boron in octahedral and tetrahedral pores, the bulk
moduli and atomic volumes of elements were taken from [15] and the mixing
enthalpy ΔHTaB

mix for the Ta-B equiatomic alloy from [16]. Figure 12 demonstrates
the change in the Gibbs energy for boron-in-tantalum solid solution. The deviation
in the lattice parameter a of the solution relative to the lattice parameter aTa of pure
tantalum is determined as

χ ¼ a
aTa

¼
ffiffiffiffiffiffiffiffi
V
VTa

3

s
:

The concentration dependence for χ is presented in Figure 13. As shown in
Figure 12, both mechanisms decrease the solution energy. The SSS reaches mini-
mum ΔG at 50 at% B, while the ISS at 33 at% B. Consequently, a combined solid
solution may be stable at <50 at% B. The ISS with boron in octahedral pores can be
formed only in the presence of the SSS (Figure 12b), but the ISS with boron in
tetrahedral pores is more likely to appear.

Figure 12.
The calculated Gibbs free energy of solid solutions (ΔG) for combined Ta-B solid solution with boron in
tetrahedral (a) and octahedral (b) pores in the bcc lattice of Ta (cBs and cBi are the concentrations of
substitutional and interstitial boron atoms, respectively).

Figure 13.
Change in the parameter χ of the combined (substitutional and interstitial) Ta-B solid solution with boron in
tetrahedral (a) and octahedral (b) pores in the bcc lattice of Ta (cBs and cBi are the concentrations of
substitutional and interstitial boron atoms, respectively).
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The parameter χ decreases for the substitutional mechanism and increases for
the interstitial mechanism. A greater its increase is observed when boron atoms
occupy tetrahedral pores.

3.7 Discussion of results

Modeling for process of formation of boron-in-tantalum solid solutions allows a
supposition that the formation of SSS under intense milling of Me-B mixtures in a
planetary mill takes place owing to replacement of a metal atom by two (or three for
zirconium and hafnium) boron atoms. The possibility of SSS formation through
replacement of a metal atom by two boron atoms is due to their close sizes [so-
called Goldschmidt criterion (G.c.)]. G.c. was calculated if suppose that two or
three boron atoms take place a metal atom knocked out of the crystal lattice under
milling according to the formula.

G:c: ¼ 2at:v:B� at:v:Me
at:v:Me

 x 100%≤ 15%,

where (at.v.) is atom volumes for transition metals (at.v. Me) and boron (at.v. B).
The G.c., atom volumes, and Young moduli for transition metals of IV–VI

groups are presented in Table 1. G.c. is valid for all of the transition metals except
Gr. As for the Young modulus, it is very high for tungsten and molybdenum. That is
why those atoms cannot be knocked out of the crystal lattice under milling. Also, a
marked difference in the niobium and tantalum Young moduli explains the domi-
nation of SSS over ISS in the Nb + 2B mixture in our case. However, under the
conditions of less intense milling, ISS prevails [10].

Taking into account the atom volumes for transition metals and boron, one can
reveal that replacement of a vanadium atom by two boron atoms results in some
increase in the lattice parameter, whereas replacement of a tantalum (as well as
niobium and titanium) atom by two boron atoms results in decreasing lattice
parameter (Table 1). Hagg’s rule (rВ/rMе ≤ 0.59) for the ISS formation is fair for
tantalum and niobium; therefore, in the Та-В and Nb-B systems, there are also
observed ISS, in addition to SSS. For the V-B system, rВ/rMе = 0.63, that is, Hagg’s
rule is not obeyed, so here only SSS can be formed. As the transition metals of group
IV Тi and Zr have a hcp structure, there cannot be formed ISS. That is why we
observed decreasing lattice volume of titanium after 5 min milling with boron. It is
min that in this cause only SSS is formed.

In addition, the modeling has showed that at 50 at% B in Ta, the Gibbs energy is
minimal. Perhaps at the same boron concentration, an abrupt formation of the TiB2,
VB, VB2, NbB, NbB2, and TaB phases occurs due to the minimal SSS stability. The
presence of lattice sites replaced by two or three boron atoms in the bcc or hcpmetal
lattice facilitates the further transformation of the solid solution into the borides
МеВ andМеВ2 by cooperative mechanisms under the action of internal strains. This

Group В IV V VI

Ме Ti Zr Hf V Nb Ta Cr Mo W

Young modulus, GPa 120 98 141 131 105 186 279 325 415

Atomic volume, cm3/g-atоm 4.6 10.6 14.1 13.4 8.3 10.3 10.9 7.3 9.4 9.5

G.c. 13% 2% +3% +11% 11% 15% 21% 2% 3%

Table 1.
Young’s modulus, atom volumes for boron and transition metals, and Goldschmidt criterion for SSS formation.
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is conditioned by the facts that a prototype of chain and ring structures of borides is
formed yet in the solid solution, and the significant heat release connected with
high enthalpy promotes a reaction running in the regime of mechanically induced
self-propagating synthesis. When the fraction of boron atoms incorporated into
tetrahedron voids overcomes that taking part in replacement of metal atoms, grad-
ual decomposition of ISS, and the appearance of the ТаВ2 take place.

4. Conclusions

The formation of a particular phase under milling in a planetary mill of hcp
metals (Ti and Zr) and bcc metals (V, Nb, and Ta) with boron depends on the
physical-chemical properties of starting powders, enthalpy of formation of the final
product, and on the intensity of milling process. Depending on these conditions,
processes of mechanical alloying in the Me-B system run by the two following
mechanisms: mechanically induced reaction of self-propagating synthesis deter-
mined by both the enthalpy of refractory compound formation and the capability to
form a substitutional solid solution through replacement of a metal atom by boron
atoms, and diffusion-controlled process when a supersaturated interstitial solid
solution prevails and its bcc lattice gradually transforms to the hexagonal lattice of
the MeB2 phase at a critical boron content. The domination of one of the above
mechanisms is determined by capability of boron to form substitutional or intersti-
tial solid solution. In the case of formation of combined (ISS and SSS) solid solutions
(Та-В and Nb-B), domination of one of the above mechanisms is determined by the
interatomic bond strength, that is, by the Young modulus, as well as by the intensity
of milling. The method for calculation the free Gibbs energy of the interstitial and
substitutional solid solutions with the regular solution model was developed. It was
shown that during milling tantalum and boron powders mixture in a planetary mill,
at first the formation of a combined (interstitial and substitutional) solid solution
occurs where two boron atoms substitute one tantalum atom. Both the mechanisms
of solid solution formation decrease the solution Gibbs energy. When a substitu-
tional solid solution dominates over the formation of an interstitial solid solution,
the Gibbs energy acquires a minimum value at a concentration of boron in tantalum
of 50 at%, which leads to the solution decomposition and to formation of TaB
compound.
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