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PREFACE \Q\Qg

e ily found in our
ds¥ However, not all

Crystals are a kind of solid materials tha
daily life such as snowflakes, table salt and d
solid materials are crystals. Their structurgs a etly defined based on a
periodic arrangement of constit -‘@ ing a crystal lattice that
extends in all directions. During th@ygast decades, we have witnessed that
crystalline materials are playipg sign#icant roles in the development of
science and technology. Fo ce, they have greatly contributed to the
field of semiconductor§ for. ronic devices, lasers and solar cells. As
most colleagues in the filed have noticed, many future

applications aterials with high degree of crystallinity.
Unfortuﬁ@e IS not a general approach or technology that can meet
this @ ol

t is time to look back the fundamentals of crystals that
insights into the future applications.

this book, we will mainly target at introducing crystal growth from

aspects ranging from basic concepts, detailed mechanisms to
advanced applications in hot areas of materials science. Although some of
these topics may have been reviews in other books, it is still an advantage
of providing a compendium where the frontier of the three aspects are all
extensively reviewed from the first-hand research discoveries of active
researchers in the area of crystal growth.

o
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The book will start with a detailed discussion of various experimental
techniques that may give rise to single crystals with high quality in Chapter
1. Apart from this, some unexpected cases we may encounter in practical
experiments and their effects on single crystals will also be discussed. It is
known that the crystallization process should be spontaneous, suggesting
that it is a challenge to control the synthesis of the targeted crystal
materials. In Chapter 2, modulated elemental reactants method will be
introduced as a powerful approach for the synthesis of new metastable
compounds and heterostructures of designed nanoarchitectures hy kifeti
control of the reactions. Subsequently, in Chapter 3, the interfac
surfaces will be examined and their effects on morphology
(nano)crystal will be reviewed. More interestingly, we wij
predict the morphology of the resulting crysta principles
calculations. In Chapter 4, the crystal growth«ates e 3 polymorphs,
i.e., calcite and aragonite, were measured %v nt environments by
conducting the growth experimentg t@ able region, using the
constant-composition technique. gnt years, the qualitative features of
three-dimensional convective flow have been determined by investigating
the weakly nonlinear analysj the flow during solidification of binary
alloys. Chapter 5 will very detailed discussion on this topic.
Metal-organic framew@rks {MOFs) are crystalline and porous polymers
formed by the r between metal ions or clusters and organic
Iigands.‘Th% chieved wide applications in catalysis, gas storage,
drug deli sensing due to their advantages of simple synthetic

eth@d, r t porosity, adjustable structure and high stability. Such well-
stugli terials are also attracted our attention. Thus, Chapter 6 will
describe the synthetic strategies, structure, properties and applications of

Fs with a number of selected examples. Besides of crystalline materials
at solid phase, liquid crystals have properties that are intermediate between
the solid and liquid states. In the liquid crystalline state, the three-
dimensional translational ordering of the centre of mass of the molecules is
partially or entirely broken. The type of order retained characterises the
type of liquid crystalline phase, representing many interesting properties.
Then, an over-review of this unique materials on its concept, property and




Preface iX

applicability are given in Chapter 7 and a typical example of optical and
electrical properties of liquid crystals will be presented in Chapter 8.
Chapter 9 will show experimental and theoretical studies of single crystals
from a metal-organic complex, where the CszH30CuN4OsS, complex is
investigated and characterized by single crystal X-ray diffraction. The last
chapter study and find the relationship of crystal structures between
different polymorphic forms of nonsteroidal anti-inflammatory drug
fenamates and structurally related compounds, including conformational
features, packing arrangements and hydrogen bonds. *

From these carefully selected contents, readers will not onl N n
the basic knowledge, but also keep abreast of both stat% of
crystal growth and its overlaps with other subjgct ore, we
recommend this book as a primer for students O begin of natural
sciences, materials science, and engineering. i ork as a hand-
book for experienced researchers and @n materials, crystal

en
growers, engineers and solid state physi ié
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Chapter 1

O
SINGLE CRYSTAL GROWTH B‘Y
EVAPORATION TECHNIQUE: PT,
MECHANISMS AND AP@A IONS

O

SahajkumaRA. Gandhi”
Physics Departme avan's Shri I. L. Pandya Arts —

Science an . Shah Commerce College,
Sard |ver3|ty, Dakor, Gujarat, India
ABSTRACT

s chapter discusses in detail various experimental techniques with
concept, mechanisms and applications of a single crystal. Growing
good single crystals is an art. Single crystal is a material in which the
crystal lattice of the entire sample is continuous and unbroken to the
edges of the sample, with no grain boundaries. i.e., atomic arrays which
are periodic in three dimension, with repeated dlstances are outstanding
advantages of a single crystal. A good quality of single crystal is pre-
requiite for crystal structure determination by X-ray diffraction technique.
Growth of crystal ranges from a small inexpensive technique to a

* Corresponding Author address Bhavan’s Shri I. L. Pandya Arts —Science and Smt. J. M. Shah
Commerce College, Dakor. Email: sahajg7@gmail.com.
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complex sophisticated expensive process and the crystallization time
ranges from minutes, hours, days to months. Single crystal may be
produced by the transport of crystal constituents in the solid, liquid or
vapor phase. Crystal growth techniques are classified into solid growth,
vapor growth, melt growth and solution growth based on the phase
transformation process. There are two methods in solution growth
depending on the solvents and the solubility of the solute. Water is a
popular solvent for the growth of a variety of inorganic and organic
compounds. Crystals of nonpolar organic compounds can be grown easily
from nonpolar organic solvents. Organic solvents such as acetone,

an indirect role in changing the morphology of a crystal. Alsp di
in this chapter are the factors influencing of the crystal growth
number of variables which influence crystallization of rials, Iike
sample purity, selection of a proper solvent, tempe a&&%

i

acetonitrile, hexane, toluene and acetic acid and alcohols such as ethanol
methanol and propanol are also used as solvent. A solvent can als®pl

part of this chapter, we discusses slow evaporation Mgt ail with

examples and applications of a single crystal.
Keywords: crystal growth, single crystal, -rm:tions

d

This chapter is intende

area of crystal g

sections‘Th

introduct“x_| ich enumerates the historical development of the field of
r ;

st

nd

1. RODUCTION

or beginners who have been working in the
ow evaporation metod. It is divided into three
ction, starts with “Principles” which begins with this

g nucleation and growth mechanism. The second section,
it the preliminary idea about experimental techniques falling

solid, liquid, vapor, gel and solution growths have been discussed. In

last section, especially on details of single crystal growth of slow
evaporation techniques, along with examples, reasults and discussions.
Towards the end of the section, essentials to measure the quality of the
grown crystals and applications have discussed.

N2
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Single Crystal Growth by Slow Evaporation Technique 3

1.1. Background of Crystal Growth

Crystal growth is a very old subject. Crystal growth is an
interdisciplinary subject covering physics, chemistry, material science,
chemical engineering, metallurgy, crystallography and mineralogy. The
historical development of this subject is attractive and gorgeous. Crystals
have fascinated human civilization from prehistoric times, likely because
of their attractiveness, clarity and rarity. In initial times, crystallization_of
salt from seawater and from salt solutions must have been practiced t@ ge
cooked salt. Normally, crystallization of salt was achiev

evaporation of water from the solution, which in modern time he
solvent evaporation method. In the past, particularly i of the
atiops, interested

increasing demand of materials for technological \e

how to grow single crystals [1]. Atomic arr riodic in three

dimensions, with repeated distances are call crystals. It is clearly
more difficult to prepare single cr paly-Crystalline material and
extra effort is justified because outstanding advantages of single

crystals. Due the effect of grain boundaries, it is a very difficult to grow the
single crystls from the po talline materials [2-3]. In the twentieth
century, the progress @I growth technology had been very
remarkable.  Vari physical  properties like  piezoelectricity,
pyroelectricity, %tncity, optoelectronic were exploited in sensor,
detectogap@ and also in semiconductor material properties. With
the dis d\a lasing action in ruby, crystals became amplifiers of

e@ tion also progressed rapidly. Much of this progress was
inidi pelled by World War 11, in which the potential of crystals in a
igty of applications was exploited for military purposes. A major input
to the understanding of crystal growth phenomena came from the
understanding of crystal structure, which was facilitated by X-ray
diffraction, for which foundations were laid by Laue and Bragg [4-6]. With
the knowledge of crystal structure it also became easy to predict various
defect structures, which greatly influence a number of physical properties
of the crystal. Electronic manufacturing, photonic industry, fiber optic
communications, computer industries and pharmaceuticals depend on
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materials or crystals such as semiconductors, superconductors, polarizers,
transducers, radiation detectors, ultrasonic amplifiers, ferrites, magnetic
garnets, solid state lasers, non-linear optics, piezo-electric, electro-optic,
acousto-optic, photosensitive, refractory of different grades and crystalline
films. The availability of high quality single crystals is vital for many
diverse applications in solid state and quantum electronics as well as for
the detailed study of the intrinsic physical properties of materials. Single
crystals find important uses in research and development. To synthesize
and grow single crystals of increasingly complex materials qvith{th
appropriate properties, crystal quality and homogeneity, growth % S
have to be precisely controlled while growth mechanism be
understood at an atomic level. This may be achieyed i ving or
adapting existing techniques or the development of tw methods.
New materials are the essence of soli earch and device
technology. They are mostly discovered chemists who are
crystal growers. Thus the crystallog ially if he develops a
proficiency in relating structuré nd other chemo-physical
considerations to properties of interést, is in a key position in determining

the direction and success lid state research and technology [7].
The perfect crystalline sali athematical abstraction often useful in
discussion of crystals.\W'hefeé is no ideal atomic lattice in nature, and it
would be not veryflus her. Certain imperfections of the chemical and

structur@l a % gement are essential for the usefulness and value of
crystals structural perfection of the crystals allows investigating
i ic p rties of the materials. That leads to more deep understanding
0 e physics and prediction of the possible applications of various
substances in electronics, optics and other related areas. In research and
technology many artificial crystals are required with chemical
compositions from all parts of the periodic system with high chemical and
in special cases even isotopic purity.

The surface layers play a very important role in the growth of crystals
because they act as collectors of fresh material. Number of techniques such
as electron microscopy, phasecontrast microscopy and multiple-beam
interferometry are developed to study the surface of crystals. The
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knowledge gained by such studies has provided valuable information
concerning the way in which single crystals grow.

1.2. Single Crystal

Matter exists in three states—(i) gaseous (ii) liquid and (iii) solid. In
the gaseous state, the molecules are in constant, vigorous, and rand
motion, freely compressible, and exhibits very low viscosity. In the ligui
state, the random molecular motion is much more restricted, Unki Nh
the volume occupied by a liquid is limited. A liquid shows aSmuchbi
viscosity than a gas and is less easily compressed. | id state,
however, molecular motion is confined to an os 'IX ut a fixed
position, and the structure is elastically defo a small extent.
Solids may be crystalline or amorphous, a @stalline state differs
from the amorphous state in th n% gement of constituent
molecules, atoms, or ions into sO ‘w@ ed rigid pattern known as a
lattice. As we know, polycrystals €@entain grain boundaries. The grain
boundries play a vital role f surement of property on a polycrystalline
specimen. A notable a property where single crystals are
essential is electrical. cOndudtivity, which is particularly impurity sensitive.
Impurities tend 1@ sedkegate at grain boundaries, thereby obstructing the

passageqof @ ence, single crystals are almost always required for
determi x nductivity-dependent property. Another common effect

g@ daries and associated voids is light scattering and, hence,
i als are required in optical studies as well. The X-ray diffraction
echpigue involves recording of the intensity of the diffraction pattern, so
the good single crystal, better the data and more accurate the structure
exploring to the informations down to atomic level. Natural crystals have

often been formed at relatively low temperatures by crystallization from
solutions, sometimes in the course of hundreds and thousands of years.

er
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1.3. Nucleation

All natural and artificial crystallization processes start with a O 2
nucleation. Most nucleation processes are physical, rather than chemical,
Nucleation normally occurs at nucleation sites on surfaces contacting the \Q
liquid or vapor. Nucleation is one of the major mechanisms of first order
phase transitions that involve a latent heat. Here, a new phase emerges
from the old phase whose free energy becomes higher than the generated ‘\
new phase. Nucleation of the new phase, which is an extremelydocalize
phenomenon that bring a sufficient number of atoms or molgculgs t r
to form a stable size. Many natural processes happen due to nti€leatien;’the
most common among them being the formation of Qain% spended
particles also provide nucleation sites. This is%¢aled erogeneous
nucleation. Nucleation without preferentia sites is called
homogeneous nucleation. Homogeneous nu ccurs spontaneously
and randomly. The formation of a sl stalline phase from liquid and
gaseous solutions can occur on me “@€gree of supersaturation or
supercooling has been achieved first@n the system. The attainment of the
supersaturated state is ess for any crystallization process, and the
degree of supersaturatiG e prime factor controlling the process. Any

nb

crystallization proc considered to contain three basic steps:
1. éup®§
2. x cleiation
@ h of crystals

practice, all three processes may be occurring simultaneously in
different regions of the same crystallization wvessel. The ideal
crystallization, of course, would consist of a strictly controlled sequential
procedure, but the complete cessation of nucleation cannot normally be
guaranteed in a growth vessel where a suspended crystal is growing. The
supersaturation of a system may be achieved by cooling, evaporation, the

addition of a precipitant or diluting agent, or as a result of a chemical
reaction between two homogeneous phases. However, the condition of
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supersaturation alone is not sufficient for crystal growth. Before crystals
can grow, there must exist in the solution a number of minute solid bodies
known as centers of crystallization, seeds, embryos, or nuclei. Nucleation
may occur spontaneously (homogeneous), or it may be induced artificially
(heterogeneous). It is not always possible, however, to decide whether a
system has nucleated on its own or under the influence of some external
stimulus [8-10].

To facilitate growth of crystals with diverse physicochemical
properties, various crystal growth techniques were developed thatqiVer
suited to obtain crystals from solid-solid, liquid—solid, and v. & id

transitions.
\9
2. CRYSTAL GROWTH \J\

To synthesize and grow si als increasingly complex
materials with the appropriate pro , crystal quality and homogeneity,
growth conditions have to be cisely controlled while growth
mechanisms need to be ood at an atomic level. This may be

achieved by improving existing techniques or the development
of entirely new m rge number of crystal growth techniques are

established now days all of these techniques have its own importance
and applic owth of crystal ranges from a small inexpensive
techni complex sophisticated expensive process and the
st@o time ranges from minutes, hours, days and to months.

i ood single crystals is an art [11-13]. Single crystals may be

ced by the transport of crystal constituents in the solid, liquid or
vapour phase. In the literature, the growth techniques have been classified
in a number of ways, and there is no unique way of classifying them.
Classification based on the technique in manufacturing bulk crystals to thin
films are also found in the literature. The growth techniques are
categorized as single (mono)-component and multi (poly)-component

techniques depending on the number of components present in the growing
medium. For example, melt growth techniques are essentially single-
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component techniques in the sense that here the material to be grown as a
single crystal itself is the pioneer. However, solid-state precipitation or
exsolution is an example of polycomponent solid-solid growth. Growth
from a liquid solution invariably has more than one component; hence,
these are polycomponent growth methods. Materials, which have high
solubility and have variation in solubility with temperature, can be grown
easily by solution method. They are (i) High temperature solution growth
and (ii) Low temperature solution growth. The solution growth also
depending on the solvents and the solubility of the solute. Crystal g

from a vapor phase may involve either monocomponent or poly

techniques are classified as solid growth, vapour growth wth and
solution growth [14]. On the basis of these, fe % tal growth
techniques are discucced here in brief.

2.1. Growth from Solid

The greatest advantage solid—solid growth method is, it is simple
to grow and pOSSIbI|It ination is minimum. The shape of the

grown crystal can de rmined and distribution of impurities can be
fixed before growth. Whe principle of solid—solid growth methods is that
the samale [ nnealed because the starting material is a solid. The

however is that it is difficult to control nucleation in
e and hence difficult to obtain large single crystals. Also,
a high degree of structural perfection is difficult. Even under
growth conditions, some crystallographic defects will always be
present in the grown crystals. Lack of reproducibility is another problem
with these techniques. Nevertheless, solid—solid growth methods are useful
to grow single crystals or, more often, materials that are predominantly
single crystalline and hence are being practiced. There are many techniques
available under this category like- grain growth, strain annealing and solid-
state transformation techniques are quite popular [15].
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Grain Growth

In grain growth technique [16-17], the size of crystalline grain
increases when a finely grained material is kept at high temperature for a
certain duration. This grain growth occurs after the completion of recovery
and recrystallization processes that bring down the internal energy of the
system. Recrystallization is a process by which deformed grains are
entirely replaced by a new set of undeformed grains that nucleate and grow
in the matrix. Any further reduction in the internal energy would be
possible only by reducing the total area of the grain boundary. 4t isy\we
established that amorphous solids have excess free energy wit % 0
their crystalline phases, and this excess free energy is the driving in
the case of crystal growth from amorphous ikewise,

polycrystalline materials also have higher free ene \ ect to their
single crystalline counterparts.

Strain-Annealing Technique
When a body is stressed be @ elastic limit, withdrawal of the
applied stress would not lead to rem@yval of complete strain but the body

will get permanently defo (i.e., plastically deformed). Plastically
deformed bodies contai rgé amount of strain energy. This stored
energy is the main dxi farce for recrystallization in the strain-annealing

technique [18-19J{ In“this method one generally starts with fine-grained
matrix that @1 ted to a minimal strain just sufficient to cause the
formati r& or at most a few new grains during annealing. In

i ingle crystal can be obtained by annealing a polycrystalline
i at has been given a critical amount of strain. If less than critical
is applied, no grain growth will occur during annealing. For larger
strains, several crystallites will result in the same specimen. Critical strain
varies from material to material and is in the range of 1 to 10%. The
critical strain is usually determined by straining a tapered specimen by
applying suitable stress and thereby producing a strain gradient in the
specimen. The strain-annealing technique has been applied extensively to
iron and its alloys. It has also been used to grow crystals of several metals
like tantalum, niobium and titanium [20-22].
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Solid-State Phase Transformation

In growth by solid-state transformation, one initiates the process with a
poly or single crystalline specimen of an undesired polymorph (usually a O .
high temperature phase) and transforms it to the required polymorph
through a structural transition. To effect the desired phase change, one may Q
have to apply pressure, vary the temperature, or both. A classic example of
these two variables being simultaneously applied is the growth of diamond
through polymorphic transformation of graphite. In the case of materials 4
undergoing phase transition, the grains of high-temperature phasel ar
completely replaced by a new set of grains belonging, to_thay |ow-
temperature phase. If now the phase change takes place i
growth of the nuclei of the low-temperature polymwph%0 sible to
produce a single crystal by allowing the spe \” ol to the
transformation temperature progressively al cimen. The usual
requirement is to produce single crystals of t%hat is stable at room
temperature. Retention of high-te : phase”is sometimes possible,
usually by alloying, which means @ se 1810 longer pure and hence is
not a preferred option. Low-temperature phases of refractory metals such
as zirconium [23] and ti [24] have been produced in single
crystalline form by this

In crystal gro phase transformation, there is a transformation
front that separat€s t gh and low temperature phases, and it is the
movemgnt % nt that leads to crystal growth. Phase transitions are
usually ied by structural change and therefore may involve

ange ing/@lume and many other properties that are relevant to crystal
e solid-solid growth methods have largely been applied to
r

@ efractory metals and alloys and certain ceramics. Although many

advantages are attributed to solid-solid growth, because of several
disadvantages associated with it, the use of these solid—solid growth
O methods is limited. Principal among them is the control over orientation of
the grown crystal. Cross section of the specimen is often limited. Growth
resulting in twinned crystals is also a problem, particularly in face-centered
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cubic structures. Consequently, these techniques are not exploited
extensively by the industry.

2.2. Growth from the Melts

Crystal growth from melt in essence is a mono-component liquid-solid
growth. Any material that is melting congruently or near congruently can
be grown by melt techniques. Ideally, in mono-component liqeid<goli
growth, since the rate of growth is not diffusion controlled, gro S
can be quite rapid and the purity of the resultant crystals can be qu gh.

It is essentially growth by controlled freezing; consequently,d parison
to other growth techniques, it is readily controllable? the growth

from aqueous solution, it is perhaps the earli ieditechnique. Also, in
all probability, it is the most exploited cw process for single
crystal growth and because of thisgse %o and automation have
been introduced into the process. plést'method of forming crystals
by melt-solid equilibrium is by ungentrolled freezing of a melt. In this

process, the initial nucleati9is random, and the resultant product is
generally a fine-graine@ lline ingot. Sometimes, however, single
ab

crystal grains of appreei sizes can be identified in the solid matrix.
When such largessize@grains are seen, one can infer that single crystal
growth gf tm jal can be achieved with relative ease. The noticeable

techni e\ Il under mono-component liquid-solid growth are as
Io<(s: ’

Bridgman technique
. Czochralski technique
Zone-melting technique
Verneuil flame fusion technique
Arc fusion growth
Growth by skull-melting

o oA W
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Bridgman Technique

This technique was originally developed by Bridgman in 1925 to grow
single crystals of certain metals such as tungsten, antimony, and bismuth
[25], and later the method was exploited by Stock Barger to grow large
crystals of lithium fluoride [26] and hence the name. However, in recent
years, it is named after of its original inventor. As with all the growth
techniques, since the design of the growth apparatus is material specific,
the basic technique has been modified by various workers depending on
the specific conditions required to grow the chosen crystals. Theerange o0
materials grown by the Bridgman technique is so broad [27-28 i
problems in Bridgman growth is that the growth occurs by s
As a result, the crystallographic orientation of the ro
known. However, if the crystal has an easy grow BX is’ axis might

coincide with the ampoule axis. Although so e been made to
use seed crystals in Bridgman growth, this wry common, mainly
because the seed melt interface is g @1 ce, in most cases, the
orientation of the crystal has to be '@ ined¥fter each growth.
Czochralski Techniques
The method that h@ usgd to grow a wide range of materials from
S

low melting point metal such as Ga (29.8°C) to high melting point oxide
spinel, (2135°C w is the pulling technique due originally to
Czochralski is method has become very popular largely because of
the rapj hich it can produce relatively large crystals that are
ighly perfect. The principal advantage of crystal pulling is that the growth
itiated on a seed under controlled conditions which arises because

othgthe seed and the crystal are visible during growth and the crystal
grower can use this facility to guide him or her to adjust various process
parameters to obtain crystals with a high degree of perfection. In addition,
growth in any direction can be performed when oriented seeds are
available. The method also permits the addition of suitable dopants during
growth. Even though it is necessary to have a crucible to melt and hold the
charge that may often contaminate the charge and hence the crystal, the
growing crystal is free from physical constraints imposed by the crucible.
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This is mainly because the growing crystal is not in contact with the
crucible.
In principle, any material with a congruent melting point can be grown O *
by the pulling technique. Other desirable properties are high thermal
conductivity, low vapor pressure, low viscosity, suitable growth habit, Q
absence of easy cleavage, and no phase changes between the melting point
of the material and room temperature. A material without the congruent
melting point will have to be grown by some other method. However, lack ‘\
of any of the other properties mentioned earlier can usually be avergdbm
by some ingenious methods. By automating the growth syst e
weight, shape, and quality of the crystals can be constantly mogito ].

*

Zone-Melting Techniques
The zone-melting technique was first inv za [31] to grow

high-purity bismuth crystals in glass tu dy their electrical
resistivity at very low temperature i
the early 1950s, it was developed<@ i technique by Pfann [32] at
Bell Telephone Laboratories in respofise to the demand for extremely pure
germanium (melting point; .5°C). Purification of germanium was
essential for the deve transistor, which in turn led to the
revolution in electr Sdbsequently, it was applied to silicon (melting
point: 1420°C) {83] en to many more substances. In fact, zone
refining.car@ ied to the purification of any material that melts
congruently. technique has also been used to control the

isC tinx in impurity in p—n or n—p junction. Actually, zone refining
i e several techniques grouped under the general class “zone-
ing.” Other techniques in this class are zone freezing, zone leveling,

@ zone separation, float zone technique, traveling solvent method, and so on.

Although developed by Pfann for the purpose of purification, it could be
easily adapted to growing crystals and hence has now become an
established method of growing high-purity single crystals.
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Flame Fusion Technique
The flame fusion technique is a well-established technique for the
growth of refractory oxide crystals. The process was developed by the
French chemist Verneuil in 1902 [34] and became the first commercially
successful method of manufacturing synthetic gemstones. In this
technique, a flame produced by an oxy-hydrogen torch melts the powder,
which rains down into a shallow pool of liquid on the top of a seed crystal,
this is slowly lowered down into an after heater to produce a cylindrical
crystal. The technique has the advantage of being crucible-less. Inea tygica
growth run, finely powdered starting material is placed in X‘ r
within a Verneuil system, with a sieve at the bottom thro% he
powder can rain down when the container is tapped @r v@. hile the
powder is being released, oxygen is supplied into x and travels
with the powder down a narrow tube. This tdlegi ded by a larger
tube, into which hydrogen is supplied. At th were the narrow tube
opens into the larger one, a flame to combustion with a
temperature of more than 2000°C re. A8 the powder passes through
the flame, it melts into small drop which fall onto a pedestal placed
below, forming a shallow f melt. As more droplets fall onto it, the
pedestal is slowly mo p@/ard, allowing the lower portion of the
liquid to crystalliz \@s cap always remains liquid. The crystal is
formed in the s@a apered cylinder, with its diameter broadening
aseyand eventually remaining more or less constant. With

slowly from
a constags of powder and withdrawal of the pedestal, very long

lindrica les can be obtained.

Arc Fusion Technique

This method is useful to produce low-cost crystals of high melting
point materials. Since there is not much control on this technique, the
resulting crystals are poor in quality. The method basically involves
striking an arc in a large quantity of charge in the form of compacted
powder taken in a water-cooled steel closure [35-36]. Graphite electrodes
are used. Once a pool of molten material is formed due to arcing, the
power is slowly reduced to stop the arc, and the melt is left to solidify. The

N2
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solidified mass, which contains many crystals, is broken to harvest the
crystals. Crystals weighing up to half a kilogram have been grown. Since
the melt is in contact with its own solid, there is no contamination due to
crucible material. The shell left by taking out the crystals may be reused by
refilling it with fresh material, thereby economizing the process.
Introduction of certain gases sometimes improves the quality of the grown
crystals. For example, it is found that by introducing argon through the
hollow electrode, one could obtain much clearer MgO crystals. The
number of electrodes are used for improvement. Other crystals growl b
the arc fusion method are CaO, SrO, BaO, and ZrO2.

Skull-Melting Technique . %:

The skull-melting technique is also called the uciple technique.
The technique allows the melt to sustain at very, hig atures (3000°C
or even above). Actually, skull-melting as rovvth process must
have evolved from growth of crystalssi @oled crucibles using the
Czochralski method [37-38]. Keef @ mein a solid shell (skull) with

a chemical composition identical tothat of melt and using a contact-free
method of heating the m | are "the two special features of this

technique. Since melt@ar d out through radio frequency heating

using an induction furnace, Superficially it looks as if the method is useful
only to grow h “materials which are conducting. However, most
materialg b@ nducting when hot and hence couple to the radio
frequenc which eventually melt. Normally, metal of the same
ide'tha 0 be melted to obtain crystals is used for initial coupling.

, conducting cylinder-like graphite can be inserted into the

insulating charge, which can be removed once the charge becomes hot and
starts melting. The cold crucible usually consists of interconnected hollow
sections with gaps, fabricated in the form of a cylindrical crucible. The
crucible is kept cold by flowing water. The leakage of the molten charge is
prevented by surface tension and wetting property of the melt as well as
the size of the gaps. Materials used for water-cooled crucible are copper,
brass, chromium plated brass, nickel, platinum-plated nickel, stainless
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steel, rhodium-plated stainless steel, and so on. In a typical experiment, the
charge is loaded into the crucible.

2.3. Crystal Growth from the Vapor Phase

Vapor growth techniques were mainly used to obtain bulk crystals.
Vapor growth can either be mono-component or poly-component. Crystals
grown from mono-component techniques have less contaminatiom, th
growth will occur at higher temperature. On the other handg.i

component techniques, the growth occurs at lower temper he
techniques have the disadvantage of contaminationn -related
problems due to presence of additional compone ically, material

transport in the vapor form is the essence o rowth techniques.
Crystal growth from vapor phase technique ssified in two ways;

1. Direct Vapor Transport and 2. Chgymi @t nsport.

Direct Vapor Transport

In direct vapor transpor, growth is carried out either in a closed-
tube or in an open-tub %ﬂ a closed-tube system, the material on
sublimation is tran r@ectly, the driving force being the temperature
gradient. In an @pen-tube system, a carrier gas is additionally used to
transpoig the ‘ rom the source region to the growth region. Here, the
source § kept at one end of the sealed tube and heated to a
p@ that it sublimes. The vapor is transported to the other end of
Pwhich is at a lower temperature where it condenses to form
r lites. The transport is initiated by a difference in the partial pressures
of the species to be transported. The movement is from higher to lower
@ partial pressure, which for a sublimation reaction is from higher
temperature region to lower temperature region. This method was first
used by Pizzarello [39] for the growth of lead sulfide crystals. In the open
tube system, the source material is vaporized at the hot end of the tube, and

an inert gas flows through the tube causing transport of the wvapor
molecules from the higher temperature to the lower temperature side where
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they deposit. If volatile components are used as starting materials and the
desired compound is formed at a higher temperature, the source zone may
be at a lower temperature than the crystallization zone.

X
Chemical Vapor Transport \Q

The chemical vapor reactions may be reversible or irreversible. They
may be simple or complex. But owing to chemical reaction, the
concentration of the substances transported in the vapor phase increases ‘\
sharply; hence, it is possible to crystallize even those materlals iha av
negligible vapor pressure at crystallization temperatures x
introduction of vapor transport aided by chemical reaction is €@nsi as
one of the most important contributions to the fleki growth,
which has tremendously enhanced the scope o e growth.

Consequently, literature pertaining to chemicw ort is prolific.
2.4. Growth from Silica Gel 0

Growing crystals in as been known since the end of the
nineteenth century. T was initially used to grow only those

crystals that had solublllty in water. Since then, various
modifications havg be mtroduced to the basic gel method, and different
types o@cr ifgluding the ones soluble in water, have been grown
with a e of perfection. Although the size of the crystals that

Idibe n by the gel method is limited, its ability to grow practically
aterials (in water) at room temperatures with exceedingly

i and inexpensive equipment makes the technique attractive. Also,
since gel medium is almost transparent, the growing crystals can be viewed
during the entire growth period. Further, since the growth occurs at room
temperature, one can expect them to contain a lower concentration of
equilibrium defects than those grown by high-temperature techniques. In
this method, one reagent is incorporated in the gelling mixture, and the
other is later diffused into the gel leading to a very high super saturation of
the main product and in due course to nucleation and crystal growth. This
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is, of course, growth from solution but without convection currents. This is
because the gel medium prevents turbulence and provides a three-
dimensional structure that permits the reagents to diffuse at a rate that can
be controlled by varying the gel parameters. Further, since the gel is soft
and isotropic, it exerts low and uniform constraining forces upon the
growing crystals, promoting orderly growth. Also, the gel medium is
chemically inert to most of the reactants and products. The other advantage
is that the growing crystals are spatially separated, thereby preventing the
interactions between them to a certain extent. The recent interest iglg
growth has been on account of its suitability to grow crystals of i% |
macromolecules and studies related to bio mineralization [40[WGe be
prepared from a variety of materials. The most commo edhyones for
growing crystals are those prepared from in, silica,
tetramethoxysilane (TMOS), and polyacrylamidesSi is prepared by
neutralizing the aqueous solution of sodiu ate with mineral or
organic acids. One of the most imp affecting the hardness of
the gel medium is the density sodim metasilicate solution. In
almost all cases, dense and hard gelSghave produced poor-quality crystals.
On the other hand, if the gel ity is too low, it will take a very long time
to set, and the resulti Il be mechanically fragile and hence
unstable. Silica gel r‘% by adding either acid to sodium metasilicate
or sodium metasidicat e acid. The two routes are not the same because
in one case ion pH is approached from the acid side (pH 0.5-4.0)
and in t is from the alkaline side (pH ~12). The gel may be
owed t in a simple test tube with one of the reactants already added
tQ the gel is set, the other reactant may be poured over the gel
without damaging its surface. A ‘U’ tube may be used with the gel set at
the bottom and the reactants added to the two arms of the ‘U’ tube. To
grow copper crystals, a suitably set gel with CuSQO4 as an inner reactant is
taken in a test tube. Afterward, a reducing agent such as hydroxylamine
hydrochloride or hypophosphoric acid is added on the top as an outer
reactant. The chemical reduction of the CuSO4 gives the desired copper
crystal inside the gel. The solubility reduction method is mainly applicable
to water-soluble materials. Glocker and Soest [41] used this technique to
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grow ADP (ammonium di phosphate) crystals. They diffused alcohol into a
gel containing the crystal salt solution. The alcohol reduced the solubility
of the compound and thereby created the nucleation, leading to the
formation of the crystals. Utilizing this technique, KDP (potassium di
phosphate) crystals of reasonable size have been grown [42].

2.5. Hydrothermal Growth

L 2
Hydrothermal growth is normally carried out in a seal \Q
e

autoclave with a temperature gradient established between nd
bottom of the vessel. Usually, the nutrient is placed imhe% tter part
of the autoclave, and the seeds are mounted in the @ , r part. The
seeds are single crystal plates properly orientég ounted on a suitable
wire frame. A perforated metal disc called e is often placed to
separate the dissolution and grow ionSsO that the temperature
gradient is localized. Transport 0 @ utiofrom the dissolution region
to the growth region containing the,seeds is by convection. Once the
solution reaches the growth n, it becomes supersaturated with respect
to the temperature of thG n_and the material is deposited on the seeds.

The cooler depleted.solutionythen returns to the hotter zone by convection
and dissolves mokg nutkients, and the cycle repeats. Because hydrothermal

growth ds q ved in terms of both equipment and procedure, not
practice this technique. However, in recent years, low-

particularly in the preparation of nanoparticles. The success of

many | X
ssire moderate-temperature hydrothermal synthesis has gained
Ehel/

1o

drothermal crystal growth experiments depends mainly on the
quality of the autoclaves, which contain corrosive aqueous solution at high
temperature and pressure. Therefore, the first consideration in the
fabrication of an autoclave is the material of construction. For temperature
in the range of 250°C-300°C, sealed glass or vitreous silica tubes have
been used fairly successfully up to 6 atm. The use of glass in hydrothermal
growth has not been explored fully because early works were mainly on
the growth of materials that could not be dissolved readily in the pressure-
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temperature (P-T) range attainable in glass autoclaves. Many designs have
been developed for the fabrication of autoclaves. Different designs have
different pressure-holding capabilities. Proper selection of the autoclave is
necessary to prevent failures [43-45].

2.6. Flux Growth

salt solvents, the technique being called flux grow
crystallization is carried out using molten inorganic compoun ed
temperatures as a solvent and hence is actually a hi h.te solution
growth process. It is also sometimes referred to X alt solvent
growth technique. The solvents are usually ca cause there are
innumerable chemical compounds available e used as fluxes for
growing crystals, it is probably true iivagafy material can be grown by this
technique. A good compilation @ e librium data is helpful in
selecting a proper solvent. Temp ature control is one of the most
important aspects of flux gr In the case of growth by slow cooling, it
is necessary to redu erature according to a predetermined
program. Crystals Iy ucleate first in the coolest region of the
crucible. Even reat effort has been made to keep the crucible
|sotherraal ions remain slightly cooler than the rest and the
nucleati Nucleatlon in flux growth is usually heterogeneous at
the crucible, although spontaneous nucleation cannot be
ruled out. If a small gradient is established between the top and
of the crucible, with the bottom being at a lower temperature,
crystals grow at the bottom or lower side wall of the crucible. This method
[46-47] has been extensively used to grow hundreds of crystals of
scientific and technological importance. After the small introduction of few
single crystal growth techniques detailed analysis with examples are
available in the book written by H. L. Bhatt [14].

The solution growth methods have been extended by the use of w@
e
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3. CRYSTAL GROWTH FROM SLOW
EVAPORATION TECHNIQUE

organic compounds viz., slow evaporation, slow cooling, vapor diffusion,

liquid diffusion, sublimation etc. Slow cooling is the simplest method for

single crystal growth in which the saturated solution of the compound is \
heated to just its boiling point or just below it and allow it to cool to r
temperature. It is the most widely used method for the growth‘ @
crystals, when the starting materials are unstable at high te 0& ]
and also which undergo phase transformations below meltiag p n
vapor diffusion and liquid diffusion method, one ? r@s into the
other while precipitating the product that results && ing crystals.
Sublimation is different than above listed met rystal growth. In
this method compound is heated under vacu crystals are collected

X
Different techniques are well known to grow the single crystal of \Q

int [49]. |

C

on cold-finger. Slow evaporatio i is used to grow the single
crystals of these heterocyclic co nds from different solvents like
water, methanol, chloroform, gé?anol, yl acetate.

3.1. Slow Evap 'gchnique

In tf S%aporation method, crystals are grown from the saturated
orn ed solution of the compound, prepared using different
vents like methanol, ethanol, acetonitrile, ethyl acetate or mixture of any

0 Solvents with varying proportions and is allowed to stand without
rbance as shown in Figure 1. Solvent evaporates slowly resulting in

the precipitation of the compound in the form of single crystal. It is the
best way to grow single crystals by solution technique. Growth of good
guality single crystals by slow evaporation techniques require optimized
conditions. The use of a range of temperatures may not be desirable
because the properties of the grown material may vary with temperature.
There are so many factors affecting on the mechanism of crystallization
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like, the interaction of ions/molecules of the solute, the solubility of
substance and thermodynamic parameters of the process; temperature,
pressure and solvent concentration. The choice of the solvent is very
important because it can greatly influence the mechanism of crystal.

3.2. Choice of Solvent and Solubility

Water is a popular solvent for the growth of a variety of inorganigian

organic compounds. A simple thumb rule in proper selection of %'s
chemical similarity between the solvent and the compoun’w n.

For example, crystals of nonpolar organic compounds ca n easily
from nonpolar organic solvents. Chemical similarity¥al ines solute
solubility in the solvent. Various experiments a‘solvent in which
the compound has solubility between 10 and given temperature is
economically suitable for crystal gr ry nd very high solubility
of a solute provide low growth r to solute concentration and

increased viscosity, respectively. ganic solvents such as acetone,
acetonitrile, hexane, toluen acetic acid and alcohols such as ethanol,
methanol and propanol %sed as solvent [50]. A solvent can also
play an indirect rol 'n@ing the morphology of a crystal. The solvent
changes the strud

on sevegal f Ces

of the solute molecules, which subsequently adsorb
he crystal, thereby blocking their normal growth. The
solvent png influence on the habit of crystalline materials because
veht m les affect the growth rates of different faces appearing in the
phology differently. Solution is a homogeneous mixture of a
olute in a solvent. Solute is the component, which is present in a smaller
guantity. If the solubility is too high, it is difficult to grow bulk single
crystals and too small a solubility restrict the size and growth rate of the
crystals. Solubility gradient is another parameter, which dictates the
growth procedure.
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Figure 1.5 ox@a on method: Beaker and test tubes are used for allowed to stand
withoutf &

ctors That Influence the Crystal Growth

@ There are number of variables which influence on crystallization of
A organic materials.

0 e Sample purity: The poor purity is one of the most common cause
of unsuccessful crystallization and at the same time, the selection
of a proper solvent for a given crystallization is difficult to predict.
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o Selection of a proper solvent: A mixture of two or more solvents is
occasionally found to possess the best properties for a particular
crystallization purpose. To reduce the solubility of the solute,
another solvent is added to a solution causing its precipitation and
maximize the yield of the product. However it is expected that
both the liquids must completely mix with one another.

e Temperature: Other environmental variables which influence
crystallization include the rates of change of temperature and
concentration of solution. L 2

e Viscosity of solvent: The viscosity of the solvent dire X
the rate of crystal growth through its influence on ;m% UX.

I

Increased volatility of the solvent raises the ra% rease in

concentration of the solution, speeding u \ eation and
growth.

e Chemical nature of solution: The ¢ ature of the solution
also plays a leading role i tallfzation process. The nature
of solute-solvent interacti uences the balance in stabilities of

solid and solution and “therefore affects the energy of

crystallization. If the 9 teractions are strong, they may also act as
a retarding for gation and growth rates.

34. Retult®9cussion
e

Q ounds picked up for the present study are chalcones.
Is an aromatic ketone and an enone that forms the central core

variety of important biological compounds, which are known
collectively as chalcones or chalconoids. Benzylidene acetophenone is the
parent member of the chalcone series. The alternative names given to
chalcone are phenyl styryl ketone, benzalacetophenone, -
phenylacrylophenone and a-phenyl-p-benzoylethylene. In the chemical
structure, three carbon o — 3 unsaturated carbonyl system, the backbone of
the open chain flavonoid, joins two aromatic rings. The chemical structure
with physical properties of chalcone is shown in Table 1. Chalcone can be
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prepared by an aldol condensation between a benzaldehyde and
acetophenone in the presence of sodium hydroxide as a catalyst (Figure 2).
Kinetic studies have been reported for the base-catalyzed formation of
chalcone and its derivatives [51-52].

Table 1. Chemical structure and physical properties of chalcone

9 : \Q\Q !
o X&)
Physical Properties

Molecular formula CisH120 t
Molar mass 208.26 g moI‘O

Density 1.071 ¢/
Melting point 55-5
Boiling point 345-34

3e different chalcone derivative

No R1 Rz Rs
1 H Cl OCH;s
2 H Cl H
3 Cl OH H
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Figure 2. Chemical structure & single ¢ aph of the molecule 1.

Figure 3. Chemical structure & single crystal Photograph of the molecule 2.
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HsC

o

HyC

HO

Figure 4. Chemical structure e ¢pystal Photograph of the molecule 3.
-di

The chalcone ryl-2-propenones), belongs to a flavonoid
family, and the@zatives are important intermediates in organic
synthesis [5 rivatives of chalcone, synthesized or the natural one,
displa esting properties like anti-inflammatory [54], antifungal
],%ﬂ ant [56], antimalarial [57], antituberculosis [58], analgesic
HIV [60] and anticancer [61] activities. These groups of
und constitute an important class of natural products and its
derivatives have attracted particular interest in medicine during the last few
@ decades. In view of the pharmacological importance of chalcone, author
has determined crystal structures of three novel chalcone derivatives with
O halogen, hydroxy and methoxy moieties substituted at different sites at
(4, 5-dimethoxy-2-methyl-phenyl) prop-2-en-1-one (as shown in

Table 2).
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Figure 5. Bruker AXS Kappa Apex Il d

Table 3. @ 2
. Mol. 2

R2= Ri=H, R2=Cl,
R:=0OCH: R3=H

Crysta!Sy@ Monoclinic Triclinic
\ 23540(11) A 7.0992(2) A

a
0 9.738(4) A 9.3464(3) A

17.305(7) A 13.2331(4) A

a 90.00 (0)° 79.954(2)°
106.37(3)° 82.4490(10)°

@ Y 90.00 (0)° 80.6030(10)°
Space group C2/c P1—
Density (gm/cm®)  1.314 1.358
o> o
R[F? > 26(F?)] 0.0612 0.0431

Goodness of fit (S) 1.048 1.041

Mol. 3
Ri=Cl,R2=
OH,R3=H
Orthorhombic
14.2134 (4) A
10.2802 (2) A
24.2786 (7) A
90.00 (0)°
90.00(0)°
90.00 (0)°
Pbcn

1.359

8

0.0395

1.017
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As a part of collaborative research with Dr. V. M. Barot, P. G. Center
in Chemistry, Smt. S. M. Panchal Science College, Talod, Gujarat, the
synthesis of the title compounds have been carried out. The pure powder of O .
the compound is soluble in methanol, ethanol and ethyl acetate. The
chemical structures are confirmed by 'H NMR, *C NMR and IR data. Q
Transparent and diffraction quality single crystals of the all three chalcone
compounds are grown by slow evaporation technique using ethanol as the
solvent at room temperature. The chemical structure of the compounds 1, 2 4
and 3 with their single crystal photographs are shown in Figure 2¢3 @

respectively.

A suitable sample of single crystal is selected for c@a ic
study. All diffraction measurements are performedgt r perature
293(2) K using graphite monochromated MoKoa ragiati avelength
0.71073 A. The three dimensional X-ray 4 i are collected
from a crystal using ¢ and ® scans mogde KAPPA APEX 1I
CCD diffractometer (Figure 5) at loep entof Physics, Sardar Patel
University, Vallabh Vidyanagar. *@ | refiflement and data reductions
are obtained using Bruker AINT  programme.  Preliminary

crystallographic data and ils of ‘the data collection and structure
refinements are listed i r all three chalcone derivatives.

. @Q CONCLUSION

okxowards the importance of the chalcone compounds, we have
three important chalcone derivatives for growing single crystal
slow evaporation method. X-ray Crystallographic investigations has
been done for these three chalcone derivatives. Crystal system of mol. 1,

A mol. 2 and mol. 3 are monoclinic, triclinic and orthorhombic system,

: respectively.
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Chapter 2

TARGETED SYNTHESIS OF I\/IE‘T
COMPOUNDS AND INTERG\
TAL

THE MODULATED E\®

REACTA oD
Marco @d David C. Johnson”
Department of Chemistry, University of Oregon, Eugene, OR, US
. Q
\@ ABSTRACT

g controlled and targeted synthesis of new solid materials is still a

allenge difficult to overcome. Slow diffusion rates and long diffusion
ngths require long reaction times and high synthesis temperatures,
resulting in a loss of control over the reaction pathway. The Modulated
Elemental Reactants (MER) method uses compositionally modulated
precursors with atomically thin elemental layers that form amorphous
alloys upon annealing, but can maintain composition modulation. In this

amorphous intermediate, nucleation and not diffusion control the
formation of the product, which enables kinetic control of the reaction,

* Corresponding Author: davej@uoregon.edu.
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and the synthesis of new metastable compounds and heterostructures with
designed nanoarchitecture.

Keywords: thin films, kinetic control, metastability, heterostructures,
designed materials

INTRODUCTION - RETHINKING SOLID STATE SYNTHESIS

L 2
Throughout history, the search and discovery of new mater@

compounds has been an important driving force for i a nd
transformation of human society. From early me‘all complex
nanomaterials, and from the extraction of herbal ients to the
targeted synthesis of potent drugs, the emergence xx materials and
compounds has continuously changed the w s ived. While many
materials have already been discovered, iis predi€ted that they still make
up only the tip of the iceberg [1] @ a y combinatorial approach,
the total number of possible systems N, i.e., without taking different
compositions and polymorp@ accotnt, increases exponentially:

n!
i k!'(n—k)!

L 2

where @wber of elements in a compound and n is the number of
can form a compound. Using n = 95 (the number of elements
ompounds are known), the maximum number of combinations is
ximately 4 x 10%. The numbers of element combinations for each
individual k are displayed in Figure la. Including different possible
compositions and structures, this number easily increases to 10%°, making
this parameter space impossible to explore in an unrestricted manner [1].
The number of known structures is significantly smaller as it is more

challenging to include an increasing number of elements (Figure 1b).
For solids, significant effort has been expended to develop
computational algorithms dedicated to finding stable structures. Notable

2n—1 (1)
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examples are genetic algorithms and explorations of energy landscapes [2,

3]. However, even when a material is predicted to be thermodynamically

stable, i.e., it lies in the global minimum in the parameter space, finding the O *
synthesis route to obtain it, ideally while using as little energy and time as

possible, is one of the biggest challenges in chemical synthesis. Such a Q
synthesis should ideally have a controllable reaction pathway that yields

exactly the desired product and nothing but the desired product. The

difficulty to meet these goals is even further amplified when trying to 4

synthesize compounds that lie in local minima of the parameter space
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the system k. (b) Number r structures in the International Crystal Structure
Database (ICSD) as elements in the structure k as of January 2017. The
lines represent the ive sums.

Sigﬂi 'c@d s to control this reaction pathway have been made in
the i organic compounds where different pathways with
erent agtivation energies can be accessed to end in a local minimum
ead of a global minimum (Figure 2a). The simplest way is reducing the
erature below the activation energy required to synthesize the
thermodynamic product, but high enough to overcome the activation
energy to another reaction pathway that leads to a kinetic product. Other
methods to open new reaction pathways are to change the energy
landscape by functionalizing molecules with electron donating and electron
withdrawing groups as it is done in electrophilic substitutions, or by
stabilizing a byproduct/leaving group. A different approach is to block

Figure 1. (a) Number of pm mght combinations as a function of components in
entr,
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certain reaction pathways by employing protective groups. These
protective groups can also be used to limit diffusion access to certain sites
of the molecule through steric hindrance.

(a) Kinetic Control Thermodynamic Control

Energy

Reaction Coordinate

AN

Figure 2. (a) Schemati @n pathway for kinetically and thermodynamically

controlled reactions§4G,; and Gt*are the activation energies, and AG; and AG} are the

Gibbs free en iesfor the kinetically and thermodynamically controlled reactions,
respectiv?l . @sznthesis of Epothilone C with three possible reactions to form
the dou &
egver, many reaction mechanisms and many reactions that
anipulate specific functional groups or sites are well known for organic
ions. As a result, design principles could be established that allowed
the development of viable synthesis routes based on the target molecule
alone. An example of such an analysis is shown in Figure 2b. This
retrosynthetic approach proved to be so impactful that it earned Elias J.

Corey the Nobel prize in chemistry in 1990, and nowadays, even software
to perform retrosynthetic analysis exists [4, 5].

N2

O
O
>
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For the synthesis of solids, however, kinetic control and systematic
synthesis approaches have not been realized yet to the degree that exists in
organic chemistry. Solid state reactions can only occur at interfaces, which
adds significant challenges that do not exist in the reactions of discrete
molecules in a homogeneous solution.

Since powders are inherently inhomogeneous, the ratio of interface to
bulk is very low. This makes observing the processes at the interfaces, and
thus determining the reaction mechanisms, extremely challenging because
not only is the volume of interest very small, but it also neegs 4@ b
selectively probed. Moreover, the reaction is limited by diffusi \
follows the Arrhenius equation in solids:

L
_Eq
D = Dye kT (2)
where D is the diffusion coefficient, D iQusion coefficient at
io

infinite temperature, E, is the energy for diffusion, T the
temperature, and k the Boltzma nstant. D is extremely small for
solids, so very high temperatures an@ long reaction times are typically
required for solid state syn Consequently, many reaction pathways
that could lead to local i e either not available, or the product does
not remain inside ma and instead converges to the most stable

product or produc

Further ications arise when compounds with three or more

differ s are being synthesized from three or more reactants.

cegit isivery unlikely that all three reactants meet at the same interface,

i ediates need to form. These intermediates may be

odynamically more stable than the desired product, leading to a dead

end. Kinetic control in solid state synthesis is thus extremely challenging
and in many cases not possible yet.

Many approaches have been devised to overcome these drawbacks.
Most of them are focused on increasing diffusion rates by introducing a
fluid phase. One method, hydrothermal synthesis, uses aqueous solutions at
high temperatures and high vapor pressures, so crystals that are unstable at
high temperatures can be grown. While this method gave access to a wide
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variety of metastable aluminosilicates (zeolites) and phosphates,
controlling and observing the reaction is very difficult [6]. Similar
approaches using liquid metals, low temperature eutectic mixtures or
polychalcogenide fluxes provide access to new compounds, but the
reaction mechanisms are not known.

Another common approach is to use starting materials that are
structurally similar to the desired product, which can even be applied to
traditional solid state synthesis. One example of such a reaction is the
synthesis of the Zintl phases RbsNaSis and Cs;NaSis from NaaSisfan
Rb4Sis and CssSis, respectively [7, 8]. Various chimie douce m x 0
use precursors that undergo low-temperature reactio S as
intercalation/deintercalation, ion exchanges, dehydrati Sol-gel
methods and co-precipitation reactions use so 'oxh e starting
materials instead of solids [9, 10]. All ods have the

disadvantage that the selection of precursors4 either due to a lack
of structurally similar materials or @a no soluble precursors
available.

This chapter will introduce an@ther precursor-based approach, the
Modulated Elemental Re s method (MER) [11]. MER uses
compositionally modulaied, ally thin, elemental precursors prepared
with physical vapor depositi@n to control the starting local composition and
structure to incregase the total interfacial area and significantly reduce
diffusiop Ie% a result, synthesis times and temperatures are greatly
reduced n kinetically controlled reactions.

@ scription of the MER technique and the rationale behind it

i vided, followed by case studies of the Nb-Se and the Fe-Si
systehs to demonstrate how MER precursors can be used to provide
insights into the mechanisms of solid state reactions. It will further be
demonstrated that these insights can be exploited to synthesize ternary
compounds without binary intermediates (CuxMosSes) and metastable
compounds such as FeShs, and to control the crystallographic alignment of
the final structure such as in highly textured CuCr,Se, films.

The last part of this chapter will present the synthesis of the
intergrowths of main group element monochalcogenides and transition
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metal dichalcogenides with the general formula [(MX)1+s]m[(TX2)]n (M:

Sn, Pb, Bi, rare earth metal; T: transition metal; X: S, Se, Te; m, n: integer;

d < 1). Similar compounds can be synthesized as misfit layer compounds O .
using thermodynamic methods where m and n are typically limited to 1.

With the kinetic control MER offers, m, n, and the sequence of layers can \Q

be varied at will, enabling tens of thousands of these compounds to be

prepared for each M and T. First, the synthesis and structure of these

compounds will be presented, as well as the challenges these compounds “

pose to structure determination techniques. The versatility of this techqiqu

will be further demonstrated by introducing a new type, o
isomerism, and by presenting the synthesis of intergrowths
TX; alloys, and intergrowth compounds of BiSe whe% ditional
valence electron in BiSe causes interesting cha e\ structure,
namely the appearance of anti-phase boundari

THE MODULATED ENTAL REACTANTS
(MER) METHOD

Precursor SynthesistandgAnalysis

Soli‘d S Q&IS is challenged by low diffusion rates, long

diffusion , ahd small interfacial areas, requiring high temperatures
and x lon times, which makes kinetic control of the reaction
pat ery difficult. The Modulated Elemental Reactants (MER)
eth@d addresses two of these drawbacks, long diffusion paths and small
facial areas, by using compositionally modulated, layered thin film
precursors with individual layers being only a few Angstrom thick. The
individual layers are repeated a set number of times to achieve a desired
total film thickness. The repeated set of atomic layers will be referred to as
the repeating unit and its thickness, the modulation wavelength of the
precursor, as the repeat unit thickness t,¢peat-
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A representation of such a precursor is shown in Figure 3. As the
figure demonstrates, the number of atoms that are not close to an interface
is very low, which greatly reduces the need for atoms to diffuse through
the solid. Moreover, the distances an atom needs to travel to reach an
interface are only a few Angstrém, which is a very short diffusion length.
Both factors do not require a large diffusion coefficient, which should
greatly reduce reaction temperatures and reaction times, since the atoms
that need to diffuse only need to travel very short distances.
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Figure 3. Schematic repgesemtatign of an MER precursor of alternating atomic layers of
Nb and Se that reaetS to D5Ses. trepear IS the repeat unit thickness of the Nb-Se
repeating ‘unit. Qgray, Se atoms are black.
Pr @synthesized using physical vapor deposition (PVD) in a
tom-built® vacuum chamber [12]. Chalcogens and antimony are
using an effusion cell with resistive heaters whereas metals
ithgvery low vapor pressures are evaporated using electron beam guns.
Deposition rates (typically less than 1 As?) are controlled using quartz
crystal microbalances (QCMs). Shutters are used to control the elements
deposited onto the substrate. To control the thickness of the individual
layers, the shutters can be opened for a specified time or the shutters can be

controlled by the QCMs that close the shutters at a specified thickness is
achieved.
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Since the microbalances are typically situated below the substrate,
neither the product of the time the shutters are opened times the deposition
rate, nor the thickness measured with the QCMs directly, corresponds to
the thickness of the layer on the substrate. The deposition parameters thus
need to be calibrated for composition and thickness. For this, the
parameters of one element will be held constant while the parameters of
the other element are systematically varied.

The composition of the precursors can be determined using electron
probe microanalysis (EPMA) and x-ray fluorescence spectroscopy (

[13, 14]. The repeat unit thickness of the precursor can be
using X-ray diffraction (XRD) and Bragg’s law of diffr
reflectivity (XRR) can be used to determine the tgtal

precursor using a modified version of Bragg’s law: \

(n + %))1 = 2d(sin t%g (3)

where n is a positive integer, A the Wavelength, d is the total thickness of
the layer, 6 the angle betw e x-ray source and the sample, and 6, is
the critical angle of reflegti

Figure 4 shows re ive XRR patterns of a precursor with 42 Ti-
Se bilayers. Theqthickness read on the QCM for the Se layers was kept

constant, w@ thickness of the Ti layer, tr;, was systematically

increase atg ' the different samples.
e ima of the oscillations in the XRR pattern, the Kiessig fringes,
shi atically to lower 26 with increasing tr; because of an increased

otaldfilm thickness. Above 5° 26, a broad maximum with higher intensity
than the Kiessig fringes can be observed, which can be described with
Bragg’s law of diffraction. The repeating electron density that is
responsible for diffraction comes from the modulated nature of the
precursors, and the d-spacing corresponds to its repeat unit thickness

trepeat-
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log I (arb. units)

0 1 2 3 4 5 6 7 8 .
20 (°) \
Figure 4. XRR patterns for Ti-Se precursors. The Se thickne@ re QM was

kept constant at 54.9 A, and the thickness of Ti (tr;) was Vv vertical line
corr'esponds to the Bragg reflection maximum for ty; :\& set added for
clarity.

If the sticking coefficients of the eleme re constant and if
depositions are consistent, a line SN 47 should result in a linear
increase in the Ti:Se ratio and in eat- Oystematically varying t,; can
then be used as a calibrati rocedtre to find the parameters for the
desired tyepeac and the desir ursor composition. Figure 5 shows such
calibration curves. Thdlslo ow the change in the Ti:Se ratio and the
repeat unit thickemss gstrom of Ti read by the QCM. The intercept
in Figure 5b , Is the actual thickness of the Se layer in the film.

The thid efd by the QCM was 59.4 A, so only 25% of the Se

depo to the QCM is actually deposited onto the substrate,
hasizing the importance of this calibration procedure. Assuming that

e
0 excess Se is added to the precursor, tr; for a precursor for TiSe, should
1

2 a value of:
A by = = R=227R4 (4
O Ti — 2 22 - . )

This would result in a repeat unit thickness of:

S
o
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trepear = 0.103-22.7 A+ 15254 A =17.6 A (5)

—
W

—_
(=3}

—

089 TifSe = 0.022 A by, 199 4 et = 0,103ty + 15.254 A

: Se ratio

Ti

Figure 5. Calibration data for a Ti-Se precursor. The Se thicﬁnes d he quartz
crystal microbalance was kept constant at 54.9 A, and the, thigk (tr;) was
varied. (a) Composition calibration. (b) Repeat unit thickne \m ibration. The

insets show the results of the linear fits through the d

Kinetic and Thermodynamic &Iid State Reactions

The thickness of the repgatipg unit'in the precursor plays an important
role in the MER synthesi «J: NbsSes, a thermodynamically stable

compound, will be usedyto illustrate this phenomenon [15]. Figure 6a and b
show the differenial seanning calorimetry (DSC) scans of precursors with

a repea;uni@; of (a) above and (b) below 90 A. Samples for DSC
can be x depositing the precursor onto silicon wafers that are
t@. ly(methyl)methacrylate (PMMA), which is then dissolved in
ing off the precursor as a powder. The powder can be collected

iltration and transferred into the DSC sample container.

The DSC data shows two exothermal signals for both precursor types,
but they appear at different temperatures. For the precursor with thick
atomic layers, the exotherms appear at 125°C and 200°C. X-ray
diffraction, however, shows that at these temperatures, the precursor
structure is mostly preserved and the sample needs to be annealed further
to crystallize completely into NbsSes. The grain sizes are rather small with
40 nm or less. All of this is consistent with nucleation and growth along

0 10 20 30 40 0 10 20 3 40
tr(A) tri(A \
t

N2

4
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the Nb-Se interfaces. For the precursor with thin atomic layers, the DSC
data look significantly different: instead of two prominent exotherms at
low temperatures, a very broad exotherm starts at approximately 100°C

*
and lasts until about 400°C, and a sharp exotherm is present between O
550°C and 600°C. The x-ray diffraction pattern (Figure 6c) of this Q
precursor annealed at different temperatures shows that below 600°C, the
sample is amorphous, and that it is fully crystalline at 600°C.

This indicates two different reaction pathways: for precursors with \

atomic layers above a certain thickness, the critical thickness ¢164{ th
crystallites that nucleate first form at the interface and by djffusi N e
elements around them, they grow heterogeneously. Belowythe cal

thickness, the precursor becomes completely amorphg@us needs to
overcome a considerable nucleation barrier to hom N cleate and
e

grow into NbsSes. Figure 6d shows a schemati e energy of these

different reaction pathways. 0
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Figure 6. Differential scanning calorimetry data of a NbsSe4 precursor with (a) thick
and (b) thin atomic layers. (c) X-ray diffraction pattern of a NbsSe, precursor with thin
atomic layers. (d) Schematic free energy vs. reaction coordinate plot for a NbsSes
precursor with different thicknesses of atomic layers [15].
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Figure 7 provides an illustration on how the structures evolve during
that process. Using thin atomic layers, the product of the reaction thus
depends on the crystal phase that nucleates first, which is a Kkinetic
parameter. Thus, if nucleation can be controlled, kinetic control of the
reaction can be achieved.
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Figure 7. Reaction pathway for a NbsSe, precursor with thick and thin atomic layers.
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The different reaction pathways have profound consequences for the
phases that form. For thick atomic layers, the compound that forms at the
interface can be determined by the “First Phase Rule” according to Walser O *
and Bené: “The first compound nucleated in planar binary reaction couples
is the most stable congruently melting compound adjacent to the lowest Q
temperature eutectic on the bulk equilibrium phase diagram” [17]. For the
Nb-Se system, this would be NbSe; and corresponds to the first exothermal
peak in the DSC data. Due to the composition of the precursor, NbSe; then ‘\
reacts to NbsSes. However, this can only be successful wherfth

compounds are thermodynamically stable at the reaction temper r\s
The Fe-Si system provides an example for a system %I a
compound that is only stable at high temperatures, ges hematic
phase diagram in Figure 8) [18]. The “First Phase Ruled cts that the
compound that forms first is FeSi, and theyp f the reaction
depend on the overall stoichiometry of the L ilm and the reaction
temperature. If the precursor contains @l a 1:1 ratio, phase pure
FeSi will form. If the precursor ¢ S e s Si, the Si will react with
FeSi to form FeSi; until one of the cOmponents is depleted. If the precursor
contains excess Fe and if t perattre of the reaction is below 825°C,
the excess Fe will r hJFeSi to form FesSi until one of the
components is depl e@e 825°C, however, FesSiz will form first until
Fe is depleted and theyreaction stops, or until FeSi is depleted, in which
case the‘ren'@ will react with FesSis to form FesSi. These processes
are illust matically in Figure 9.
Xg thick elemental layers, synthesizing FesSis should only be
i th temperatures above 825°C. Thin layers, however, amorphize

r than components nucleate, so the first phase to crystallize cannot
@ be predicted by the First Phase Rule anymore. In general, the nucleation

energy depends on the change of free energy, the surface energy of the
growing nucleus, internal stresses, and the energy required to rearrange the
amorphous alloy to form the crystallite. While the first three terms are
guided by the First Phase Rule, the rearrangement energy depends on the
local structure of the amorphous alloy. It is reasonable to assume that the
crystallite with a composition closest to the composition of the amorphous
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alloy has the lowest rearrangement energy, so it should be possible to
control which phase nucleates by controlling the composition of the
precursor.
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Figure 8. Schematic phase diagr@e Fe-Si system [18].
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Figure 9. Schematic representation of the reaction pathways of a Fe-Si thin film
diffusion couple for different Fe-Si ratios and temperatures.
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A systematic test of this hypothesis was conducted by Novet and
Johnson by conducting a DSC analysis on multi-layer precursors with
different Fe:Si ratios [19, 20]. The main results of these experiments are O *
displayed in Table 1. For every composition, a broad exotherm could be
observed at 80°C, followed by a sharp exotherm at different temperatures Q
for different compositions, except for precursors with a Fe:Si ratio of 2:1,
which did not show an exothermal peak. The broad exotherm corresponds
to the formation of an amorphous alloy, which shows that the ‘\
amorphization reaction is independent of the sample compositiong@ndon
depends on whether the layers are below or above the critical % :
The mixing enthalpies, AHmixing, hOWever, do depend on the cOmpoSigion of
the precursor with a minimum observed at a Fe:Sh ra% . X-ray
diffraction of samples annealed above the amo % emperature

confirms that the samples are amorphous e N ealed for more
than 12 hours. Q
ata of th n

Table 1. Thermodynamic ealing of different
Fe-Si multilayers from DSE [19.] AHtormation IS taken
from the literature [2 No crystallization event occurs for
multilayers vyi J@Si ratio of 2:1 beneath 600°C

Fe:Si AHmixing crystallization  AHtotal AHformation Tonset -
. crystallization

ratio ‘kJ/ (kJ/mol/atom) (kJ/mol/atom) (kJ/mol/atom) C)
1:2 -8(1) 28(4) 30.6[21] 485
1:1 -4(0.5) 26(4) 39.3[22] 290

3 -30(4) -1(0.3) 31(4) — 455

-37(4) — 37(4) — —
-15(4) -1(0.3) 16(4) 25.8[23] 540

The exotherm corresponds to the crystallization of the crystalline
phases. X-ray diffraction shows that the phases are FeSi,, FeSi, FesSis; and
FesSi for Fe:Si ratios of 1:2, 1:1, 5:3 and 3:1, respectively. For a precursor
with an Fe:Si ratio of 2:1, no crystallization was observed below 600°C.
The crystallization enthalpies, AHcrystanization, are all very small, suggesting
that only little rearrangement is required to transition from the amorphous
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alloy to the crystalline phase. The extensive intermixing during annealing
for these very thin layers results in a total change of heat, AHua, that is
lower than the formation energies found for bulk reactions [21-23]. The
onset crystallization temperatures also depend on the composition of the
precursor and increase with increasing deviation from an equimolar Fe:Si
ratio, and are a measure for the energy required to nucleate the crystalline
phase.

The data show that the rate limiting step in the formation of
compounds with the MER method is nucleation, not diffusion, sineg th
amorphization reaction occurs spontaneously. They also canfir.
composition of the precursor determines the phase that nucle
the nucleated phase determines the final structure. T% pecially
notable for the precursors with Fe:Si ratios of 2:1 a ormer does
not crystallize at all below 600°C because rrier to form a
Fe,Si nucleus is too high. However, the t are the closest in
composition, FesSi and FesSis, do al ither even though they
have lower crystallization temp becatise the energy required to
rearrange the local structure to for nucleus of either compound is too

large due to low diffusion r solids.
In other words, th composition of the precursor deviates

from the compositionNef ajstable nucleus, the larger is the nucleation
energy. Figure 1Q(shows such a relationship for a Se-In MER precursor
that forgs I% The nucleation energy has a minimum near a Se:In
ratio of x‘ creases the further the composition deviates from this
ideal (ratioglfthe ratio deviates too far, other phases form alongside InSe: if
iLgisy 0%0r smaller, InsSe; forms, and if it is 1.12 or larger In,Se;
lizes.

The precursor with an Fe:Si ratio of 5:3 crystallizes into FesSis at
455°C, which, according to the phase diagram in Figure 8, is far below its
decomposition temperature of 825°C. In an Fe-Si diffusion couple, FesSis
should not form at these temperatures, but since the precursor has a Fe:Si
ratio of 5:3, the nucleation energy of FesSis is lower than for the other
silicides. The MER method is thus able to synthesize metastable
compounds if the energy required to nucleate them is lower than the
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energy required to rearrange the precursor and to nucleate
thermodynamically more stable compounds.
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Figure 10. Nucleation energy as a fun
parabolic fit is added as a guide for the e

The examples demonst so far only contain compounds that can
already be found in the diagram: while FesSis could be successfully
synthesized below thout decomposing into FesSi and FeSi, this

phase had alreadygbee wn to exist. It is reasonable to assume that there
are unknox% s that can nucleate easily from an amorphous
i i ich cannot be found on a given phase diagram because

astable. If one can nucleate any metastable phase by
the precursor composition and by keeping the repeat unit layer
hickmness below the critical thickness, these metastable compounds should
be accessible with the MER technique.

Compounds that crystallize in the skutterudite structure, such as
CoShs, have been of great interest due to their promising thermoelectric
properties [25-27]. The structure of CoShs consists of cubic arrangements
of cobalt where 75% of these cubes are filled with Sh, rectangles, and 25%
are empty and can be filled with other atoms (Figure 11). In CoShs, only
large electropositive cations can occupy these vacancies and typically, only
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partial occupancies site occupation factors of less than 0.25 can be
achieved [28, 29].

Filled skutterudites withgikon asthe transition metal have a larger
filling capacity due to i Iér ionic radius. FeShs skutterudites with
fully filled vacancies eXist with'a diverse range of atoms such as the alkali
metals, earth al
while these fi tterudites are thermodynamically stable, the unfilled
compou‘ iSgot}[38]. The reason for this instability is the reduction of
fram n&ec rons since iron has one valence electron less that cobalt.
Ad 'ﬂctropositive elements increases the number of electrons in the

amgwork and stabilizes the structure. Using traditional solid state

esis, unfilled iron skutterudites could only be synthesized as the

ternary compounds FegsNiosShs and FeosPdosShs, which are isoelectronic
to CoShs and thus thermodynamically stable [39, 40].

The existence of the filled FeSbs compounds suggests that FeSbs may
form a stable nucleus, and thus should be accessible using the MER
method. Annealing a precursor with a repeat layer thickness of less than 35
A and more than 75% antimony indeed forms a compound that is
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isostructural to CoShs and confirms that FeSbs could be prepared using the
MER method (Figure 12a) [41]. Precursors with a repeat unit thickness
above 35 A form FeSh, and Sb instead. Which phase nucleates also
depends on the composition of the precursor as demonstrated in Figure
12b. Below compositions of about 25% Fe, FeSb, forms exclusively
whereas above, FeSbs is the primary product of the reaction, regardless of
how much excess Sb is present. For precursors with 25% Fe, the nucleation
temperature and the phase that forms vary [42].

The lattice parameter of FeSbhs (a = 9.1763 A) is larger thap fai th
rare-earth metal filled skutterudites (9.14 A) because th i

electrons in the structure leads to an expansion of the lattice. b® (a
=9.1759 A) has a comparable lattice parameter becagse Ma t donate
as much charge as rare earth or earth alkaline meta . esShyz (a =

because of the
skutterudite that was
od is NiSbhs, which is

9.20 A) has a larger lattice parameter than
large size of the Ba?* ion [30-37]. Another an
successfully synthesized using th W
isostructural to CoShbs as well [43

Both compounds are metastableSand decompose into FeSh, and Sh at
360°C, and into NiSh, and 250°C, respectively. These temperatures
are significantly lower peratures used in traditional solid state
synthesis methods a@plain why these compounds cannot be
synthesized usi@ onal methods. On the other hand, the
amorphjzati the MER method decreases the nucleation energy for
FeShs an o0 they can be crystallized at temperatures that are below

eir @ecompesition temperatures.

analogous to kinetic and thermodynamic control in organic
ns (see Figure 2a): in the amorphous precursor, the formation of the
@ skutterudite nucleus has a AG* smaller than the disproportionation reaction

even though the latter has a larger AG®. By keeping the temperature above
the nucleation temperature and below the decomposition temperature, the
kinetically controlled reaction path and not the thermodynamically
controlled path is followed. The MER technique is thus a method to
achieve kinetic control in solid state reactions.
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Figure 12. (a) XRD pattern of FeShs synthesized by the MER method. T % is
C

For mixtures, the open and closed triangles display the nuélea atures of
FeSh, and FeShs, respectively [41].

Synthesis of Ternary Compounds with wl Method

In this chapter, the MER meth so far only been demonstrated on
the synthesis of binary compounds. Sernary compounds pose additional
challenges, which will be trated with the synthesis of CuxMoeSes.
In traditional solid st is, CuxMoeSes is synthesized from the
elements or from nd CuSe at 1200°C [44, 45]. As Figure 13

demonstrates, i aces$ predominantly consist of only two components.
Each interf il[®behave like diffusion couples and crystallize in a
simil in Figure 9, so the first phases to form are the binary
s% > and CuxxSe. Over time, MoSe, and Cu,xSe will react at
med interfaces and nucleate CuxMosSes, but MoSe; also reacts

the remaining Mo to form MosSes. For a complete reaction to
CuzMoeSes, MosSes must react with other Cu-containing intermediates to
finally form CuzMoeSes. Since the interfacial area compared to the bulk
volume is small and diffusion is slow, the entire synthesis takes multiple
days. Another drawback is that this reaction only works if the final product
is thermodynamically more stable than the mixture of binary intermediates.

If an intermediate mixture is more stable, the ternary compound will not
form.
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MoSe,

Q-

a 1200 °C
—

’ ' hours

Figure 13. Cartoon of the processes during synthesis of Cu,MosSes from thgele
using classic solid state synthesis techniques.

The repeating unit of an MER precursor would consist 0 XSe
opper in

multilayer. In this case, however, the high diffusigp r%

selenium leads to copper diffusing into the Se laye egiperature so
that the precursor actually consists of multilaye %bdenum and an
amorphous copper-selenium alloy [46].

Depending on the chosen Mo laye t@, wo different behaviors
can be found. Above 12 A, Ma§ m the interface first. These
MoSe; layers are crystallographical§{ aligned along the c-axis so that in
specular diffraction patter ly 001 reflections can be found. This
intermediate reacts wit ning copper, molybdenum and selenium
at 1200°C to CuxMoeS€g. The precursor forms an amorphous ternary alloy
at low temperatuggs, er, when the thickness of the Mo layer is kept
at12 A or b all reflections can already be found below 170°C that
grow inqinténsity and become sharper with higher temperatures.

Nlly crystallizes at 912°C without forming MoSe; as a binary

iate [46].
erdiffusion plays an important role in the formation of the
rphous intermediate since MoSe; interfacially nucleates at
@ temperatures as low as 200°C [47]. Forming a ternary molybdenum
selenide would thus require rapid interdiffusion of the third component
with the selenium layer. Elements that only poorly diffuse through
selenium such as nickel cannot prevent the formation of interfacial MoSe;,
and thus will not form an amorphous alloy. Instead, MoSe; will nucleate
and nickel will then diffuse into the dichalcogenide to form NixMoSe; [48].

L 2
1200 °C Cu-Mo.S
1 week U2 V1065 Q
Cu,Mo.Seg

4

Cu,,Se
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Investigations on MER precursors of the composition MxMoo 75Se1 (M
= Cu, In, Zn) showed very different behaviors for different metals and
concentrations of the third component [48]. Samples with copper, which O *
has a higher diffusion rate through selenium than the other metals,
crystallized MoSe; for x < 0.31 and nanocrystalline CuxMosSes for higher Q
concentrations above 250°C. At higher temperatures, MoSe, forms which
then reacts to the Chevrel phase at 850°C. The higher the copper
concentration is the more depressed is the formation of the dichalcogenide. 4
Indium also diffuses rapidly through selenium and can prevent MaSexfro
crystallizing when x > 0.36 to form an amorphous intermedi N‘ .
Annealing the intermediate between 600 and 700°C results\in “the
formation of In33Mo1sSeiq. Zinc was only tested fog x ,ut could
prevent the formation of MoSe; in all cases. It fo SX el phase at
800°C, but MoSe; forms simultaneously as a secemehp

The general trend is that the higher th ation of the ternary
metal is the higher is the nucleationgte @ of interfacial MoSe,. In
order to form MoSe;, the precursd @ S to'Ye@rrange in a way that expels
the third component from the MoSezWucleus. The higher the concentration
of the ternary component, t re energy needs to be expended for this
rearrangement. Once t ncentration of the third component is
below a critical ¢ @\ MoSe; can form interfacially. This also
explains why in €0me\eases, such as in the zinc system, the formation of
MoSe; gann@ ented: as the Chevrel phase forms, the precursor will

become ly Zn-poor until it reaches the critical composition.
hed th ¢ concentration decreases further, MoSe, crystallites can
f e cases, the nucleation barrier to form the ternary compound is

00 high and MoSe; forms regardless such as for Sn-Mo-Se precursors,
which only form the Chevrel phase at 1250°C in a thermodynamically
controlled reaction [48].

The challenge in the MER synthesis has thus shifted from preventing
the binary compound that is thermodynamically more stable to form to
preventing the binary compound that nucleates more easily to form. One
way to achieve this is to use components that need higher nucleation
temperatures to form binary compounds or that interdiffuse at temperatures
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lower than the crystallization temperature of the binary compounds. The
FeSh; skutterudite system is such a system where interdiffusion occurs
more rapidly than crystallization. Many metastable filled FeSbs
skutterudites have been synthesized with the MER method, many of which
have not been accessible with classic solid state synthesis routes [41, 49,
50]. Their lattice parameters, and crystallization and decomposition
temperatures are shown in Table 2. The effect that a ternary atom delays
crystallization can be seen with this system as well except for InyFesShio,
which is likely due to indium’s high diffusion rates. In most easesl th
FeSb; lattice is also stabilized by the additional constitue X e
decomposition temperatures of the ternary skutterudites are highe of

FeShs. * 6
Table 2. Lattice parameter a, crystallizati \re T ryst, and
decomposition temperature T gecomp Of ( filled metastable

0 r
MxFesSbi, with the skutterudi n@%sm was added for
comparison. No lattice para as published for YxFesSbi,

M a (A) Tcryst (°C) Tdecomp (°C)
Al 9.1 177 494
Ga 1 181 362
In @(1) 146 463
Zn o @ 72(1) 161 416
Sn 9.186(1) 160 484
Y \ — 205 550
9.17(1) 240 400
a 9.1957(8) 210 535
bs 9.1762(3) 145 360

@ Another strategy to change the crystallization behavior is to change the
layering sequence of the three constituents to avoid interfaces that could
crystallize undesired phases. CuCr,Se, is a ferromagnetic spinel that can be
synthesized with the MER technique, but the precursor structure is
important to avoid the formation of binary compounds [51]. As discussed
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earlier, copper diffuses into selenium layers at room temperature, so an
MER precursor with the sequence Cr-Se-Cu-Cr-Se will rapidly nucleate
CuzxSe (0 < x < 1). Upon annealing at higher temperatures, more Cu-Se
binaries form before reacting with the remaining chromium and selenium
to CuCr,Ses at 600°C. Chromium obviously diffuses much slower through
selenium than copper, which prevents the formation of a homogeneous
amorphous intermediate. However, using the layering sequence Se-Cr-Cu-
Cr-Se leads to the formation of an amorphous intermediate that crystallizes
to CuCrySes at 400°C in Se vapor without binary compaun
intermediates. The chromium layers act as a diffusion barrier r r
and can thus prevent the formation of amorphous Cu-

crystallize to Cu..«Se at room temperature.

The thin films exhibit strong crystallographic s indicated
by x-ray diffraction and precession electron di D) experiments
[52]. The specular (“out-of-plane”) diffr d@l‘[ems (Figure 14a)
contain only (hhh) reflections, shqwwi at (111) planes must be
parallel to the substrate. The i reflections decrease with
annealing time, indicating that the cfystallographic alignment is a Kinetic
effect. The off-specular (“in, ) diffraction patterns (Figure 14b) show
the same trend in i s Jand contain only the reflections that
correspond to plan @dicular to the (111) planes for the sample

annealed for 24 410u = 220, 311, 440, 622). For longer annealing

times, the ( tion appears in the in-plane pattern, showing that the
degree o raphic alignment is decreased.

e PEDyimage of a sample annealed for 24 h (Figure 14c) shows that
t ity of the crystallites are oriented along the <111> directions. The

oledfigures confirm that most lattice planes along the z-axis are <111>-
oriented whereas they are disordered within the xy-plane. The mild
reaction conditions promote this crystallographic alignment since
nucleation and subsequent Ostwald ripening are likely the driving forces in
the formation of the crystal. The growing nuclei will try to minimize their
surface energy, and for CuCr,Ses, the surface with the lowest surface
energy is along the (111) plane [53].



60 Marco Esters and David C. Johnson

40, 24h
(a) 10% % 48 h
: S ——9h
107y = g o T
107 = 1 “ £« 3
= ‘ & <
= 10°L \ 8 ’L
£ 108 T —
= iy pay
o 10 ! Q) |
S [S——
- (111) X
10° Cu,Se {
10’ ‘ %

8000+

—~~
O
N
N
<
(440)
(222)
/ .

——24h 8005 i)
48h vl N

400 ot agiil

6000 9% h prz e < .
29 30 3 6
4000 \\

s
2000{ §

| (counts)

QSpecular (@) and in-plane (b) x-ray diffraction, and precession electron
iffration (c) on CuCr.,Se; films annealed in Se vapor for 24 h, 48 h, and 96 h. Offsets

added in the specular XRD pattern for clarity. The asterisk in the in-plane XRD is

a Si substrate reflection. For PED, the samples were aligned so that the z-axis is
A perpendicular to the substrate surface.

Showing preferred orientation is not unique to spinels. The preferred

orientation of MoSe; was briefly mentioned while discussing the synthesis

of CuxMoeSes. Other transition metal dichalcogenides (TMDs) such as
TiSe,;, VSe,, and TaSe, show the same behavior [54, 55]. The specular
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XRD pattern of TiSe, synthesized using the MER method is shown in
Figure 15a and is representative of the other aforementioned TMDs. Only
four reflections are visible, which can be indexed as (00I). The sample thus
shows strong texture with crystallographic alignment along the c-axis.
Cross section transmission electron microscopy (TEM, Figure 15b) reveals
that inside the ab-plane, different TMDs exhibit different degree of long-
range order. Whereas VSe;, which crystallizes in the 1T structure, shows a
high degree of order, TaSe;, which crystallizes in the 3R structure, is
strongly disordered in the plane, similar to CuCr,Ses. This suggests that
structure that has only one TMD layer inside its unit cell exhibi
whereas the TMDs with multiple layers inside the unit cell e
along the c-axis, so-called turbostratic disorder. This s at each
TMD monolayer nucleates independently even whe e& are present
than the thermodynamically more stable structur In other words,
it should be possible to synthesize heterostr G@th TMD monolayers
even when the 1T-structure is not the odynamically stable structure.
These types of heterostructures, ayersgompounds and ferecrystals,
will be discussed in the remainder of¥this chapter.

Figure 15. (a) Specular XRD pattern of TiSe; films. Reprinted from ref. [54]. (b) TEM
cross sections of VVSe; and TaSe; films. Reprinted from ref. [55].
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Summary — The Modulated Elemental Reactants (MER) Method

The Modulated Elemental Reactants (MER) method was presented as a
technique to achieve kinetic control in solid state reactions. It uses a
compositionally modulated precursor that consists of atomically thin
elemental layers which are synthesized using physical vapor deposition.
The deposition parameters need to be calibrated for composition and repeat
unit thickness.

Below a critical thickness, these layers interdiffuse rapidly texfomm a
amorphous alloy, which changes the reaction Kkineticg f &ﬂ
diffusion-limited to being nucleation-limited. The final p% us
controlled by the phase that nucleates quicker and nat b% e that is
thermodynamically more stable, i.e., the final pro c&h controlled
with the composition of the precursor. This kiget ol’has enabled the
synthesis of known compounds at lowerqtemperatures and of new,
metastable compounds like FeShsz wij wuite structure.

The synthesis of ternary com is e complex and depends on

the diffusivity of all three elements. I one element diffuses slower than a
binary compound can inter@v nucleate, the amorphous intermediate

cannot form. The amo infermediate can be formed with elements
that diffuse rapidly,int@ Sé) such as Cu or In, or by using the slower
elements as diﬁu@ners as in the synthesis of CuCr;Ses.
Findly,@ﬂ nthesized by the MER method show preferred
orientatio y cases, specifically in CuCr,Ses, which is oriented
ng! the 1> axes, and transition metal dichalcogenides, which are
long the c-axis. Inside the ab-plane, they are often
urhestratically disordered, which suggests independent nucleation of

monolayers. This independent nucleation can potentially be used to
synthesize crystallographically aligned heterostructures.
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FERECRYSTALS — HETEROSTRUCTURES WITH
DESIGNED NANOARCHITECTURE

Synthesis of Ferecrystals

Ferecrystals (from the Latin fere: “almost™) are heterostructures that
belong to the family of Misfit Layer Compoulds (MLCs). MLCs are

layered structures that are synthesized directly from the elemgntsQ
crystals are of them are grown using vapor transport methods. Theyqconsist

of slabs of two subunits that are alternating along the c-ax n
Figure 16a. One subunit consists of an MX bilayer ‘M %w Sh,
rare earth; X = S, Se) in a pseudo-tetragonal stgucture? atoms are
ordered in a NaCl-like arrangement in the ab-pl \x\ M atoms are
distorted to the outside (Figure 16b). The ot nit is a trilayer that
consists of a transition metal dichalcogeni (Figure 16c). These
subunits are aligned such that thg tt ctors are parallel to each

other. To achieve this, the lattice vegfors along the b-axes of the subunits
e vector. The TX; lattice now needs

distort, giving rise to a commgg b-latti
to be described as an o&j@t lattice with a = arx, and b = \/§aTX2
p

where ary, is the lattice parameter of the hexagonal TX: lattice (Figure
16d).

Singe a@ -axis lattice parameter of the MX subunit, and ary,

are of zes, this alignment creates a lattice mismatch, which

uikes Xsubunit to be in excess, resulting in a general formula of

+8PX,. The parameter 1+9, the misfit parameter, describes the excess

f that is needed to accommodate this lattice mismatch. It can be
calculated as:

P be 2
Vv, a c a
1+6=M0 = T~ T (6)
Zrx,  2ayxbc Amx
Vrx,
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where Z; represents the number of formula units in each subsystem, and V;
represents the volumes of each subsystem in the crystal. ¢ represents the c-
axis lattice parameter of the repeating unit of the MLC and b is lattice
parameter of the common in-plane axis of both constituents. The misfit
parameter thus describes the ratio of cation densities between both
subsystems and typically assumes a value between 1.07 and 1.28.
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Figure 16y (a) Q misfit layered compound (MLC) viewed along the b-axis.

(b) The un e MX subunit with its lattice parameters a,x and b. M atoms are
gray, 0 re black. (c) The structure of the TX; subunit. T atoms are white, X
s\are black. (d) The transformation of the TX; structure into the MLC unit cell

e Tattice parameters ary, and b = V3ary,.

LCs have a variety of electrical, magnetic, and superconducting
properties, depending on the metals that are used. The structures and
properties have been extensively reviewed by Wiegers and the interested
reader is referred to ref. [56]. In Figure 16a, the structure shows alternating
MX bilayers and TX; layers. However, since TX; layers have no dangling
bonds and MX bilayers are stable in MLCs, it is reasonable to assume that
a repeating unit consisting of more than one TX; layer or MX bilayer
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might be stable, or at least be in a local minimum in free energy. The
formula for a misfit layered compound would thus need to be rewritten as
[(MX)1:+5]m[TX2]n. For each integer m and n, the energy of such a misfit
layered compound should lie inside a local minimum as shown in Figure
17. Using kinetic control, the synthesis of MLCs with arbitrary m and n
should be possible. Since MLCs are synthesized using vapor transport
methods, only the thermodynamically stable product is accessible, which
in most cases is m = n = 1 — only a few cases are known where m = 2, and
n=2,3. *

Energy

Figure 17, Hy, icalyenergy hypersurface as a function of the number of subunits in

a MLC repeat nit/m and n.
I tEXevious section, it was demonstrated that by depositing a
ecursor with atomically thin elemental layers, the Modulated
leggental Reactants (MER) method can access local minima if the
precursor composition is close to the composition of the desired phase.
Figure 18 shows the rationale for MER precursors to form
[(MX)1+5]m[TX2]n: M-X and T-X layers are deposited m and n times to
form the repeating unit. To ensure that only the desired number of layers
form in the final compound, the thicknesses of these layers need to be
carefully controlled to contain approximately the number of atoms required
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to form the desired subunit, which typically corresponds to a thickness of

around 6 A.

35 3
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Figure 18. Schematic of MER precursors that react to [(MX)1+5]m[TX2]s with m =1, 2

andn=1, 2.
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The calibration procedure outlined for binary compounds is
complicated by two factors. First, the repeat unit thickness is comprised of
the thickness of both subunits, so x-ray diffraction on the precursor cannot O *
resolve the individual thicknesses of the M-X and T-X layers. Second,
determining the composition of the precursor cannot resolve the Q
composition of the individual M-X and T-X layers. In order to determine
the thickness and composition of individual layers, a more elaborate
procedure needs to be developed. ‘\
The repeat unit thickness d is comprised of m layers of M¢X afid

layers T-X with the corresponding thicknesses d,;_x and dr_x: \
d=m-dy_x+n-drx "o: (7)
This can be rearranged to: Q\\

d
—=d (8)
m
d
m-x +dr_x )
To determi ickness of the individual layers, a series of

against a straight line, and a linear fit provides dr_x from the

slop & x from the intercept, and vice versa for a plot of d/n against

m/n. , the results extracted from the slopes should be within error of

e results from the intercepts. Deviations from linearity or significant

rences point to inconsistencies between depositions. Figure 19 shows

@ an example for a V-Se-Sn-Se precursor. While the V-Se thickness is close
A to the desired thickness, the Sn-Se thickness is too large and needs to be

scaled down.

precursors v@ ing m and n needs to be deposited. Plotting d/m
d
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Figure 19. Thickness calibration for the M-X and T-X layers in_an L\

precursor. A linear fit through (a) yields d,_y = 6.77 + 0.02 A an
0.01 A and a linear fit through (b) yields dy,_x = 6.75 + 0.02 A
*

the chalcogen is present in both the T-X an yer. The general
formula of the precursor can he it [(MX)yIm[TX:]n or

0.01A.
Determining the composition also requir%\amples because
Ll

X+ — (10)

== (1)
at% T n
&
\ at-% X mxy +nz mxy
= = 12
0 at% T n z+ n (12)
quations 10 and 12 can be rearranged to:

@ mat-%X m z
=;x+— (13)

n at% M

O y
n at-%X n

=— 14
m at% T mz+xy (14)
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These equations allow the direct determination of x, y, and z from the
slopes of linear plots resulting from Equations 11, 13, and 14 as is shown
in Figure 20. Using y = 1.19(1) from Figure 20b, x and z can be
additionally determined using the intercepts of the plots from Equations 13
and 14. In the case shown in Figure 20, x can be determined as 1.16(1)
from the slope and 1.17(2) from the intercept, and z is found to 2.05(1) and
2.06(2), respectively. x and z should be 1 and 2, respectively, although
some excess of the chalcogens is often added to account for evaporation
loss during annealing. The determined values are thus close to the degire
values. The ideal value for y is unknown, but can be_estj
calculating the misfit parameter using the in-plane lattice parameters,oPthe
bulk forms of TX> and rock salt MX. For VSe, and Sns%z 3354

X

and as,s. = 5.99 A, which results in an ideal y va \ , suggesting
that the determined y value is too high. istent with the
determined Sn-Se layer thickness. For futu ions, the deposition
parameters for the Sn and the Se f@d after the Sn layer both
need to be decreased.

Once the precursor with the desiréd composition and layer thicknesses
is prepared, an annealing s@ performed to monitor the evolution of
the superlattice usin x-ray diffraction (Figure 21a). The
as deposited samp @\arp Bragg reflections at about 6° and 12° 26
from the repeat thiekness of the MER precursor, and broad reflections
at about 1 © 26. The broad reflections sharpen and grow in

intensi ealing. Annealing the precursor at 100°C for 20 minutes
a nifrog@n ‘atmosphere (po, < 0.6 ppm) results in a shift of the reflection

0 higher 20 and a decrease in intensity while the reflection at 12°

letely vanishes. The reflections sharpen and grow in intensity when
annealing to 200°C, and new reflections appear. At higher temperatures,
the reflections gain more in intensity, sharpen further and shift to higher 26
values, which shows that the c-lattice parameter of the superlattice shrinks
as the crystallites grow. At 400°C, the reflections are sharpest and most
intense. Annealing above this temperature results in the decomposition of
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Figure 20. Composition calibration plots with linear fits. x can be determined from the
slope of (a) and the intersect of (c), y can be determined from the slope of (b), and z
can be determined from the slope of (a) and the intersect of (c). The insets show the
results of the linear fits through the data.

the compound. The reflections can be indexed to (00I) indices with the
(006) reflection being absent, suggesting that the compound is highly

N2
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textured with crystallographic alignment along the c-axis. From these
reflections, a lattice parameter of ¢ = 12.03 A can be determined, which is

close to what is expected for [(SnSe)1+5]1[VSez]s.

(a) - g 5 § & g b - o
i_j' E A\ S g 2 210000k B
“w H 170000F
= A : 00 °C
g I N .
a : 300 °C g
—,; : 2 0000 N
~ | 200°C E o0
: RS
0 20 30 40 50 & oo
20 (0) & 12 18

Figure 21. (a) XRD diffraction pattern of an an all
[(SnSe)1+5]1[VSez]1. Reflections denoted with an as

The dashed line is a guide for the eye of the 26
[(SnSe)1:5]1[VSes]. (b) Rietveld refinemen hédiff i
[57].

S x a precursor for
to the Si substrate.

the (004) reflection of
pattern annealed at 400°C

The structure along the c-axis cambe further determined using Rietveld
refinement, which is challe due to the strong preferred orientation of
the film. The in-plane r@rameters a and b are required for the
refinement, but c a ct the diffraction pattern since only (00I)
reflections are vi he solution to this problem is to keep these lattice
parameers very small (< 0.1 A) and use the coordinates (0, 0, z)
for eac at each atom represents a plane of atoms. This is only

ssifile i ments of different types have different z-coordinates, which

for [(SnSe)1+s]1[VSez]: due to the distortion in the SnSe lattice

ndghe layered structure of VSe; (see Figure 16b and Figure 16c). The

results of the Rietveld refinement on [(SnSe)i+s]:[VSez]: are shown in

Figure 21b, and confirm that the compound is layered like a misfit layer

compound. They also show the distortion in the SnSe subsystem that is
found in misfit layer compounds [57].

The layering of the compound can be directly observed using
transmission electron microscopy (TEM) or high-angle annular dark-field
detector scanning tunneling electron microscopy (HAADF-STEM). A

N2
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cross section HAADF-STEM image of [(SnSe)i:+s]:[VSez]: is shown in
Figure 22a. The image shows layers of alternating darker and brighter
contrasts, which shows that the compound is highly oriented along the c-
axis. Since the brightness depends on the atomic number, the bright layers
belong to SnSe and the darker layers to VSe,. The image shows that the
compound has the layering sequence that was expected from the precursor.
However, different crystal faces can be observed along the viewing
direction, which suggests that the SnSe and VSe; layers are not aligned
along the a-axis as they would be in a traditional misfit layer campelind;
but display random orientation in the ab-plane instead., T x

diffraction pattern in Figure 22b confirms this random ori% ile
the (00I) direction shows bright and discrete maxima, t% irection
shows extensive streaking of low intensity, which S coherence
lengths parallel to the c-axis, but very short Iengths along any
other directions outside the ab-plane [58]. Wi stratic disorder and
the resulting short coherence length MLCs synthesized by
the MER method from MLCs s vapor transport methods,
giving rise to a new class of rials called ferecrystals (“almost

crystals”™). @

A,

o
.
°
.
-
.
*
S

Figure 22. (a) HAADF-STEM images of [(SnSe)i:s]i[VSez]: with different
crystallographic orientations highlighted in the inset [75]. (b) Electron diffraction
pattern image of a crossection of [(SnSe)1:s]1[VSez]:. The diffraction maxima of the
silicon substrate are circled blue [58].
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The turbostratic disorder also leads to the structure being
incommensurate along the b-axis, i.e., there is no common b-lattice
parameter compared to misfit layer compounds. For ferecrystals, a more
general definition of the misfit parameter needs to be used:

ZMX
VMX _ zﬁa%xz

146 = =
ZTXz amxbux

VTX2 ‘ Q
The determination of the in-plane lattice parameters, , x d

ecrystals, & is
[VSeg]l.

by x Will be discussed later in this chapter. For SnSe—¥Se
0.15, so the chemical formula needs to be written a _

Ferecrystals have been synthesized with, numer ements. Ti, V,
Nb, Mo, Ta, and W have been successfully ine @ as the transition
metals, and La, Ce, Sn, Pb, and Bi as_the gnetaljin$fie rock salt component
(see periodic table in Figure 23) . ate, many more rare earth
metals have been used for MLCs pared to ferecrystals because these

metals oxidize rapidly and agesthus difficult to deposit consistently. While
MLCs are mostly sulfid @Iy few selenides, ferecrystals have been
almost exclusively sy@ as selenides [56, 72, 73]. There are no
ferecrystalline I because the controlled physical vapor
deposition ically thin sulfur layers is very challenging. With
[(PbTe): |n, ferecrystalline tellurides have been synthesized as

well, ghic not exist as MLCs yet [74].
is_approach can be generalized to other values of m and n. It was

pothesized earlier that any ferecrystal with integer m and n can be
esized if the thicknesses and compositions of the individual layers are
close to such a ferecrystal (see Figure 17 and Figure 18). Figure 24 shows
the results of the Rietveld refinement of [(SnSe)115]m[VSe:]n for a variety
of m and n, and HAADF-STEM images for [(SnSe).1s]:[VSe:]s and
[(SnSe)1.15]5[VSez]:, which demonstrate that a variety of layering
sequences is possible [75, 76]. This is true for many other ferecrystals as
well where values for m and n of up to 32 have been reached [77].

S
t
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H He
- 0 in MLCs

Li | Be E in ferecrystals Bl CI N O|F | Ne
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Figure 23. Elements in the periodic table that are found in misfit laye a

ferecrystals.
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Figure 24. Results of the Rietveld refinements for [(SnSe)1.1s]m[VSe2ln (M =1, n=1 -
3;and m=1-3, n=1), and HAADF-STEM images for [(SnSe)1.1s]:[VSe;]s and
[(SnSe)1.15]5[VSe2]1 [75, 76, 57].
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The figure also shows that the inter-planar distances are sensitive to m
and n. The least sensitive are the distances between V and Se planes in the
VSe; trilayers. With increasing n, the distances vary only by a few O .
hundredths of an Angstrém. For n > 1, the trilayers adjacent to a SnSe
bilayer show small distortions where the distance between the V-planes Q
and the Se-planes at the interface to the SnSe bilayer is 0.02 — 0.03 A
larger than the distance between the V-planes and the the Se-planes at the
interface to another VSe, trilayer. This can be attributed to different ‘\
interactions between the SnSe layers and a VSe; layer than betweeaftw
VSe; layers: the SnSe-VSe; interaction is dominated by char t\r :
and the VSe»-VSe; interaction is mostly due to van-der-Wa%. he
layers for odd n (including n = 1) that are in the cegter glo ow this
distortion because of their symmetric environment. ] es between
VSe; trilayers are independent of n and equalqtos2%88 . For increasing
m, the inter-planar distances in the VSe; tri not change when m
increases from 1 to 2, but signific by 0.1 A when m is
increased to 3. This can be attrib cr d charge transfer, which is
known to “flatten” the VSe, latti i.e., to decrease the c-axis lattice
parameter while increasing planelattice parameters [78].

The distances in th subunit are very sensitive especially to m.
The distances between the Sg and the Sn planes show the same asymmetry
as the planes in the V8¢, trilayers: the planes adjacent to a VSe; trilayer
show agarg® jon than the planes adjacent to another SnSe bilayer
whereas rs in the center show a symmetric distortion. However,
in co rasXVSez, the distances change with m and n. When increasing n
fr , the distances between the Se and Sn planes decrease by 0.2 A,

ut_ificrease again from 0.13 A to 0.19 A when n is increased to 3. For
increasing m, the distances increase significantly, which can also be
attributed to increased charge transfer between SnSe and VSe; layers for
increasing SnSe thickness. The distances between Sn-planes in the SnSe
bilayer adjacent to VSe; trilayers show the opposite trend for increasing n,
and increase by the same amount the distances between the Se and Sn
planes decrease, which points to a strong correlation between these planes.
For increasing m, the distances between Sn layers decrease systematically,
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but not, in contrast to increasing n, by the same amount as the distances
between Se and Sn layers decrease. For m = 3, the distances between
planes in the central SnSe bilayer are close to the distances in bulk SnSe
with the TII structure, suggesting that the interactions with VVSe, are the
cause for the structural distortions in SnSe [79]. This also explains why the
distances between planes change drastically when m, n # 1. The distances
between SnSe bilayers decrease with increasing m.

The distances between the VVSe; and SnSe subunits vary depending on
m and n. Increasing n above 1 leads to an increase in the distancepbetee
the outer Se layers of the subunits by 0.1 A, and decreases by onl
hundredth of an Angstrém for n = 3. For m, the distance dec% 7 A
and then increases by only 0.03 A when going from @ = 2 and 3.
This suggests that the interactions between the layers, al gnificantly
different for [(SnSe)1.15]m[VSe2]» when m = n her values of m
and n. The effect of this confinement c be observed in the
temperature dependent resistivity, Snhich
electrical resistivity below 110 K @ bévs
wave transition. The magnitude OR this increase is suppressed with
increasing n, but increased increasing m, showing that the layering
sequence also has syst effects on the electronic properties of the
ferecrystal [75, 76].

Ferecrystals@ show different distortions for the MX layer.
Figure 25 s}% distances between the Pb layers in the PbSe subunit
for a seri Se)1+s]m[MoSe2]» ferecrystals with m = n as determined

and the distances of the Pb planes between bilayers (diner). The

TEM [63]. With 0.5 A, the m = n = 2 compound shows a
I ence between the distances of the Pb planes within a bilayer
din
I

1o

stances are also shorter than for a ferecrystal with m = n = 1. This
difference shrinks with increasing m and n as the bilayers move closer
together (diner decreases) while the individual bilayers expand (dinwa
increases), both in a linear fashion until m = n =4, At m = n = 5, both
distances are the same at 3.2 A, i.e., the PbSe unit consists of ten equally
spaced PbSe layers, which is a very different behavior compared to SnSe.

N2
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Figure 25. Distances between Pb layers in the PbSe subunit of [(PbSe n
[

= n). dinra i the distance within a PbSe bilayer, diner is the distance\b the
bilayers. The horizontal line in the plot is the distance betweeath@ form=n
=1. \

The In-Plane Structure of Ferecrystals \

%p ic alignment in the ab-
eaCl” individual layer is fully

the structure of ferecrystals, the in-
terest as the structure along the c-axis.
trong preferred orientation along the
ectiongishould appear in an in-plane XRD pattern. As
ur 6 shows the in-plane XRD pattern of
1:®Due to the turbostratic disorder, both constituents
ntly. This is a great advantage because the individual
then be extracted independently, but on the other hand, there

Even though ferecrystals show
plane, the STEM images sho
crystalline. To get a complete picture
plane structure is of as m
Since the ferecrystals
c-axis, only (hkO) r.
an example,

Historically, the in-plane structures of the subunits in misfit layer
compounds were treated as quasi two-dimensional (001) slabs of the
transition metal dichalcogenide and NaCl bulk structures [56, 80]. Bulk
TiSe, crystallizes in the Cdl, structure (space group: P3m1, no. 164) and
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Figure 26. In-plane diffraction pattern of [(PbSe) 1 »]1. The black indices

belong to the PbSe, the gray indices to the TiSe, subu

the (hk0) indices of P3m1 fit ve to diffraction pattern. The in-
plane lattice parameters can now calculated using the relationships
between the d-spacing and attice parameters for hexagonal lattices
with | = 0:

1  4h%2+k?

423 42 (16)
. @ d* 3 afy,
% e r\lning reflections can be indexed for a cubic structure and can

ted using the relationship between the d-spacing and the lattice
eter for cubic lattices with | = 0:

1 _hz+k2

2 2
d Ayx

17)

This results in an a-axis lattice parameter of 3.552(7) A for TiSe,, and
of 6.133(3) A for PbSe. The error for TiSe; is much higher because there
are fewer reflections for this constituent, and many of them also overlap
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with the reflections of PbSe. Using Equation 15, the misfit parameter 1 + &
calculates to 1.16. A summary of misfit parameters for different
ferecrystals along with the values for the corresponding MLC (where
available) is given in Table 3.

This interpretation, however, is problematic because in the NaCl
structure (space group: Fm3m, no. 225), the (110) and the (310) reflection
are extinct. To explain these reflections, it was proposed to collapse the
structure into the plane group p4gm, which changes the diffraction
conditions to h + k = 2n (n: integer), which is fulfilled by the @10)fan
(310) reflections as well [81]. However, the PbSe bilayer consi f
these layers where the atoms have the in- plane coordinates

G —) for one layer, and ( )and for the r ultsin a
structure factor for the (110) reflection of \\

@‘ z]:o (18)

where f is the atomic form factor of elther Pb or Se. The structure factor of
the (310) reflection becom as well, so using the p4gm plane group
cannot explain the refl er. One way to get a non-zero structure

factor is to shift o 6 er with respect to the other layer by (Ax, Ay),

which results

O 1+ eZm 2 2 2711(Ax+ +Ay) n eZm( +Ax+Ay)] (19a)
f sin?[m(Ax + Ay)] (19b)

This structure factor is only zero when Ax + Ay is an integer, i.e., for
any deviation from the high symmetry rock salt positions, the structure
factor has a non-zero value. The question is why such a shift would occur
and why it would not occur in misfit layer compounds where the (110) and
(310) reflections are absent. In ferecrystals, the in-plane structures are
completely incommensurate in different layers, which results in
turbostratic disorder. This disorder causes each atom to be in a slightly



80 Marco Esters and David C. Johnson

different environment, and thus to experience different interactions with
the adjacent dichalcogenide layer. These inhomogeneous forces could lead
to a small in-plane distortion with a distribution of Ax and Ay values. This
would be consistent with the (110) and (310) reflections being much
smaller in intensity and broader than the others. Misfit-layer compounds
with its commensurate b-axis exhibit much longer range order compared to
ferecrystals and thus do not exhibit these in-plane distortions. However,
there is no experimental probe yet that could confirm the existence and the
magnitude of this shift. The shifts would be too small to be resolv
microscopy techniques, and a model for Rietveld refinement \
plane structure has not yet been found.

Table 3. Values for 1+ for [(MSe)w.s].[TSes r\ b, Bi)
for different transition metals T. The Vi quivalent
MLC is given in parentheses if avai alues with
an asterisk are taken from Sez]. MLC [81]

Bi
1.15 (1.13%)

114 (1.16%)

Ti 12

v 1.15 @ 1.12 112

Nb 1.16(1.16 1.14 (1.10) 1.11 (1.10)

Mo 0.99 —

Ta 1.1 — — (1.09)
0.99 —

\ in-plane lattice for PbSe in ferecrystals is square, it is not
the case for SnSe and BiSe. Figure 27a compares the in-plane
RDVpatterns for different [(MSe)1+5]1[TiSez]: compounds near the (200)
and (220) reflections for PbSe. For SnSe, the (200) reflection splits, which
suggest that the basal plane is rectangular instead of square, so the
reflections can be indexed as (200) and (002). For BiSe, there is no
splitting near the (200) reflection, but there is splitting near the (220)
reflection instead. This suggests that BiSe crystallizes in a different
structure with a smaller unit cell and strong rectangular distortion. The
reflections can be indexed with the (hkO) reflections of the orthorhombic

N2
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3D space group Pcmn, even though other orthorhombic space groups are
possible as well. A summary of the proposed in-plane structures is shown
in Figure 27b. The images show that the in-plane unit cell for BiSe has the
same structure as the distorted primitive cell of PbSe [81].

The in-plane lattice parameter of the transition metal dichalcogenide is
relatively insensitive to m and n: Investigations on [(SnSe)i:s]m[TaSez]n
show that a stays constant at 3.45 — 3.46 A regardless of m and n [82, 83].
PbSe and SnSe show a similar insensitivity to n, but show changes when m
is increased. PbSe shows an increased lattice parametere imy{th

[(PbSe)1+5]m[NbSez]: series (m = 1 — 5), presumably due to rgd t-of-
plane distortions. Since the in-plane lattice parameter of ion
metal dichalcogenide stays constant, the misfit paramet ed from
1.14 for m = 1 to 1.10 for m = 5, which correlates Well[Nwi e change in
out-of-plane distortion that was shown in Fig%
a b
(@) (200) (b)  Pbse/snse
. (110)‘“.1 q020 e),,),[TiSe,],
'_8 ‘ Bl e); 15),[TiSe2],
=
S,
= (220)7/\(220)
— \ BiSe
~le (200) 1(020)

Figure 27. (a) Comparison of the in-plane XRD patterns for [(MSe)1+5]1[TiSez]1 (M =
Pb, Sn, Bi) between 25° and 45° 26/y. Intensities were normalized to the reflection
with the highest intensity for each pattern. (b) Proposed in-plane structures for PbSe
and SnSe (top) and BiSe (bottom) layers as viewed along the c-axis. The dashed line in
the PbSe and SnSe indicate the primitive cell [81].

SnSe shows a much stronger sensitivity not just to m, but also to the
transition metal dichalcogenide. Figure 28a shows the in-plane lattice

N2
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parameters of the SnSe layer as a function of m for [(SnSe)1+s]m[(TSe2)]1

(T = Nb, Mo, Ta) [81, 82]. For [(SnSe)1+s]:[(NbSe2)]1, the in-plane lattice

is rectangular, which is consistent with [(SnSe)12]:[TSe;]:. When more O *
SnSe layers are added, the a-axis lattice parameter increases almost

continuously with increasing m whereas the b-axis lattice parameter stays \Q
constant, increasing the area of the SnSe basal plane considerably.

[(SnSe)1+5]m[(M0Se2)]1 on the other hand is square for m < 4. The a-axis
lattice parameter for m = 1 is 0.1 A smaller than for the Nb ferecrystal,
approximately the same for m > 1. At m = 4, the lattice under
rectangular distortion and the b-axis lattice parameter decr
above the b-axis lattice parameter for [(SnSe

[(SnSe)1+5]m[(TaSe,)]: also starts with a square in- ms

4

als. For m >
the a-axis lattice

with an a-axis lattice parameter smaller than the oth
3, the basal plane shows a rectangular dlsto

parameter is similar to [(SnSe)1+5]m[(NbSez)]1 Xis lattice parameter
converges to the value for [(SnSe) t m = 6. The areas of the
SnSe basal planes are largest for e)1+5]m[(MoSez)]1 and smallest for
[(SnSe)1+s5]m[(NbSe2)]1, which,is the“@pposite trend of the areas of the
dichalcogenides where Nb the largest area (10.38 A?), followed by
TaSe; (10.34 A?) and MoSe,, (985 A?) [81].
(b) J— .
44 r
_% 4.3 5Q
12 o .

—— s e
1.20 "‘“—-n‘o
1 2 3 4 5 6 7T 8§ 9 10 800 700 600 500 400 300
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Figure 28. (a) In-plane lattice parameters for SnSe as a function of m for different
ferecrystals with NbSe,, MoSe,, and TaSe; as the transition metal dichalcogenide layer
[81]. (b) In-plane lattice parameters for bulk SnSe as a function of temperature. Filled
markers are the a-axis and open markers are the b-axis lattice parameters [79]. For the
in-plane lattices, the lattice vectors for a-SnSe (GeS structure) were used.
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Another interesting trend is the evolution of the lattice parameters of
SnSe with m. For all ferecrystals, the lattice parameters for large m values
are closer to room temperature SnSe (a-SnSe, GeS structure). With
decreasing m, the SnSe in-plane lattice becomes more and more square,
similar to bulk SnSe at high temperatures (Figure 27b). At 807 K, SnSe
undergoes a phase transition to -SnSe (Tl structure) and becomes nearly
square in a second order phase transition [79]. Density functional theory
calculations on isolated SnSe multilayers predicted that reducing the
number of SnSe layers leads from a rectangular basal plane to<a squar
basal plane at m = 1, which suggests that this transition gcc N t
interaction with the TSe; layer and is thus size-induced [84%t hat
the “transition m” is different for different ferecrystals is one at
all), however, shows that there are significantSNint i with the
transition metal dichalcogenide layer that inf alue for which
this transition occurs. In the case of [(SnSe) e2)]1, this transition
does not happen at all, so the tra ichalcogenide can either
accelerate or hinder the transition uaréto rectangular. Since Nb and
Ta both have one less d-electron thag, Mo, charge transfer cannot be the

is different from P is @lrectangular, primitive cell that can be derived
from the primiti ne unit cell PbSe by performing an orthorhombic
distortiap. I@) posed structure is correct, looking at the structure
along is should show alternating Bi and Se atoms along the
icular to this axis. However, as it is shown in a HAADF-
ge [(BiSe)1.14]1[TiSez]. (Figure 29) along the (100) zone axis of

there are Bi-Bi pairings every 28 A. These pairings appear in roughly
one third of the atomically resolved layers [71].

(only) explanation for this p, enon.
As shown in Figur@ ucture of the proposed BiSe basal plane
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Figure 29. HAADF-STEM image of [(BiSe)1.14]1[TiSez]. 18h % 00) zone
whi 1].

axis. Bi atoms appear as bright dots. The Bi-Bi pairings are Clicl

These pairings are also found in the fer BiSe)1.12]1[VSe2]s
(period: 34 A) and [(BiSe)i+s]1[(NbSe2)]a (P8O A), and the misfit
layer compound [(BiSe)1.09]1[Ta riag: 487.6 A) [69, 70, 85]. The
period is obviously sensitive to ransition metal dichalcogenide. A

systematic analysis of the occurrenceof these pairings was conducted for
the ferecrystals [(BiSe)1+ @)]n. Increasing n above 1 leads to square
lattice with a lattice pa@ 4.24 A for n = 2 — 4, which corresponds
to the b-axis latt er forn =1 (aforn=1is 445 A). This is
different fro e)114]1[TiSez]n (n = 2 — 4) where the BiSe in-plane
lattice % eftangular. HAADF-STEM and x-ray photoelectron
spectpBseo S) show that the number of layers that show Bi-Bi
pairings reduces systematically from 75% to 20%, 15%, and 5% when n is
creased from 1 to 4 [86]. A systematic analysis of the BiSe lattice with
asing m could not be performed yet because BiSe ferecrystals with

m > 1 have not been successfully synthesized.

The reason for this behavior is still not fully understood. Compared to
PbSe and SnSe, BiSe has an additional valence electron, and its bulk
modification crystallizes in a trigonal structure with elemental Bi layers
sandwiched between Bi»Ses layers [87]. Crystal orbital overlap population
(COOP) analysis using the extended Huckel approach showed that Bi-Bi
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bonds are bonding and stabilize the lattice. In the NaCl structure on the
other hand, the COOP at the Fermi level point to anti-bonding interactions
in the crystal [88]. If the Bi-Bi bonds form to stabilize the BiSe lattice, it
raises the question why the period (and thus the frequency) of these Bi-Bi
pairings change with the transition metal dichalcogenide, and why the
number of layers with Bi-Bi pairings decreases with increasing number of
NbSe; layers. The most obvious hypothesis would be that differences in
charge transfer from the BiSe to the transition metal dichalcogenide layers
is responsible for this behavior. However, Hall measurements sugge

the charge transfer is independent of n for NbSe,, but that N t
interlayer charge transfer occurs in the TiSe, ferecrystal [71,

The in-plane structure of ferecrystals is still got erstood.
While the in-plane structures of the transition meta 'c& ide subunit

is insensitive to the layering sequence and the omponents of the

film, SnSe shows a strong dependence not o hickness but also on

the dichalcogenide layer around it shows “reflections that should
re

vanish in an undistorted rock sal ,9vhich is an indicator that the
structure is distorted inside the ab=plane. BiSe, which has one valence
electron more than SnSe an e, adopts a different crystal structure and

different dichalcogenidé layérs in the ferecrystal. The in-plane structures of
SnSe and BiSe there are significant interactions between the
layers, Rut e description of these interactions still needs to be

deveIoEe\

Type of Structural Isomers

contains Bi-Bi pairingOsQ e different periods and abundances with

In the previous sections, ferecrystals with simple structures of the form
[(MX)1+5]m[ TX2]n were discussed, i.e., m layers of MX were followed by n
layers of TX,. However, there is no reason to require such a structure —
given the kinetic control of the reaction, it is conceivable that any
permutation of MX and TX; is possible in ferecrystalline compounds. For
m =n = 1, there is only one combination, [(MX)1+s]:[TX2]:. for m =n =2,
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there are six unique permutations shown below where A and B denote
(MX)1+5 and TX; for brevity:

AABB, ABAB, ABBA, BAAB, BABA, BBAA

This amounts to only two unique compounds because of the
translational symmetry of the crystal. For example, AABB and ABBA
correspond  to  [(MX)1+5]2[TX2]2  and  [(MX)1+s]1[TX2]2[(MX)14,
respectively. Shifting the origin past the TX; layers would resdlt i

AABB compound, so AABB and ABBA describe the same &\ .
The italicized permutations are identical for the same reason,and result in
the compound [(MX)1+s]a [ TX2]1[(MX)145]1[TX2]1. This % mpound

[(MX)1+5]1[TX2]: doubled along the c-axis and thu constitute a
new compound.

For m =n =3, there are 20 un?@ns:

ABABAB, BABABA

AAABBB, AABBBA, ABBBA BBAAA, BBAAAB, BAAABB
AABBAB, AABABB, m& ABABBA, ABBAAB, ABBABA
BBAABA, BBAB/G B, BABBAA, BAABBA, BAABAB

The first again  [(MX)1+5]1[TX2]:, the second row
[(MX):% [@n its translationally symmetric varieties. The third and
fourt dentical to each other and represent the compound

+5] 2]2[(MX)1+5]1[ TX2]1, which cannot be transformed into the

und [(MX)1+5]3[TX2]s using symmetry operations. Since the full

la or the AB-notation is cumbersome, especially for larger m and n,

[(MX)1+5]3[TX2]s or AAABBB will be referred to as 3:3 in a shorthand

notation where the number in bold face represents the number of TX,
Iayers. [(MX)1+5]2[TX2]2[(MX)1+5]1[TX2]1 or AABBAB is thus 2:2:1:1.

For m = n = 4, there are 70 unique permutations with only six distinct

compounds (excluding 1:1 and 2:2), which are shown in Figure 30: 4:4,
3:3:1:1, 2:3:2:1, 3:2:1:2, 2:2:1:1:1:1, and 2:1:1:2:1:1. For these compounds
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(and analogously for 3:3 and 2:2:1:1), the stoichiometry and the c-axis

lattice parameter are the same, but the arrangement of the individual layers

is different, i.e., they are isomers analogous to the isomers in organic O *
compounds. CsHs for example has three linear modifications ((E)-2-

butene, (2)-2-butene, 1-butene), one branched modification (2- Q
methylpropene), and two cyclic modifications (cyclobutane,

methylcyclopropane). The isomers in ferecrystals can be grouped by the

number of interfaces per unit cell. For m = n = 4, there are isomers with ‘)
one (4:4), two (3:3:1:1, 3:2:1:2, 2:3:2:1), and three (2:4:1:2:
2:2:1:1:1:1) interfaces. This type of structural isomerism_is _un 0

ferecrystals.

o

C
-2-Butene  (Z)-2-Butene

1-Butene 2-Methyl-
propene

3 A

Cyclobutane Methyl-
cyclopropane

ececece ececece

2:3:2:1 2:2:1:1:14

Figure 30. Unique permutations of MX and TX; layers for m = n = 4 (excluding 1:1
and 2:2), and isomers of C4Hs.
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Figure 31 shows HAADF-STEM images and XRD patterns of
annealed precursors designed to form the different isomers of
[(PbSe)1.14]a[NbSez]s. The STEM images clearly show the different O .
layering structures, demonstrating that the individual isomers can be
formed. The XRD patterns show that all compounds have the same c-axis Q
lattice parameter, as indicated by the dashed line through the (0OI)
reflections (I = 8, 16, 24, 32). While the positions of the reflections are
identical for all six isomers, the reflections that are extinct are different in ‘)
each pattern, which reflects the different layering sequences ipfth
individual isomers [89].

3311 2:3:2:A4

008 00
( . ) 1 @ (0024) (0032)
) %A 7 ! 225 t21:1
E) u‘gb’» ‘ |
b

T ! 3:2:1:2
1
! ! 3:3:1:1
) ’ ! |
c ]
1 : 2:2:1:1:1:1
1 1
'J\A)\IM‘/MMWI\\. o
| 1 | .
@ - R . [k .5 B =

10 20 30 40 50 €0

26

Figure 31. HAADF-STEM images (top) and XRD patterns (bottom) of ferecrystal
isomers for [(PbSe)1.14]m[NbSe;]s. Bright areas in the STEM image correspond to PbSe
layers, and dark areas correspond to NbSe, layers. The dashed lines in the XRD
patterns are a guide for the eye for select (001) reflections (I = 8, 16, 24, 32) in all
isomers.
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The same isomers were successfully prepared for the ferecrystals
[(SnSe)1.15]a[NbSez]a and  [(SnSe)11]4MoSez]ls [90, 91]. For these
compounds, in-plane lattice parameters were determined as well. The a-
axis lattice parameters of the dichalcogenides were all within error for each
isomer, and are 3.463(3) A for NbSe; and 3.31(1) A for MoSe,. In the
MoSe, compound, SnSe has a square basal plane with a = 6.03(1) A.
For the ferecrystal containing NbSe,, the a-axis lattice parameter is 6.00(1)
A for all isomers, except for the 4:4 isomer where the width of the

reflections suggests that SnSe crystallizes in a rectangular basal p&n@

an a-axis lattice parameter of 6.04(1) A. \

—_
o
=)

- alkanes
--W- ferecrystals

—_
(e
[S3]

—
-]
s

Number of Isomers
=

@§

8 10 12 14 16 18 20

Fi Qjmber of isomers for ferecrystals with k = m + n structural units compared

thelnumber of isomers in alkenes CxHax+o.

The ability to synthesize these isomers greatly enhances the number of
ferecrystalline compounds that can be synthesized. Figure 32 compares the
number of isomers for a given number of layers, k = m + n, and one
combination of M, T, and X, with the number of isomers for the alkenes
CxHak+2. 1t demonstrates how with increasing m and n, the number of
theoretically accessible compounds rises rapidly, and quickly reaches more
than ten thousand different compounds, comparable to the number of

N2

4
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alkanes. These numbers increase by another order of magnitude when
different combinations of M, T, and X are factored in. This parameter
space is too large to explore experimentally, which demonstrates the need
for a comprehensive understanding of the interactions between layers to
predict structures and properties of compounds with arbitrary m and n.
However, the vast number of compounds also provides great opportunities
to systematically alter the interactions between layers to investigate these
trends.

Quaternary Ferecrystals and Alloys

*
The ferecrystals discussed so far are ternary co&@h one MSe

and one TSe; component. Using the same ratiGnale™N be possible to
synthesize quaternary compounds with eit r different M or two
different T elements. There are t ible Sapproaches: ferecrystalline
alloys where the MSe or TSe; la s alf®ys with the additional M or
T element, or heterojunctions whereSthe different MSe or TSe; layers are
separated by TSe, or MSe @respectively. The following section will

discuss both concepts,O ith the transition metal dichalcogenide
layers.

To synthesi ferecrystalline alloy, two approaches are possible. The
first apmoa@ oys of the transition metals as the deposition source.
For ex , der to synthesize and alloy of [(SnSe)1+s][NbxMo1xSe2],

é? eigh the appropriate amount of elemental niobium and

m for a NbxMoi« alloy, melt these elements in an arc melter,
nddeposit the sequence NbxMo1.«-Se-Sn-Se. This is essentially a three-
component system like the other ferecrystals and can be easily calibrated.
However, the vapor pressure of niobium is higher than of molybdenum so
that the precursor is more niobium rich than the deposition source [92, 93].
The niobium in the deposition source on the other hand will deplete over
time so that the partial pressure of niobium in the deposited vapor will
decrease over time. The consequence is that the precursor will become
increasingly molybdenum rich with subsequent depositions. The advantage

\{\\ﬁ\
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of this technique is that a series of alloys can be prepared this way, but
there is no control over the composition. Furthermore, this approach only

works if the elements are miscible. These drawbacks can be overcome by
using separate deposition sources for niobium and molybdenum and by
depositing the sequences Sn-Se-Nb-Se-Mo-Se or Sn-Se-Nb-Mo-Se with
targeted Nb:Mo ratios, which can be determined using electron probe

microanalysis (EPMA) [94].

(a)

(001)
(002)

(004)

I(arb.units)
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®(a) Out-of-plane XRD pattern of [(SnSe)1.15][Nbo.4sMo0gs1Se]. (b) Evolution

of thgy(004) reflection in [(SnSe)i.s][NbyMo1.,Se2] as a function of x. (c, d) In-plane
e parameter arg., Of the transition metal dichalcogenide and the out-of-plane
lattice parameter c¢ of the ferecrystals (c) [(SnSe)i+s][Nb«Mo1,Se;] and (d)
[(SnSe)w:s][TaxV1xSe2] (d) as a function of x. The lines represent linear fits through the

data [93, 94, 98].

The precursors form superlattice structures in the out-of-plane
diffraction patterns typical of other ferecrystals (Figure 33a) [93]. The
position of the reflections depends on the Nb:Mo ratio as illustrated in
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Figure 33b. The (004) reflection shows a clear shift to higher 26 values as
the amount of niobium increases. Figure 33c shows the c-axis lattice
parameters and the a-axis lattice parameter of the transition metal
dichalcogenide as a function of x, where x was determined by EPMA. The
c-lattice and a-axis lattice parameters both follow a linear progression as
predicted by Vegard’s law because bulk NbSe, and MoSe; both crystallize
in a hexagonal structure with trigonal prismatic TSes units (T = Nb, Mo),
and are known to form solid solutions with each other [95, 96]. Since
NbSe; has a larger a-axis but a smaller c-axis lattice parameter, the slope
are of opposite sign. X
The ability to form alloys is not limited to trz@ tal
dichalcogenides with the same coordination environr;em% which is
evidenced by ferecrystalline [(SnSe)is+s][TaxVix x In TaSe,,
tantalum is coordinated in a trigonal prismati ereas in VSey,
vanadium is coordinated octahedrally. The tuents are known to
form a solid solution up to x = 0.6 shows the evolution of
the in-plane lattice parameter of e, and the c-axis lattice parameter
of the ferecrystal. The in-plane lattiCéparameters have a larger slope than

Vegard’s law would sugge increase is linear until X = 0.65, but the
TaSe,; endmember has erlattice parameter than the alloy with x =
0.28. Since VSe; a e-Jnave different crystal structures, Vegard’s law

does not apply heke. inclusion of tantalum into VSe; leads to a large
distortigp i lattice, but the change in coordination environments
il after x = 0.65. The c-axis lattice parameter, however,

stals appear to have the same crystal structure regardless of the in-

does n X
loWs adiNear progression along the entire composition range with a
iti ope since tantalum is larger than vanadium. Along the c-axis,
er

1o

plane geometry of the transition metal dichalcogenide and thus the c-axis
lattice parameter can be described with Vegard’s law [94, 98].

It was already discussed that the in-plane lattice parameters of the
SnSe subunit depend heavily on the transition metal dichalcogenide in the
ferecrystal (see Figure 28). Figure 34 shows that this is also true for the
alloys. In ferecrystals containing NbSe,, SnSe has a rectangular basal plane
whereas in ferecrystals containing MoSe;, the basal plane is square. There
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is a linear increase of the b-axis lattice parameter of SnSe with increasing
X. The a-axis lattice parameter on the other hand decreases with increasing
X, but not in a linear fashion. Both lattice parameters converge towards the O *
in-plane lattice parameter found in [(SnSe)1.16][M0Se;] [93].
The in-plane lattice parameters of SnSe in the [(SnSe)i+s][TaxV1xSez] \Q
alloys follow a trend similar to the trend found for transition metal
dichalcogenides. SnSe crystallizes in a square basal plane for both
[(SnSe)1.15][VSe2] and [(SnSe)1.1s][TaSez], but it does not stay square for \
all alloys. With a Ta content above 28% in the alloy, the SnSe laftic
shows an orthorhombic distortion with a maximum at approxi e\ Q)
Ta. At 65% Ta, the lattice is almost square again as tht;%a ice
parameter decreases while the b-axis lattice pamme%ﬁ inues to
increase. The lattice becomes square again at the X ber with a
smaller lattice parameter than in the alloys, wiigh"egrrelates well with the

a-axis lattice parameters of the TaV1..Se> 98].

6.2

-@- NbMoj_,

Figure 34. In-plane lattice parameters of SnSe in the ferecrystals
[(SnSe)1+5][NbxMo1.,Se;] and [(SnSe)i+s][TaxV1xSez]. The a-axis lattice parameters are
displayed with filled markers and the b-axis lattice parameters with open markers [93,
94, 98].
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As with the ternary ferecrystals, different amounts of charge
transfer may be responsible for this behavior, especially for the
[(SnSe)1+5][Nb«Mo01.,Se>] alloys because Mo has one more valence electron
than Nb. Ta and V have the same amount of valence electrons, but prefer
different coordination geometries (Ta is trigonal prismatically and V
octahedrally coordinated), which influences the band structure of the
dichalcogenides. This influences the interactions that exist between the
dichalcogenide and the SnSe layer. The evolution of the in-plane lattice
parameters of both SnSe and the transition metal dichalcogenide «@llo
correlate very well with each other, which confirms this hypothesi

effect on the structure. * %

For heterojunctions, a different layering X in the
MER precursor needs to be chosen. T@, a¥eid\the formation of
a ferecrystalline alloy, an additional - ayer needs to be
deposited between the T-Se layers Sy ize the heterojunction
[(SnSe)1+5][(M0Se2)1+][(SnSe)1+5 @ 1, example, the precursor
should have the layering sequence SR:Se-Mo-Se-Sn-Se-Nb-Se. The XRD
pattern of an annealed prec ith this sequence is shown in Figure 35a
along with the alloy X @for comparison. The annealed precursor
for the heterojuncti ow§ twice as many reflections as the alloy, with
the additional re@ eing in-between the reflections that can be found

ws that the c-axis lattice parameter is twice as large

in the afloy.
than fo \ s expected for the heterojunction [99].
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Figure 35. (a) Out-of-plane XRD pattern of the (SnSe)1.+s]
[(M0Se2)14+/][(SnSe)1+s] [NbSe] (top) and an [(SnSe)1+a][Nb on (b) The
(110) reflection of [(SnSe)1+s][NbSe,], the heterOJun n )1:+5][M0Se;]. The
dashed lines are a guide for the eye and show the n maxima of the two

ferecrystals [99].

However, the in-plane XRD @ S sts that the heterojunction
does not contain pure NbSe; and WloSe, layers. It is expected that the
lattice parameters of the Nb d the’MoSe; subunits are the same as in
the ternary ferecrystals, i in*plane XRD pattern of the heterojunction
should show two refleGtionshwith the same 26 positions as in the in-plane
XRD patterns o (SRSe)116][NbSez] and [(SnSe)1.09][M0Se;]. The (110)
reflecti(m 0® rojunction (Figure 35b), however, shows two broad

i tween the reflections of the ternary ferecrystals. As
before, NbSe, and MoSe; can form ferecrystalline alloys that
ard’s law. The deviation of the 26 positions of the diffraction
a from the ferecrystalline compounds with pure NbSe; and MoSe;
can be attributed to alloying of the NbSe; layer with Mo and the of the
MoSe; layer with Nb, suggesting that diffusion of the transition metals
through the Sn-Se layers occurs. The true formula of the heterojunction
thus needs to be written as [(SnSe)i+s][(NbxMO01xSe2)1+,][(SNSe)1+s]
[MoyNby.,Se;] [99].

Determining x is a challenging task because compositional analysis
measures the entire film, Rietveld refinement for the in-plane XRD pattern
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is not possible yet, and Rietveld refinement of the out-of-plane XRD

pattern is not very robust because of the similar electron densities of

niobium and molybdenum. Since the NbyMoy,Sez alloys follow Vegard’s O .
law, however, x can be estimated by determining the in-plane lattice

parameters of both layers, which results in x = 0.10(2) and y = 0.12(2). The Q

error is fairly large because of a large degree of overlap between the

reflections. The formula of this heterojunction can finally be written as

[(SnSe)1+5] [(Nbo,lMOo_gsez)l_oe] [(SHSG)1+5] [MOo_leo,gsez] [99]. \

These findings raise the question whether it is possible to preveat th
diffusion of the transition metals by creating a large enqugh.di

barrier in the precursor. To investigate this, precursors of the Stfuct n-
Se)m-(Mo-Se)-(Sn-Se)m-(Nb-Se) were deposited @and d. The
evolution of the (110) reflection as a function of m& iw'Figure 36a.

For m = 0, i.e., with no Sn-Se diffusion barrier #a flection can be
found that splits when m is increased to Q istance between the
diffraction maxima increases with mgtmgti =%8, after which the distance

stays constant. The 26 positions o ’@ lecti®ns for m > 3 agree well with
the 20 positions of (110) reflection Of the ternary ferecrystals, indicating

that no alloys are present in mpound [100].

The values for x a function of m can be estimated using
Vegard’s law (Fi b)) The results suggest that Mo has a stronger
tendency to di@ NbSe, than the other way around without a
diffusiop b@ sent. Introducing a diffusion barrier significantly

unt of Mo that gets incorporated into the NbSe; lattice.

decre
r&@e diffusion barrier thickness results in less and less Mo
i hereas the diffusion of Nb is relatively constant until it sharply
ecpgases to zero at m = 3, which coincides with the diffusion of Mo going
@ to zero as well [100]. An interesting question is whether no Nb diffusion

occurs because the SnSe diffusion barrier is too large for Nb to overcome,
or if the formation of pure MoSe; in the other layer, which occurs because

O Mo diffusion is suppressed, prevents Nb from being incorporated into the
MoSe; lattice. Additional research needs to be performed to answer this
guestion.
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At last, the in-plane lattice parameters of SnSe are expected to change
with m as they do for the ternary ferecrystals. As Figure 36¢ shows, SnSe
is square for m = 1 as in [(SnSe)wos][M0Sez], but with a smaller lattice
parameter. With larger separation and thus thicker SnSe layers, the SnSe
basal plane undergoes an orthorhombic distortion with increasing a/b ratio
as m increases, similar to what was found for ternary ferecrystals. The in-
plane lattice parameters are slightly larger than in the ternary ferecrystals
though, suggesting different interactions such as charge transfer in the
heterojunction compared to the alloys and ternary ferecrystals. ¢

@
[NbSey]
MWW
m =4
M/W\W_,,,.r
= m=3
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Figure 36. (a) Evolution of the (110) reflection as a function of m in the
[(SnSe)1+5)Im[(NbSe2)1+/][(SnSe)1+s]m[M0Se;] heterojunction. The (110) reflection of
the ferecrystals [(SnSe)i+s][NbSe;] and [(SnSe)1+5][M0Se;] are added for comparison.
The dashed lines are a guide for the eye and show the reflection maxima of the two
ferecrystals. (b) Evolution of the parameters x and y in the heterojunction
[(SnSe)1+5)Im[(Nb1.xM0,Se2)1+,][(SNSe)1+5]m[NbyMo1.,Se;] as a function of m. (c) In-
plane lattice parameters of SnSe as a function of m in the heterojunction and the
ternary endmembers. The a-axis lattice parameters are displayed with filled markers
and the b-axis lattice parameters are displayed with open markers [100].
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Using Vegard’s law to estimate the degree of intermixing has the
drawback that it cannot be used with alloys with endmembers that adopt
different  crystal  structures such as the  heterojunction
[(SnSe)1+5][(TaxV1xSe2)1+][(SnSe)1+s)][VyTarySez]. In this case, energy
dispersive x-ray spectroscopy (EDX) line scans can be used to estimate
these values if x and y are equal. Figure 37 shows EDX maps of the V K
line and the Ta M line and show the layered structure of the heterojunction.
These layers show alternating layers of brighter and lesser intensity for the
V and Ta regions, suggesting that there are Ta-rich ané ic
dichalcogenide layers and that these layers alternate as gxp

heterojunction. The line scans, also shown in Figure 37, his
assertion. If x and y are equal, then the ratio of the areas V peaks
areas under

in the V-rich and V-poor regions is the same as the tx
the Ta peaks because all instrument and x-ra t factors cancel
out. Using this approach, x can be estima 0.68(5). The large
uncertainty comes from the low gi to NoiSe ratio, which makes
background subtraction difficult orm™®This value is supported by
temperature dependent resistivity measurements which can be modeled
yer in parallel.

Ta
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Figure 37. EDX maps and line scans of the ferecrystalline heterojunction
[(SnSe)1+5][(TaxV1xSe2)1+/][(SnSe)1+s][(Vy Tary)Sez] [94].

To summarize, transition metal dichalcogenides can form
ferecrystalline alloys as well as heterojunctions. The c-axis lattice

N2

4
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parameters of the ferecrystals follow Vegard’s law whereas the in-plane
lattice parameter of the transition metal dichalcogenide only follows it
when the endmembers have the same structure. Heterojunctions exhibit a
significant amount of interdiffusion between the dichalcogenide layers,
which can be suppressed by a sufficiently thick SnSe layer.

The question that naturally arises at this point is whether the same
observations can be made for alloys and heterojunctions with two different
MSe constituents. To test this, precursors with the layering sequence Sn-
Se-Ti-Se-Pb-Se-Ti-Se were deposited and annealed. The out-of-plane
pattern of the product is presented in Figure 38a and shows th t\u |
precursor did not form a heterojunction, but an alloy (compareiwit re
35a) [101]. The EDX map and the EDX line scan gho ure 38b

confirm that Sn and Pb completely interdiffused &%no_sto_sse
ilevthere was also

alloy sandwiched between TiSe; bilayers [¢0
interdiffusion in the heterojunctions with two % ent transition metal
dichalcogenide components, there @ e where the transition
metals formed alloys instead hetérojunction. To date, no
heterojunction with two MSe cakponents have been successfully

synthesized. @
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Figure 38. (a) Indexed out-of-plane XRD pattern of an MER precursor with the
sequence  Sn-Se-Ti-Se-Pb-Se-Ti-Se. (b)) EDX map and line scan of
[(SnosPbos)1+s][TiSe2] [101, 102].

However, these observations show that alloys of MSe compounds can
easily be made. Figure 39a shows the out-of-plane XRD patterns of
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[(Sn«Pb14Se)1+5][TiSe,] ferecrystal alloys. Following the evolution of the
(004) reflection shows a systematic shift to higher 20 with increasing Pb
content, which is expected due to Pb being larger than Sn. The progression
of the c-axis lattice parameter with increasing x follows Vegard’s law as it
did for the transition metal dichalcogenide ferecrystal alloys [103].

Figure 39b shows the (400) and (420) reflections of these alloys. For x
= 1, the basal plane is square because PbSe exclusively forms square in-
plane structures. Upon introducing Sn, the reflections become broader and
show noticeable splitting at x = 0.48 into the (400) and (040) an@ int@ th
(420) and (240) reflections, respectively. The splitting incrgase
increasing x until x = 1. This transition is to be expected bet%e as
a square basal plane in [(SnSe)12][TiSez]. The broademin 00) and
(420) reflections for x = 0.70 suggests that the 0 distortion

already occurs with 30% Sn in the PbSe latt
may be metastable since in bulk, PbSe and<€n

between x = 0.2 and x = 0.6, but tw er tals shown have values
of x inside that miscibility gap [20 he™f-plane lattice parameter of
TiSe, is 3.55(1) A, independent of x.

(a) (4(]()) = 0.00

x =020
=048
x =070
x =100

I(arb.units)

log I (arb.units)

| 7= 1.00)
15 20 25 30 35 40 45 50 55 60 65
20(°)

Figure 39. (a) Out-of-plane XRD pattern of [(Sn,Pb1)1:5][TiSez] for 0 < x < 1. The
dashed line is a guide for the eye for maximum of the (004) reflection with x = 0. (b)
Evolution of the (400) and (420) reflections as a function of x [103].

Alloys of SnSe with bismuth have even larger miscibility gaps. In the
bulk at 400°C, the SnSe lattice can only hold 4% Bi. Higher Bi contents
lead to the formation of SnBisSes and Bio.osSno.ssSe. The BiSe lattice can
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hold up to 10% Sn [105]. However, SnSe and BiSe crystallize in a
different structure in the bulk than in ferecrystals, so ferecrystals may be
able to form alloys along the entire composition range.

Ferecrystals with BixSnixSe alloys have been successfully synthesized
with NbSe;, VSe;, and TiSe; (VSe; only until x = 0.57) where the
BixSn1Se layers form a solid solution over the entire composition range
[106-108]. Figure 40a shows the c-axis lattice parameters of each
ferecrystalline alloy as a function of x. There are distinct differences
between the ferecrystals of first-row and second-row transition metals{Th
c-axis lattice parameter of the first-row transition metals decr &Xg a
linear progression until x = 0.48 for TiSe,, even though bi% er
than tin. Above this value at x = 0.71, the lattice parame rough a
saddle-point like transition before ending up at 11. r VSe,, the
c-axis lattice parameter decreases linearly fax thewn d composition
range. Since no Bi contents higher than 57‘Vasured, it cannot be
excluded that the c-axis lattice parame % the same saddle-point
like ftransition as for the T @ ec I. Comparing with the
[(BiSe)w.s][VSes] ferecrystal (¢ = ¥1.78 A), however, suggests that it
would. Whereas the c-axisglattice parameters of the first-row transition
metal ferecrystals are imifar Yalue, it is more than 0.2 A larger in the
alloys containing which is due to the size of niobium. Another key
difference is thatithe“alloy with NbSe, does not follow the same linear
progresgion ecrystals with first-row transition metals. The c-axis
lattice pa ith NbSe, decrease in an almost exponential way and

ickly leveMoff at 12.1 A near x = 0.50 [106-108].
olution of the in-plane lattice parameters (Figure 40b) on the
hand cannot be split between first-row and second-row transition
metals. For NbSe,, the basal plane is square until x = 0.50 and there is no
change in the lattice parameter. Once the Bi content is above 50%, the
lattice parameter drastically decreases from 6.0 A to a = 4.30(2) Aand b =
4.23(2) A because the symmetry reduces to Pcmn, i.e., the BiSe structure
becomes dominant over the SnSe structure. The orthorhombic distortion
that is introduced this way increases with increasing x. Similar
observations can be made with TiSe,, except for that SnSe is already
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orthorhombic at x = 0. The a-axis lattice parameter increases with x while
the b-axis lattice parameter stays constant, and it undergoes the same
symmetry transformation above 50% Bi as the ferecrystal with NbSe,. The
in-plane lattice parameters of NbSe; (3.48(1) A) and TiSe; (3.57(1) A) are
unaffected by x [106, 107].

6.4
@, = A T ) B GG S
- -4 T=Ti 6.0 !.1""“""""“”'"-')%"'. -4~ T=Ti
Y- ~— "-\'\ ....... —
122] ey e T =V = 56 \‘.‘-\\ ¢‘ T-
—_ T B SEEEEES & 1
o 752 (5
o120 "‘h,_.,,%‘ i N \
s;m.h;_.%=1 s %ﬂ 4.8 H \
11.8 Tﬁ‘ﬁ""’*’*—:_’ - 4.4 j ;o =
116 4.0
0.0 0.2 0.4 0.6 0.8 1.0 0. 2 0.6 0.8 1.0
T
Figure 40. (a) c-axis lattice parameters of theyfer@erystalling alloys [(BixSni«)1+5][TSez]
(T =Ti, V, Nb). The c-axis lattice par: @ [(BiSe)1+5][VSez] was taken from ref.
[69]. (b) In-plane lattice parameters for thedB1:Sn;xSe component in the ferecristalline

alloys. Filled markers denote a-axis lattice @arameters and open markers denote b-axis

lattice parameters [106-108].

Bi-Bi pairings wer nehiadboth alloys. In the alloy with NbSe,, these
pairings appear alr, i content of 50% with an abundance of about

20% accordin F-STEM. The sample with 73% Bi content has a
Bi-Bi pairin ce of 40%, and the endmember has an abundance of
75%. cans indicate no phase segregation between SnSe and

iISe Qwhi€h “suggests that these pairings appear within the alloy lattice.
easurements show a positive Hall coefficient that increases until x =

fter which it decreases again with increasing x. Since NbSe; is a hole
conductor, the increase of the Hall coefficient suggests charge donation by
the NbSe, layer, which could explain the decrease in the c-axis lattice
parameter, but not that the a-axis lattice parameter stays constant since
charge donation should influence the ab-plane of the lattice as well. For
ferecrystals with x > 0.5, the abundance of Bi-Bi pairings correlates with
an increase of the Hall coefficient, which indicates the creation of holes in
the BixSniSe layer, even though Bi has one more valence electron than

N2

4
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Sn. Having carriers in the BixSnixSe as well as in the NbSe, layer would
complicate drawing conclusions about charge transfer and its effect on the
structure. These pairings also distort the BixSnixSe lattice along the a-axis,
which explains the increasing orthogonal distortion with increasing Bi
content [106]. For TiSez, Bi-Bi pairings have been reported for x = 0.48
and x = 0.7 with 13% and 50% abundance, respectively. Hall
measurements show that the Hall coefficient is negative and increases in
magnitude with increasing Bi content. This increase, however, is smaller

than expected if one Bi atom donated one electron to the TiSe, layerqilhi
deviation increases with increasing x, which correlates wel \/X e
increasing abundance of Bi-Bi pairings, suggesting that% Bi
content reduces the doping efficiency of the alloy layey [ e results
show that charge donation within ferecrystals is X ex — more

research is necessary to elucidate the interaeti n the layers in
ferecrystalline compounds. B@

The ferecrystal [(BixSnixSe)i+s @s different behavior than
the other two alloys since it does rgo%he same symmetry reduction
above 50% Bi content. The in-plang, lattice parameter of the BixSni..Se
layer only changes by les 0.1 A when 6% Bi is introduced and
remains constant at 6.0 % further introduction of Bi. Since no in-

plane XRD for co ds With x > 0.57 were collected, it is unclear if this
is true for even h& contents.
{

Anqher@ at makes these [(BixSni1xSe)1:s][VSez] ferecrystals so
differe \ a-axis lattice parameter of VSe; changes systematically
jth @s g x from 3.414(2) A to 3.475(2) A. Rietveld refinement of
lane XRD patterns show that this correlates with a decrease in

e ratio for the VSe; layer from 1.76 to 1.71. Temperature dependent
resistivity and Hall measurements indicate that the charge density wave is
enhanced when x = 0.06, but then depressed for x > 0.2 where the positive
Hall coefficient is almost temperature independent. The charge density
wave transition temperature is not affected by X, however, which is
different to what is observed for [(SnSe)1.15]m[V Sez]» compounds where an

increasing n decreases the charge density wave transition temperature. At x
= 0.66, the Hall coefficient becomes negative, but no structural information
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is available to correlate this with an effect on the structure of the
ferecrystal. This change in the Hall coefficient was also observed in the
[(SnSe)1.15]1[VSe2]n ferecrystals with increasing n, which suggests stronger
coupling between the Sn.BiixSe and VSe, layers with increasing Bi
content. The existence of Bi-Bi pairings in these alloys has not been
investigated yet [108].

These findings suggest different interactions between the BiySni«Se
alloy layer and the VSe; layer compared to the ferecrystalline alloys with
NbSe; and TiSe.. Investigating these differences will be subject@f futur
research. Synthesizing alloyed ferecrystals, especially M X S
containing bismuth, may enhance our knowledge about intgrac in
ferecrystals and other heterojunctions and can help desi pounds
with desired structures and properties.

Summary — MER Synthesis of @ :

Ferecrystals are complex heterostructures of the misfit-layer-
compound family. They co f stacks of rock-salt like MX bilayers (M
= Sn, Pb, Bi, La, Ce; @e) and transition metal dichalcogenide
trilayers, and have ergl formula [(MX)1+5]m[TX2]» where 1 + & is the
misfit parameterfawh accounts for the lattice mismatch of the two
constitucnts@ isfit layer compounds have one commensurate axis,
the b- x pically can only access m = n = 1, ferecrystals show
i order and can access nearly any integer m and n.
ck of commensurate in-plane axes leads to different in-plane
ions of the constituents. While the structure of the transition metal
dichalcogenide is virtually unaffected by m or n (except for when n
transitions from 1 to 2), the structure of the MSe subunit depends not only
on m and n, but also on the transition metal dichalcogenide in the
ferecrystal, likely due to charge transfer. This is especially true for SnSe,
which shows a variety of lattice parameters and either adopts square or
rectangular basal planes. The in-plane structure of the MX subunit is still
not fully understood. Both PbSe and SnSe show reflections that are




Targeted Synthesis of Metastable Compounds and Intergrowths 105

forbidden in a pure NaCl structure, suggesting that there are in-plane
distortions. BiSe shows lower symmetry and exhibits Bi-Bi pairings with
periods and abundances that depend on the thickness of the transition metal
dichalcogenide layer and the transition metal in the ferecrystal.

Ferecrystals show a unique type of structural isomers for m, n > 2
(except m = n = 2). These isomers have the same c-axis lattice parameter,
but different layering structures. For m = n = 3, two isomers exist, and for
m = n = 4, there are six. The number of isomers increases rapidly for a
given combination of m and n, and thus increases the num 0
theoretically accessible ferecrystals into tens of thousands of ¢ \ S
for each combination of M and T.

Quaternary ferecrystals exist mostly as alloys eigher ansition
metal dichalcogenide or the MX components. The % loying can

be controleld with the composition of the pre the bulk analog
has a miscibility gap at these compositions%is lattice parameter

contaiting Bi for which the
arameter of the transition

follows Vegard’s law, except for
changes are more complex. The
metal dichalcogenide follows Vegardis law only if both endmembers have
the same structure. Het ctions have only been successfully
synthesized with two traasit tal dichalcogenide components. There is
a significant amou %Jsion through the MSe layer, which can be
prevented with agsuffigiently high m. Precursors for heterojunctions with
differen‘Mm ents result in alloys because the M elements diffuse
quickly t transition metal dichalcogenide layers. The behavior of
oy co&ing Bi is significantly different and strongly depends on the
i etal in the dichalcogenide layer. Alloys with BiSe also exhibit
pairings starting at approximately 50% Bi in the MSe layer.
The nearly unlimited combinations of m and n, the ability to produce
isomers, and the ability to synthesize heterojunctions and alloys open the
gates to a vast number of new compounds, a parameter space that is
impossible to explore empirically. Future research efforts need to
investigate the interactions between the subunits to develop guidelines for
the synthesis of ferecrystals with designed structures and physical
properties.
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ABSTRACT

As various physical and chemical processes occur at surfaces, an
understanding of surface structures and the factors that affect morphology
is mandatory. The control of (nano)crystal morphology is a complex and
difficult process that depends on both the internal structures of the
crystals and external growth conditions, such as the synthesis process, the
solvents used, and the process additives. The morphologies of
(nano)crystals grown under or near equilibrium conditions are governed
mainly by surface energies, resulting in the formation of simple shapes
with well-defined facets to minimize the surface energy. Howev
surface energy values are not readily acquired experimentally, x

e alue

Such techniques are powerful tools for exploring the
mechanisms at the atomistic/molecular level. The observed (nz ystal
morphologies are often interpreted in terms of Wulffigonstr s, which
offers a simple method to determine the equilibriun no)crystal shape.
As recently developed by our research group, nciples calculations
can be used to explicitly predict the ev
different environments.

The complete set of morphgilé

as a guide for researchers analyzing
further understanding of how to co

tron microscopy images to gain a
ol crystal shapes synthetically by

tuning the surface chemi nd by controlling the relative surface
energy values. Then, this chapter introduces recent work, based
on combined experl ngs and first-principles calculations, to
provide a de le e of the electronic, structural, and energetic
properties ro morphology and the transformation
mechanis d|f rent (nano)materlals such BaWQ4, BaMo0Os,
CaZ’O3, 3. These considerations reveal a close resemblance

be ental and calculated morphologies, but also elaborate on
current and future trends to illustrate why (nano)morphology

core of current scientific development in chemistry and physics,

d e appropriate handling of complexity is discussed along these lines.

Keywords: morphology, surface energy, Wulff construction, complex

metallic oxides
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INTRODUCTION

Morphologies and exposed surfaces are important factors that
influence the application of (nano)materials (Tian et al. 2007), directly
affecting their efficiency in various devices (Lieber 1998). Steady-state
morphologies of micro/nanocrystal particles with several exposed facets
present different physical and chemical characteristics owing to crystal
anisotropy, i.e., different crystal planes exhibit different anisotropic
responses towards various mechanical, physical, and chemical @ctiwvitie

like hardness, piezoelectricity, and reactivity (Schmidt et X ;
(Dandekar et al. 2013). These characteristics are conﬁ% he
synthesis parameters of the materials, such as reag ntration,
precursor pH, reaction temperature and time, and s i od.
Morphological control of (nano)cryst erstanding the
mechanism for morphology evolution hav eaningful topics of
research in materials science and n igpce, taining a fundamental
understanding of the stability o)crystal surface structures and

morphology—structure—function relati@nships is of considerable importance
for further development o@ly stable and functional materials for
u

practical applications. | , the activity of nanocrystals as catalysts
depends strongly Qface structures of the facets enclosing the
crystals (Ahmadit€t al ); (Lee et al. 2006b); (Lee et al. 2006a); (Gao,
a

Ju, et al, 2(@ nd Shen 2014), (Aradjo et al. 2014); (Wang et al.
2015).

orp\gies, preferred orientations, and crystal facets are

ized experimentally wusing scanning electron microscopy,
d-area electron diffraction, and high-resolution transmission
electron microscopy. The relative growth rates of (nano)crystal faces cause
crystal morphology transformations because of the appearance and/or
disappearance of faces. These transformations are due to geometric
constraints imposed by the (nano)crystal structure and are associated with
the relative surface energy values of each face. Among the influential
factors, surface chemistry, including surface energy, tension, and

N2
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configuration, has a significant impact on the final (hano)crystal
morphology.

A significant challenge in the development of functional
(nano)materials is understanding the shape-selective growth of
(nano)crystals to synthetize (nano)crystals with controlled shapes. A solid
fundamental understanding will allow for better design and control of these
syntheses and will enable larger-scale production of (nano)crystals with
targeted shapes. Further, establishment of a pathway between (nano)crystal
morphology and the arrangement of atoms in a (hano)crystal latticefwi
allow development of shape control for the rational design
morphologies. Very recently, Zhuang, Tkalych and Carter (
et al. 2016), explored the correlation between exper
activity and three surface properties (surface ene % ction, and
potential of zero charge) of 15 traditionalqaned=yg atalysts. These
authors discovered a strong volcano-shapgo lation between the
catalytic activity and the surface enekg @ that the surface energy
can be used as a novel, efficient @ or atalytic activity because it
reflects the degree of coordinative aturation of the surface atoms and,

thus, the reactivity of the sur,

Morphology-contro %esis of inorganic materials on the
nano/micrometer scale§hasfprogressed considerably in the past decade
(Huang, Rej, et@ . Many facet-dependent properties have been
discove@d % he successful synthesis of nanocrystals with a series

orphologies. Control of nanocrystal morphology is
oftant jnWarious applications, such as heterogeneous catalysis (Ahmadi
; (Zaera 2013), solar cells (Huynh et al. 1999), light-emitting
dio (Schlamp et al. 1997); (Mattoussi et al. 1998), and biological
labeling (Bruchez et al. 1998); (Chan et al. 1998). In particular, recent
advances in colloidal synthesis have realized controlled preparation of
catalytic nanocrystals with various types of uniform morphologies. For
example, morphology-dependent catalytic behavior of oxide nanocrystals
has been often observed, and oxide nanocrystals are being explored as

novel model catalysts for fundamental studies of metal oxide catalysts,
such as CeO- and TiO; (Dinh et al. 2009); (Pan et al. 2011); (Zheng et al.
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2011); (Gordon et al. 2012); (Zhou et al. 2012); (Qiao et al. 2013); (Huang
2013); (Huang and Gao 2014), (Huang 2016).

Nanocrystals with well-defined crystallographic facets (Zhou et al.
2012); (Wu et al. 2013); (Kuang et al. 2014) have been designed for
improved catalytic (Hu et al. 2008); (Han, Jin, et al. 2009), optical (Wang,
Li, et al. 2014), magnetic (Luo et al. 2014), and electrochemical properties
(Yu et al. 2013); (Tan et al. 2015). In particular, high-energy facets that
contain abundant unsaturated coordination atoms exhibit high reactivit
(Jiang et al. 2005); (Tian et al. 2007); (Fan et al. 2008); (Liao et aly 2
(Liao et al. 2008b); (Ma et al. 2008b); (Ma et al. 2008a); (Tian e I&
(Yang et al. 2008); (Tian et al. 2009); (Xie et al. 2009); (Xu\et alt

9),
(Yang et al. 2009); (Leng et al. 2010), because activg fa% Ily have

higher densities of unsaturated, dangling, or dis N than inert
facets (Pal et al. 2015), resulting in higher surfaee tivity (Yang et al.
2008); (Miao et al. 2013); (Roy et al. 2013)'I. 2013), (Roy et al.
2013). In this context, shape-controlle of inorganic nanocrystals
with exposed high-energy or rea @ as attracted intensive interest

over the past decade, owing to their fascinating shape dependent properties
(Jun et al. 2006); (Tao et 8); (Wang et al. 2008), as well as their

great importance in fo tal studies and technological applications

(Tian et al. 2007); et 4. 2010); (Liu, Khare, et al. 2011).
Thermodynamiics isually ensures that crystal facets evolve to have the

lowest wrf@ during a crystal growth process. Owing to the fact
that high%i ces possess high surface energies, high-energy facets

rXkly during the crystal growth process, and the crystal
sly evolves into a specific shape with exposed facets that
ize the surface energy of the crystal. Consequently, only
nano)crystals enclosed by low-index facets and with low surface energy
are obtained. High-energy facets of micro/nanocrystals, which possess high
densities of unsaturated coordination sites, usually exhibit higher surface
reactivity than low-index facets owing to differences in exposed (dangling)
bonds, surface defects, and electronic structure (Van Santen 2009); (Pal et
al. 2015). Further, such high-energy facets are expected to exhibit
extraordinary performances in energy and environmental applications,
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(Yang et al. 2008); (Dai et al. 2009); (Han, Jin, et al. 2009); (Han, Kuang,
et al. 2009); (Xiao et al. 2012); (Hu et al. 2016); (Wang et al. 2016).
However, as high-energy facets disappear easily during conventional
crystal growth, few high-energy facets are exposed on the crystal surface
(Liu, Yu, et al. 2011); (Zhang et al. 2013). Therefore, the synthesis and
control of (nano)crystals enclosed by high-index facets are still challenging
research topics (Zhou et al. 2011); (Wang, Han, et al. 2012); (Wang, Zang,
etal. 2012).

A prerequisite for application of nanocrystals as model catakystsyiS f
obtain well-defined surface structures for metal oxide nanocr ith
different morphologies. Presently, morphologies are
experimentally using microscopy-based techniques gn inagion with
Wulff construction models, which can be obtain N( igst-principles

I

calculations, to identify the facets exposed on Han, Kuang, et
al. 2009); (Tan et al. 2011); (Liu et al. wn et al. 2014). For

example, uniform cubic and octahe oc of CeO, with a cubic
fluorite structure are enclosed wit 00 ets and eight {111} facets,
respectively. However, this appro encounters some difficulties in
determining the exposed f, for anocrystals with low symmetries

etal. 2013).
Up to now, eometrical approach, the Wulff construction
model Qas amental role in the theoretical characterization of
hologles. Instead, as was recently recognized by Marks
6) (Marks et al. 2016), the seminal paper of Wulff (1901)
1) titled “On the question of speed of growth and dissolution of

(Vantomme et al. 200 G al. 2011); (Agarwal et al. 2013); (Wang
g

surfaces” envisaged the possibility of kinetic control of
morphologies based on a mathematical relationship between the surface
energy and the growth rate (which is not necessarily correct).
Consequently, substantial efforts have been devoted to understanding and
predicting the structure and stability of complex oxide surfaces by utilizing
state-of-the-art experimental techniques and advanced theoretical
approaches, (Freund et al. 1996); (Noguera 2000a); (Goniakowski et al.
2008); (Noguera et al. 2013).
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However, there remains a lack of fundamental understanding of the
surface structure, composition, and stability of certain complex oxides,
particularly ternary oxides. This can be attributed to the inherent
complexity of these materials, which renders experimental preparation and
characterization of oxide surfaces extremely arduous, especially the
preparation of different crystallographic orientations of ionic polar
surfaces, for which cleavage is not a favorable option. It is also very
challenging to address these materials from a theoretical perspective, as in
addition to surface nonstoichiometry, certain facets are ¢ dig0lar;
necessitating special treatment that involves the creation of surface
(Davies et al. 1994); (Wander et al. 2001); (Barbier et al. 20
al. 2008). Nevertheless, theoretical frameworks provigdin ight into
the structure and stability of ternary complex oxide r%o a vital step
towards realizing the true potential of comp i structures and

thin films.

The development of a particulasmg @ for a growing crystal
depends on the relative rate of @ a different crystallographic
directions. Different growth rates '@f the crystal planes determine the

appearance of the crystal. stal consists of a finite number of low-
energy faces that are 0@/ ted by their Miller indices and interplanar

spacing. Although s have provided some insight into the factors that
control crystal gfo d ultimately determine the morphologies of
crystals‘sh ion mechanisms are mostly speculative and based on
experime Its. Thus, there is an urgent call for a theoretical
derstanding of the relationship between the growth environment and the

r ystal morphology.
nsity functional theory (DFT) calculations, as an effective tool for
exploring surface chemistry, have been widely used to investigate the
underlying mechanism by which growth environments affect crystal
morphologies (Piskorz et al. 2012). For instance, Yang et al. used DFT
calculations to predict that anatase TiO, with high (001) exposure can be
successfully synthesized by using fluorine ions as an agent to control
surface energies (Yang et al. 2008). Barnard et al. carried out a series of
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investigations on the shape transitions of TiO, nanocrystals using DFT
calculations (Barnard et al. 2005).

Further strengthening of theory and simulation in this research area,
with a focus on understanding morphology, can guide the efficient
synthesis of outstanding materials. First-principles investigations are well
established in the study of the morphology and surface properties of
various materials, from simple to complex metal oxides (Beltran et al.
2003); (Leite et al. 2003); (Barnard et al. 2008); (Seyed-Razavi et al.
2010); (Gurlo 2011); (Longo et al. 2011); (Stroppa et al. 2011);«Bakhar
2012); (Kim, Lee, et al. 2012); (Li et al. 2012); (Piskorz et X :

p

(Bomio et al. 2013); (Karim et al. 2013); (Lee et al. 2013); ( al.
2013); (Hormann et al. 2014); (Li, Zhang, et al. 2014 a et al.
2014); (Whiteside et al. 2014); (Barmparis et al. ; naki et al.

2015); (Suleiman et al. 2015). There are s inSightful reviews that
report experimental results and theoreticwtions on the most
important aspects that govern crystalssiiage m tion in semiconductors
and in metal nanoparticles (Lovettg 1 2 ; (Chen et al. 2009); (Jiang
et al. 2010); (Lee et al. 2010); (SeyedsRazavi et al. 2010). In addition, there
are good reviews on theoreti ethods for surface chemistry (Grof3 2009)
and the modeling of na eg/(Barnard 2010).

Here, we appl recéint experimental and theoretical strategy by
combining exper@ dings and first-principles calculations, based on
Wulff @ns@ to determine the electronic, structural, and energetic
propertie trol the morphology and the transformation mechanism

complex Gsystals (Ferrer et al. 2016) (Andrés et al. 2015). In this work,

ide a comprehensive set of first-principles computations that

vantify the stability of all relevant BawO,, BaMoO4, CaZrOs and
aSn0Os crystal surfaces, which allows us to obtain a complete map of
available morphologies. In addition, based on these results, we are able to
rationalize how the energies of different surfaces change throughout the
synthesis process, and we are able to propose a path for which the
experimental and theoretical morphologies match. Using corrected surface
energies, a straightforward understanding was provided by Wulff
constructions. We have introduced computational methodology for
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modeling different complex metal oxides, as discussed in detail below. Our

research seeks to capture the structure and thermodynamics of these

systems using an atomistic level description, allowing us to derive general O .
stability rules for the (nano)morphologies of BaWwO,, BaMoO,, CaZrOs,

and BaSnO; to rationalize the outcome of previous as-synthesized Q
morphologies, and to provide predictive guidelines for future experimental

work. Furthermore, we consider the advantages, disadvantages, and

possible difficulties of this approach. Q

COMPUTATIONAL METHODOLOGY AND MO@

First-principles calculations were conducted VNNU%mework of

DFT using the CRYSTAL14 software pac vesi 2014). The

gradient-corrected correlation functional by Lee, , and Parr (Lee et al.
1988) combined with Becke’s exc tional (B3LYP) (Becke 1993)
was used for BaMoQO4, BaWO;, a rOs Calculations. This method has

been successfully employed in vari studies on the bulk and surface

electronic and structural '@-* ies of perovskite (Moreira et al. 2013),
tungstate (L. Gracia et Longo et al. 2014); (Batista et al. 2015),

Ag2CrO4 (Silva et aVO, (Gouveia et al. 2016), and molybdate-
based materials € ;et al. 2014); (Fabbro et al. 2015). The Brillouin
zone was S ing the Monkhorst—Pack method at different k-point
the system size. The thresholds controlling the accuracy
b and exchange integral calculations were set to 1078 (ITOL1
and 107 (ITOLS5), which assures a convergence in the total
of better than 107" a.u., whereas the percentage of Fock/Kohn—
@ Sham matrix mixing was set to 40 (IPMIX = 40) (Monkhorst et al. 1976).

The atomic centers were described using pseudopotential basis sets for
the Mo (http://Www.Crystal.Unito.lt/Basis_Sets/Molibdenum.Html) atom
in BaMoO, and large-core effective core potentials derived by Hay and
Wadt and modified by Cora et al. (Cora et al. 1996) for the W atom in
BaWO,. Meanwhile, the O (http://Www.Crystal.Unito.It/Basis_Sets/
Oxygen.Html) and Ba (http:/Www.Tcm.Phy.Cam.Ac.Uk/"Mdt26/
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Basis_Sets/Ba_Basis.Txt) atoms in each system were described by
standard all-electron basis sets (6-31G* basis set). In CaZrOs, all-electron
basis set were used to describe the atomic orbitals of the Ca (Valenzano et
al. 2006), Zr (L et al. 2011), and O (Cora 2005) atoms. In BaSnOs, the
PBESOLO functional (Adamo et al. 1999) was used and the Ba, Sn, and O
atoms were described by SC_ HAYWSC-31(1d)G_baranek (Sophia et al.
2013), ECP28MDF-411(51d)G_baranek (Dovesi et al), and 8-
411(1d)G_baranek (Dovesi et al.), respectively, by optimizing the outer
valence shell functions (Duarte et al. 2016). *

The surface energy, Esut (Andrés et al. 2015); (Ferrer et al. 1\ S

calculated using the following equation:
N,
n- \
C

e units multiplied by the

Eslab

Esurf =

where n-Epuk is the number of sur
energy of the bulk, Esas is the tota e surface slab per molecular
unit, and A is the surface area. The 8guilibrium shape of a crystal can be
calculated by using Wulff ¢ tions that minimize the total surface free
energy for a fixed vol @ding a simple relationship between the

surface energy, Es n (hkl) plane and its distance from the center of
the crystallite in n@wal direction (Wulff 1901).

Fomono etric slabs in the BaSnO; system, the surface energy

was d accounting for the simultaneous existence of two types
%ace inations in the surface modeling:

Eterm , + Etermy =N Epulk

E. . —
A@ surf AA

where EtermA and EtermB are the total energies of the two terminations.

The number 4 denotes the creation of four surfaces upon crystal cleavage
(Bandura et al. 2010).

N2

4
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The Visualization for Electronic and Structural Analysis (VESTA)
program (Momma et al. 2011) was utilized to obtain morphologies for
BaMo00O4, BaWO,, CaZrOs, and BaSnOs crystals. Band structures were
calculated for 80 K points along the appropriate high-symmetry paths of an
adequate Brillouin zone. Density of state (DOS) plots were obtained to
analyze the corresponding electronic structures.

APPLICATIONS: MORPHOLOGY MAPPING ¢ Q
OF METAL OXIDES

The following studies have used a combinati X %‘H ntal and
theoretical investigations to gain insights into the electkomic, Structural, and
energetic properties controlling the morpf and transformation

mechanisms. The corresponding computati hodology, based on
Wulff constructions (Wulff 1901) each study.

BaWO4 @
Barium tun QO4) is a semiconductor in the family of

scheelites wij tallfzed tetragonal structures that belong to the 144/
ith Cbn symmetry. In this structure, Ba atoms are

space Qr u

coordi & eight O atoms, whereas W atoms exhibit tetragonal

coordinatign by O atoms; thus, the building blocks of the BaWO, crystal
Itahedral [BaOs] and tetrahedral [WQ4] clusters (Phuruangrat et al.
, (Luo et al. 2007), (Anicete-Santos et al. 2011).

The (001), (101), (110), (100), (111), and (112) surfaces of BawO,
were simulated by considering symmetrical slabs (with respect to the
mirror plane). All surfaces were terminated with O planes. After the
optimization process and thickness convergence tests, the resulting slab
models consisted of four molecular units containing 24 atoms. We note
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that the (101), (111), and (112) surfaces are terminated with W and O
atoms, whereas the other listed surfaces have Ba—O termination. The W
surface atoms are coordinated to three or four O atoms, forming [WO3] or O .
[WOQq] clusters, respectively, whereas the Ba surface atoms are coordinated
to three, five, or six O atoms, forming [BaOs], [BaOs], or [BaOe] clusters, \Q
respectively.

Presently, equilibrium morphology models are derived from calculated
surface energies (Gibbs et al. 1875); (Wulff 1901); (Herring 1981), usi
the assumption that the crystal faces with the lowest surfaceeenetgi
control the crystal morphology (Xie et al. 2002); (Liu et al. ,2005);
et al. 2005). As surface stability depends on the atomic configura
the exposed facets (Marks 1983), the local coordinatign % W and
Ba atoms controls the crystal morphology V 2 and the

corresponding behavior of each surface.

The Egqp values of the surfaces follow th er of stability as the
BaWO, surfaces obtained using theoseti @a ons (Table 1), namely,
(112) > (001) > (110) > (100) > (1197 This result is in agreement

with our present results and those obtained in previous studies on BaMo0Oa.
A comparison between 4+ and BaMoO, shows that the ideal

morphology of both s S J#s similar. However, experimental field
emission scannin e)@ microscopy (FE-SEM) images of these
materials are dif'@e., contributions of 99.5% of (112), 0.4% of (100),

re found for BawWO, (Oliveira et al. 2016a), whereas

and 0.1% of,
contrib tx 5% of (101), 46.9% of (100), 5.8% of (112), and 0.8%
g)ij

(O found for BaMoO, (Oliveira et al. 2016b).
morphologies can be modified by tuning the surface energy
al for various facets using the Wulff theorem and the related

@ construction method (Wulff 1901). Taking into account the (001), (101),

A (110), (100), (111), and (112) facets, various possible crystal morphologies

4

for BaWOQ, are displayed in Figure 1(a-b).
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Table 1. Calculated surface energy, surface tension, gap energy, and
change in total energy (AE+y) for a given dilation area (AA) for
each surface

Surface | Esu(J/m?) | AEwi(Hartree) | AA(A?) | A (JI/m?) | Egap(eV)
(112) 0.92 0.034 2.350 0.73 6.60
(001) 1.02 0.034 1.263 0.57 6.52
(110) 1.10 0.034 1.982 0.85 6.45
(100) 1.22 0.039 2.803 1.09 6.47
(101) 1.31 0.039 1.537 0.91 6.
(111) 2.06 0.020 4.161 2.58 n

\ 6
a)
E.u(100)=1.33 \
E..(001)=1.64
(101)

lI =1.00

*

<001>
Increases
<100>
)
m
EY
s
n
=)
o

Eui(112) =1.20

l A0V
0\ Eq.(101) =0.80
@1. Morphology map for BawO, with (001), (112), (100), (101), (111), and (110)

I planes. Surface energies are expressed in Joules per square meter. a)
Experimental FE-SEM images of the studied BawO, microcrystal samples are

A included for comparison. b) Equilibrium crystal shapes predicted by Wulff

constructions by tuning the surfaces energy values.
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Analysis of the theoretical results indicates that the most stable
surfaces are the (112), (001), and (100) facets (Gao, Sun, et al. 2013),
which can form a truncated octahedron corresponding to the ideal
morphology (shown in the central part of Figure 1). When the relative
stability of the facets changes (increases or decreases), more than one facet
type appears in the resulting morphology, producing morphological
variations. A truncated cube can be obtained if the surface energy of (112)
is increased to 1.20 J/m?, whereas an edge-truncated octahedron can be

produced if the surface energy of (101) is decreased to 0.80 J/m%T
SEM images in Figure 1(a) show well-faceted crystals c% d
experimentally that can be compared with the predictedW ies.
Good agreement between the experimental and theoretic logies is
obtained when the surface energy values for the a 00) facets
increase simultaneously (Figure 1). Thus, vafiati the ratios between

surface energy values affect morphology, these values can be
used to obtain correlations with expeg

BaMoO4

Barium molyhdateé), (BaMoO,) is a prototypical member of the
molybdate familgf with, a scheelite-type tetragonal structure (Ryu et al.
2006); {Wu 1.2007), (Sczancoski et al. 2010), similar to BaWQ,
(Noguej Xd 13). The morphology of a simulated BaMoO. system

s @alcu using Wulff constructions for the surface energy values,
(001), (101), (110), (100), (111), and (112) surfaces (Table 2).

ering the surface atom distributions, we note that the most stable
surface, (001), has exposed [BaOg] clusters, corresponding to the presence
of two oxygen vacancies compared with the bulk structure. However, on
the (100), (110), (101), and (111) surfaces, there are undercoordinated
[BaOs] clusters associated with the presence of three oxygen vacancies. On
the (112) surface, there are four oxygen vacancies, i.e., undercoordination
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at [BaO4]. Only the (111) surface has [MoQg] clusters, implying breakage
of a Mo-O bond in comparison with the bulk structure. As the bonding
interaction of a Mo-O bond is stronger than that of a Ba—O bond, the
stability of this surface is reduced compared with those of the other
surfaces.

According to theoretical calculations, the order of stability found for
BaMoO; surfaces is (001) > (112) > (100) > (110) > (101) > (101) >
(111). The ideal morphology of BaMoOs is controlled by the (001), (112),
and (100) surfaces, which have contributions of 15.1%, 70.9%, ang 14/0%;
respectively, based on experimental micrographs.

The available morphologies, as depicted in Figure @\elect

changes in the surface energy values, i.e., modifying t y of the
surface generates the corresponding morphology: % Gao et al.
f

(2013) (Gao, Sun, et al. 2013) reported t es of scheelite
crystals predominantly consist of exposed (Oé), , and (100) surfaces,

with the (112) crystal surface as the exposed surface.

Table 2. Calculated surface enef@y (Esurf), surface tension (), and
change in total energy (AEt®he ation area (AA) and gap energy of

h surface

Y tot AA () Egap
(Hartree) (A% (I/m?) (eV)
0.035 1.273 0.54 5.69
0.032 2.385 0.85 5.81
0.039 2.853 1.04 5.38
0.033 2.017 1.01 5.63
0.039 1.562 0.94 5.09
0.016 4.231 2.51 Conductor
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Equ(100)=0.60 b)
Equ(101)=0.80
Equ(001)=1.70

Equ(112)=1.20

Eu(100)=1.00
Eeur(101)=1.10

Equ(101)=1.05 &,
= 3
E..(001)=1.60 & ‘%,
&

Equr(110)=1.00
E..(001)=1.60

>

<101>|
Decreases
<100>
-
1.14\“

Equ(101)=1.20
E.,(001)=1.70

»
2
D <
1 ‘O,
A

BaMoO,

= (001)=0.99
- (112) =1.02

ELu(100) =1.17
m— (110)=1.23
w—E_(101) =1.34
w— E (1) =2.23

0 <-001 . o
<101>

Figure 2. Crystallographic structures a pholo ap for BaMoO;, crystals.
Surface energies are expressed in Joules pefSquare meter). a) Experimental FE-SEM

images and b) equilibrium crystal es predicted by Wulff constructions by tuning
the surfaces energy values.

significant diffe n the distribution of the electronic states are
observeg fo , (100), (110), and (101) surfaces, where the reduced

coordi \ﬂ onment of the surface-terminated oxygen atoms gives
splig-Off features in the O 2p and Mo 4d partial DOS at the bottom
duction band. Further, surface states reduce the bulk band gap

%) by 0.1-0.7 eV, depending on the specific surface.

CaZrOs

The essential @ﬁ the different surfaces are constant, but
ceshi
)

Calcium zirconate (CaZrOs) is a multifunctional material that has
many applications and has been investigated frequently, both theoretically
and experimentally (Dravid et al. 1987); (Stoch et al. 2012); (Hou 2013);
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(M.G.Brik et al. 2013); (Boobalan et al. 2015). CaZrOs is a perovskite-type

material with an orthorhombic structure of space group Pcmn (Rosa et al.

2015). O .
The variation in the equilibrium shapes for these systems obtained

using Wulff constructions (Wulff 1901) can be a powerful tool for Q

evaluating the morphology. When the relative stability of the facets

changes (increases or decreases), more than one facet type can appear in

the resulting morphology, producing morphological variations (Figure 3). ‘\

The computed surface energy and band gap values for the (12%), @00);

(010), (101), (001), (111), and (011) surfaces are summarized i \ :

Analysis of the theoretical results indicates a band gap value% for

bulk CaZrOs. .

All surfaces are Ca—O-terminated, with [CaO4 X( as exposed
clusters, and the stability order is (121) > (108 101) > (001) >

controlled by the (001), (121), (101)§.(010) and (100) facets, which have
contributions of 11.3%, 56. 5%, and 13.5%, respectively. An
analysis of the results t the present equilibrium morphology
models are consistenty with the atomic configurations and the local
coordination atoms foRgach surface.

*
Table 3 energy and band gap values for the (121), (100), (010),

( , (001), (111), and (011) surfaces of CaZrOscrystals

Esuf Area | Egap
Surface amd) | A | @)

(121) 1.25 | 91.13 | 6.61
A (100) 1.26 | 44.21 | 6.41

(010) 1.28 | 32.23 | 5.62

(101) 1.39 | 64.41 | 6.39
(001) 1.37 | 4487 | 6.28
(111) 152 | 72.03 | 5.64
(011) 1.99 | 55.25 | 5.69
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E..«(001)=1.70
E..i(121)=1.86

o

L
CaZrO;
Surface  Egy(J/Im?)
(121) 125 A B
(100) 126 5 8%
m— (010) 128 ¢ 57y
— (001) 137 £

wee (101) 139
(111) 152
wes (011) 199

E..(011)=1.45
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‘\‘b

@ % “007 @
Decr
S0n0”
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<121>

Figure 3. Morphology mapfor rO; based on Wulff constructions. Surface energies
are expressed in Jo p meter.

N\

BaS!G\
nOs; exhibits a wide of interesting properties with potential

ological applications as capacitor dielectrics, gas sensors for a large

variety of molecules (Murugaraj et al. 1997); (Ostrick et al. 1997); (Kreuer

1999); (Aydi et al. 2008); (Kim, Kim, et al. 2012); (Wang, Chesnaud, et al.

2012); (Bevillon et al. 2014); (Hadjarab et al. 2015); (Li et al. 2015);

O (Marikutsa et al. 2015); (Zhu et al. 2016), humidity detectors, and
photocatalysts for dye degradation (Lu et al. 2007); (Liu et al. 2012);

(Sales et al. 2014). The properties of this material are correlated with its

morphology (Zhang et al. 2017). Moreover, various other synthesis
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parameters, such as pH, surfactant additives, ion concentration, and
synthesis method, can significantly alter the morphology (Kumar et al.
2006); (Sales et al. 2014); (Wang, Liang, et al. 2014); (Huang et al. 2015).
BaSnOs is a cubic perovskite with space group Pm3m, in which the
Sn“** cations are located at the centers of regular oxygen octahedra, forming
SnOs clusters, whereas the local coordination of the Ba?* cations forms a
BaO1> dodecahedral cluster (Huang et al. 2015); (Duarte et al. 2016). The
aim of this study was to understand how BSO morphologies are formed
and behave in stoichiometric and nonstoichiometric slabs. *
Nonstoichiometric and symmetric slabs for (001), (011), x{
slabs of BaSnOs are presented in Figure 4(a). The (001) sur is al,

with only two terminations and alternating BaO and §n depicted
as A and B. However, the (011) and (111 x&m ave polar

characteristics, and studies of similar perovskites=ha onstrated that
some treatments, such as charge neutrality a imposing a zero net
charge on the unit cell, are not very efifective apelfminating the generated
dipole momentum (Pojani et al. era 2000b); (Bottin et al.

2003). In the case of the (011) surfage, as an alternative option, a neutral
slab can be obtained. For n metrical surfaces with O—O termination,

it is possible to removeq ms from the top and bottom of the slab,
a
e

nonstoichiometric surfaces with BaSnO
remove Ba or Sn atoms, or both, and O atoms

whereas for symmet
termination, it is%
at the tqp ar@ of the slab (Bottin et al. 2003), as shown by pictures
Cand D 4(a). The (111) surface is formed by successive layers of
O@atoms (pictures E and F, Figure 4(a)), following the polarity
C on criterion that the formal charge of the various (111) surfaces
of BaSn0O; must be equal to half of the bulk value, i.e., £2 (Liu et al. 2009).
The simulation data are summarized in Table 4.
A variety of surface reconstructions are reported for BaSnOs-like
systems, for both stoichiometric (Charlton et al. 2000); (Liborio et al.

2005) and nonstoichiometric surfaces (Pojani et al. 1999); (Eglitis 2013);
(Eglitis 2015), with the (001) surface being the most studied surface.
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(111) [ B

(001) (011) (111) (011)
Figure 4. a) Nonstoichiometric and symmetric slabs 1 ), and (111)
surfaces, and b) stoichiometric slabs for (001), (Qd1), T7T) surfaces.

Table 4. Surface energy values fo @ oichiometric and symmetric slabs

Esurt » | Thickness
(3-m?) Area (A?) A)
1.37 16.918 12.20
2.33 23.926 11.18
3.74 23.303 11.94

ble  presents surface energy data for stoichiometric slabs. In this
: 001) surface is BaO-terminated, whereas the (011) surfaces is
and Oo-terminated. It is possible to observe that there is not a great

variation of slab stability (011). Thus, the contribution of different slab
A thicknesses or even different positions of the outermost oxygen atom is

O assumed to be small.
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Table 5. Surface energy values for stoichiometric and

symmetric slabs of BaSnO3

Termination | Surface | n ( JE_;;‘;) '?/g‘j;i Th'(CIA()n €ss
Ba-0/Sn-O (001) | 3 1.37 | 16.92 10.12
BaSnO (011) | 4 1.69 | 23.93 11.05
Sn-Ba0O3 (111) |5 3.05 | 23.30 10.84

El11=165

£l 18

001
el =137
-E§$%F:)=1.69
I:'E(SUﬁF ):3

*

grphology map for BaSnOs based on Wulff constructions. Surface energies

e eXpressed in Joules per square meter.

The stability order for stoichiometric and nonstoichiometric slabs is the
same: (001) > (011) > (111), although the stability of the stoichiometric
(011) surface is higher than that of the corresponding nonstoichiometric
slab. Therefore, based on the surface energy values in Table 5, a
morphology map was constructed for BaSnOs, as shown in Figure 5, where

the ideal morphology is controlled by the (001) surface.
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CONCLUSION

“It is a test of true theories not only to account for but to predict
phenomena” W. Whewell, 1847 in The Philosophy of the Inductive
Sciences, Founded Upon Their History (Whewell 1847).

Computer modeling is highly likely to play a part in understanding the
shape of (nano)crystals and in predicting morphological transformations.

We have introduced first-principles surface models for all relevant low-
index surfaces of BaWQ,, BaMoQ., CaZrOs, and BaSnOs;. By sk@
f

clean surfaces with different chemical natures and translatj

stabilities into equilibrium morphologies, we have reali%t the
entire range of available morphologies, thereb n roscopic
understanding to experimental results. \

Rather than individual values, the most “gaporta

simulations is the general, chemical tren %
predicted morphologies were co
morphologies. To achieve a give , the relative values of the
surface energies were changed. this way, predictive atomistic
simulations should likely increasingly important role. Therefore,
synthesis processes sh b rolled to reduce/increase the presence of
various surfaces. ;@v established that the proposed procedure is
easy to apply, @accurate predictions of crystal morphologies, and

omplex systems.

tcome of these
ave revealed. The
xperimentally observed

provements in this area, such as the inclusion of solvent or

eration of specific interactions with surfactants present in the
synthesis environment. For example, calculation of the surface Gibbs free
energy per unit surface area for an i-terminated surface, including
variations in entropy and temperature, was recently reported by Kim and
Kim to analyze changes in morphology as a function of partial pressure of
O.. Moreover, the authors analyzed the equilibrium crystal shape of
BaZrO3 and space charge formation in the (011) surface of BaZrOs (Kim et
al. 2017). Further, Jiang et al. (Jiang et al. 2016) have performed first-
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principles calculations to clarify the effect of hydrogen adsorption on the
surface facets of Pd—Cu nanocrystals. The results indicate that adsorbates
could largely modify the equilibrium surface energy, and Wulff O *
constructions based on corrected surface energies are consistent with the
experiments, providing microscopic insight into the behavior of Q
nanocrystals at realistic gas pressures. Such an approach is promising for
shaping nanocatalysts by gas-assisted treatments. Qi et al. (Qi et al. 2014)
have performed DFT calculations to study the surface chemistry of ionic ‘\
liquids adsorbed on TiO, facets. The results of this study reveale
ionic liquids achieve the synthesis of shape-controlled nano N
tuning the surface chemistry, which is a valuable step towardythe tltimate
goal of controlling the synthesis of inorganic nanomatgri
We strongly believe in the philosophy of * isnces, where
experiments should inspire predictive mode are verified or
disproved by more experiments. Rather twshowing qualitative
agreement between theory and expegim r@n re important to be able
to predict phenomena, and we urg @ ors onsider going beyond just
reporting results (and referees toNallow predictive hypotheses to be

included). @
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ABSTRACT

Q

ing the constant-composition technique, in which two autotitrators
re applied for maintaining the composition and pH constant in a

growth process, the growth rates of calcium carbonate polymorphs, i.e.,
calcite and aragonite, were measured at different operating conditions.
A The conditions were chosen as closely as possible to that in the magnetic
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water- treatment for preventing scale formation. The transient effects of

magnet
Then, t

ic field on the growth of CaCO3; polymorphs were presented first.
he steady growth rates of calcite and aragonite were measured in

the absence/presence of magnetic field at various conditions as follows:
temperature between 25°C and 40°C, pH between 8.0 and 10.0, activity
ratio of Ca?*/COs* (R) between 0.2 and 6.0, impurity concentration of

Fe?* an

d Sr?* between 0 and 2.0 ppm. The growth rates of polymorphs

responded differently to a change in operating variables. The results were
most surprising with regard to the effects of impurities. In addition, a
hypothesis of cluster- transformation mechanism was proposed to explain

reported in the literature.

the experimental results obtained in our laboratory and some ‘cas%

a

Ca2+

ac o

Ci
[Ca**]a

[Ca*']
|

Ksp

L &

NOTATION . 6Q\

activity of Ca?*, mol/L Q\
activity of COs%, mol/ 0

concentration of i com t, mol/L
Ca?* concentrati
mol/L
Ca?* concghtrati
ionic

the titrated solution in the dosimat, mol/L
ol/m3

ity product, mol?/L2

teristic length of seed crystals, m

\ cular weight of CaCO3
activity ratio, a__,. / Ao
3

crystal growth rate, m/s

temperature, °C

total calcium contant, ppm

growth time, s

volume of titration solution, mL

total weight of seed crystals, g

activity coefficient

relative supersaturation of i component

of the“eriginal solution in the storage tank,
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INTRODUCTION

Magnetic water treatment for scale prevention of heat exchanger has
been around for about a century. However, this technique has become a
controversial issue because effective and ineffective cases have been
reported and the working mechanism of magnetic effect has not been
confirmed [1]. The major constituent of the scale is calcite, which is one of
the CaCOs polymorphs. The other two polymorphs commenlyencount
are aragonite and vaterite. Calcite is the most stable form %t %@om
temperature, and vaterite converts to calcite easily &
environments. Anti-scale effects can be judged from the twi solid
formation, i.e., nucleation and crystal growth. The fifs of scale
on a fresh surface is caused by nucleation, then furtRer ion of scale
is due to crystal growth. From this point ,4any measure that
suppresses nucleation and crystal growth ofyc is considered to be
effective for anti-scaling. To expl ectiof magnetic field, a study
on the crystallization of CaCOs; he common operating conditions
existing in a heat exchanger of water'gooling system should be carried out
first in the absence and the presence of magnetic field. Usually, the
cooling water with a p 9.0 or lower contains impurities and its
temperature is bet @and 50°C when contacting with the exchanger
wall. Thus, the e@ pH, temperature, magnetic field, and impurity on
the crystalli aCOs should be investigated systematically in order
to rea clusion.

st er studies of CaCOs crystallization are on crystal formation,

few on crystal growth. The temperature effect on the formation

CO; polymorphs was first investigated by Wray and Daniels in 1957

[2]. They prepared the crystals of CaCOs; polymorphs by adding a
Ca(NOs3); solution to a Na,COs solution at various temperatures. Aragonite
crystals dominated at the very onset of nucleation, when the operating
temperature was higher than 45°C. The formation of aragonite favored at
high temperature was also confirmed by Tai and Chen, using the constant-
composition method [3]. As far as the magnetic effect is concerned, a
magnetic field would favor the formation of aragonite [4, 5]. For example,
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Kobe et al. [5] applied a magnetic field with intensity that varied from
4,000 Gauss to 12,200 Gauss to treat a circulating CaCOs-Ca(HCO3)2-H,0
equilibrium system for 8 h. They found that the portion of aragonite
increased with the intensity of magnetic field. The presence of impurity in
a crystallization solution has long been considered as a nasty problem,
even at a concentration of ppm level, due to its possible influence on
solubility, nucleation rate, crystal growth rate, crystal habit, and crystal
morphology [6]. In an early study, S6hnel and Mullin [7] investigated the
effect of cation on the morphology and habit of CaCO; crystakfan
established a general trend according to the ion radius. An ion wi X, S
smaller than Ca?*, such as Mg?*, Fe?*, and Cu?*, would favor thie f ion
of aragonite. On the other hand, Mn?*, Sr**, and Ba* r radius
favored calcite. In the succeeding studies on cation & atz and his
co-workers [8, 9] reported that Fe?*, Fe®*, apd hibited calcite

growth.

In view of the experimental f ti above, we decided to
study the crystal growth of an@® aragonite under various
environments. The experimental hnique used was the constant-

composition method, whic, s originally designed by Tomson and
Nancollas [10] to stud Ilization of sparingly soluble salts and

was adopted in o ordtory for investigating the polymorphism of
CaCO; precipit ] onstant-composition environment [3], and the
growth J<in alcite [11-13]. Several operating variables, which

re, impurity type, and impurity concentration, did
ignifican ffect the crystal formation and crystal growth of CaCOs. In
iti olution supersaturation (o), pH value, and activity ratio of

a?4fCOs* (R) also have a profound influence. Later, a magnetic device
was incorporated into the growth system to explore the magnetic effect and
its interaction with other operating variables in the crystal growth of calcite
and aragonite [14-20]. Because different polymorphs precipitated in
different environments and the growth rate of polymorphs responded
differently to a change in operating variable, a cluster-transformation
mechanism was proposed to explain the temperature and magnetic effects
[16, 17] based on the following information of cluster formation.
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The formation of clusters in a supersaturated solution has long been
recognized. For nucleation to occur, it is presumed that a sequence of
bimolecular addition gives rise to clusters until the clusters exceed a
critical size to be called nuclei, which is a function of supersaturation.
Then the nuclei become crystals by growth [21]. This mechanism of
primary nucleation was proposed when there was no instrument available
for detecting the existence of clusters. However, the concept of cluster
formation has been accepted since then. To identify the existence of
clusters using Raman spectroscopy, the pioneer work of Frost agd e

[22] for detecting the degree of association of ions and m in
aqueous solution was followed by Larson and his co-wor 4].
They would be able to differentiate between low-ordeg s nomers,

dimers) and high-order species (clusters) in a supe t% lution. The
clusters were also believed to be the precu in the contact
nucleation, which is one type of secondary n4cle @ McCabe and his co-
workers [25, 26] performed the expesi of act nucleation, in which
a solid rod was used to contact th €0 rowing seed crystal placed
in a flowing supersaturated solution§yso as to generate secondary nuclei.

They proposed a hypothesi@the usters gathering in the adsorption
a

layer near the crystal tending to incorporate into the crystal
lattice were detach m the seed crystal. Then, the portion of dropped
clusters, that werg(la an the nuclei corresponding to the surrounding
supersa@rat@\ and became crystals. Using the technique fashioned
after tha loptz and McCabe [25], Denk and Botsaris [27] studied

ntact r:\ation of sodium chlorate crsytal, which crystallizes in two
e phic forms. They found that all nuclei produced by contact had
he e form as the parent seed crystal, yet each form of nearly 50% was
generated without seeding, i.e., nuclei induced by primary nucleation. In
the literature, most studies of contact (secondary) nucleation were on the
readily-soluble salt. Tai et al. [28] found that secondary nuclei of calcite,
which is one of the sparingly-soluble salts, were generated by contact
mechanism, when calcite seeds larger than 165 um were suspended in a
supersaturated solution. Important features of contact nucleation for
readily-soluble and sparingly-soluble crystals were quite similar, such as
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more crystals produced at higher supersaturation and magma density. In
addition, Gebuer et al. [29] demonstrated that calcium carbonate solution
contained stable prenucleation ion clusters, even in an undersaturated
solution. Although they did not differentiate the clusters of CaCOs
polymorphs, they concluded that prenucleation-stage clusters exhibited
“solute character”.

This communication summarized the growth-rate data of CaCOs
polymorphs collected in our laboratory, either published or unrevealed,
using the constant-cpmposition method with an aim to glve.a
complete picture of magnetic effects and the interaction of magne
with other operating variables, such as temperature (T),
activity ratio of Ca?/COs* (R), and impurity. In ord Iam the
growth-rate variation caused by the environmental hypothe3|s
of cluster-transformation mechanism, i.e., calcj aragonlte like
clusters are interchangeable depending on the nmental conditions,
will be presented first in the sectiog and Discussion. The
hypothesis is able to give a satisf? i@ expladation on most experimental
results. However, a few cases that§include the impurity effect remain

unclear. In addition, it shoul oticed that there is lacking of instrument
to identify a cluster for n a supersaturated solution at the present

time. Q

EXPERIMENT SECTION

g&e Region of CaCOs3

Metastable region of a readily-soluble salt is defined as the area
between supersolubility curve and solubility curve on the concentration-
temperature diagram. In this region spontaneous nucleation is improbable;
however, growth of seed crystals would occur. The metastable region of a
sparingly-soluble salt, on the other hand, should be plotted on a
precipitation diagram, i.e., pCa vs. pCg, where pC; = -logC; and C; is the
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concentration of reacting ion [30]. The supersolubility curve is not well-
defined as that of solubility curve. Its position in the diagram is affected by
many ways, such as the intensity of agitation, the method of detecting the
presence of solid phase, the time that elapses between the establishment of
supersaturation and the onset of nucleation, and the rate at which
supersaturation is generated. Following this definition, Tai et al. [31]
mixed CaCl, and Na,COs solutions of various concentrations directly and

then stirred the solutions for 2 h under constant temperature (25°C)
constant pH (8.5, 9.5, and 10.5, respectively) to find the super @
curve, which was the boundaries that the mixed solutions i g& r
and became turbid. By plotting Pz VS, pacoaz} W%‘!:WB.S the
activity of reacting ions of the turbid solutio\x bility and
supersolubility curves were straight and paral tive of pH values.
The subsequent growth experiments were w at supersaturations
within the metastable region n Qm the solubility curve.
Althought a few experimental ru e lasted longer than 2 h or were

operated at different temperatures $hat might change the width of
metastable region, no nucl ever detected during the course of the

growth processes. < : |
Apparﬁ\ (&dures

y to success for measuring the growth rates of CaCOs;

olymorphs was the constant-composition technique, an original concept
osed by Tomson and Nancollas [10]. In the course of this research
project, the crystallizer adopted was either a fluidized bed or a stirred tank.
The latter was used to study the temperature effect due to its ease of
temperature control. There was; however, a disadvantage associated with
the operation of stirred tank in which vigorous agitation caused a contact
between seed crystals and agitator to give a narrower metastable region. It
meant that nucleation would occur at a lower supersaturation and pH. Two
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kinds of magnetic device, i.e., a commercial magnetic water-treatment

device (Descal A-Matic DC-1) and a pair of permanent magnet (MagnGen

Medel 100) were used in this study. The detailed structure of the two O .
devices are illustrated elsewhere [16]. The effective field intensity was

1800 Gauss for the former, and a field intensity of 1265 Gauss for the \Q

latter, which was only used in the fluidized-bed experiment. Both of the

magnetic fields induced by the two magnetic devices had a profound \

influence on crystal growth of the CaCOj3 polymorphs.
. O
| \

Hen

4

Jis =

+ g ?
1. fluidized-bed crystallizer -type tube 21. dosimat (Na,CO;)
2. distributor 12. axial-flow impeller 22. dosimat (NaOH)
3. rotameter 13. burette (CaCly) 23. pH meter
4. magnetic water treafiment deyice 14. burette (Na,CO3) 24. nitrogen cylinder
5. valve 15. calcium ion-selective electrode  25. mixer head

oMer

6. temp‘atu 16. reference electrode

7. magnet ! 17. voltage regulator

24

al 18. impulsomat
e

8. st
. cambin lectrode 19. ion meter
0.b ¢ (NaOH) 20. dosimat (CaCly)
i 1. Schematic diagram of equipment set-up for measuring the crystal growth of
aCOs polymorphs, according to the constant-composition concept.

@ The apparatus used in the experiment is shown in Figure 1, in which
O every component of the set-up is numbered, using fluidized bed as the

crystallizer. A detailed description of the set-up can be referred to a
previous paper [16]. The set-up was designed for its versatility. When the
temperature effect was studied, the fluidized bed (1) was removed and the
storage tank (8) was utilized as the stirred-tank crystallizer. The constant
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temperature was maintained by a U-type tube (11) connected to a
temperature controller (6). To investigate the effect of operating variables
other than magnetic field, the magnetic device (4) can be isolated from the
set-up simply by closing the inlet and outlet valves (5) in the front and at
the rear of the magnetic device. The advantage of using the constant-
composition method were in two aspects, i.e., the solution pH and
composition could be kept constant during a growth run by means of
autotitrators and the growth time for an experimental run could be

shortened to a few hours by evaluating the growth rate from theptitgafio
curve, which was recorded automatically. The autotitrator for p x is

a combination of a pH- meter (23) a dosimat (22), and an im% 8),
and for composition control is a combination of a calciu ter (19),
two dosimats (20 and 21), and an impulsomat (18). a nd Na;COs

solutions were added simultaneously. TheqCconsts mposition was
checked at the end of every single run and oegassionally during the growth
process, using an inductively couplg asMal(ICP) spectrometer or an

atomic absorption (AA) spectro @ pical calcium concentration
profile is shown in Figure 2, in whiChyo is the supersaturation of solution,

a 2 . -
R is the activity ratio C@S ), and 1 is the ionic strength. If the

calcium concentrationfilwasg0.3" ppm away from the setting point, the
titration curve w, . The titration curve should be a straight line
to ensure a rowth, and then the slope of the titration curve was
used to €v the crystal growth rate according to the following
equation, was derived by Tai et al. [17]:

v
3w

o,

([ca™], ~[Ca" )~ M
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Figure 2. Calcium concentration profile showingeonstant cemposition of the

supersaturated solution during a growt s§ fo .0,R=554,6=10,1=
0.018M, and T = 25°C.

Where G is the growth W is'the total mass of seed crystals, L is

the characteristic length crystals, M is the molecular weight of
CaCOs, Va is the voldme rated solution, t is the growth time, and
[Ca®], and [Caila concentrations of the Ca?*" of the original
solution in age tank and the titrated solution in the dosimat,
respecti&&

E iofs of Supersaturation

e relative supersaturation ¢ was used as the driving force for crystal
@ h.
:A o =\[(ZICa” 1[CO; D/K,, -1 ?
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A computer program, containing mass-action equations, mass balance
equations, charge-balance equation, and the modified Debye-Hickle
equation, was used to calculate the relative supersaturation [28]. The
equilibrium constants in the mass-action equations, the solubilty product
Ksp, and the activity coefficient y, were corrected for temperature as
presented in a previous study [17]. The solubility product of aragonite is
different from that of calcite, s0 oca iS not equal to caa for the same
solution concentration. For example, when o is 1.0 at 25°C, the
corresponding Gar is 0.73. .

Preparation of Seed Crystals * \6 :
Three types of calcite seed have been chm\beginning of this

study, i.e., sand covered with calcite (seed I) a pellet reactor for
testing water softening, natural ¢ %(seed I), and egg shell
(seed 1I1). The three seeds we firmed to be calcite by XRD
diffraction. At the early stage of gro experiment, the growth-rate data
were not reproducible, not etween seeds of different sources, but
also between seeds of nd. After examining the surface of seed

crystals before a wth and the shape of titration curves, we
realized that the ‘Seed @rystals needed curing for at least 5 h in order to
obtain répro ta for the same kind of seed. The surface structure of

e and after curing are presented in Figure 3. The surfaces

calcit
th@ alcite seeds are quite different before curing; however, they
ed with rhombohedral calcite particles after curing. The size of

1o

ohedron is similar for seed I and seed I, but quite larger for seed IlI.
This is due to the difference in composition on the seed surface. The seed
surface is nearly pure calcite for seed I and seed 11, and the egg shell (seed
I11) contains several percent of protein matrix besides calcite. The growth
rates of the seeds from different sources at various levels of supersaturation
are shown in Figure 4 under the following conditions: pH = 9.0, R = 5.54,
1 =0.018 M, and T = 25°C. The growth rates of seed | and seed Il are quite
similar, yet the growth rates of seed Il are almost off by 50%. This is due
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to the difference in the size of rhombhedral particles adhered to the seed
surfaces. The particle sizes on seed | and seed Il are almost the same
(Figures 3(b) and 3(d)), but quite larger for seed 11l shown in Figure 3(f).
Recall that the linear growth rate defined in this study is the increment of
solute volume deposited on the rhombohedral calcites divided by the
surface area of the uncured seed crystals. Because the surface area
available for growth is related to the particle size of the adhered calcites, it
is understood that the growth rates of seed | and seed Il are almost equal
and the growth rate of seed Il is much lower. *

As far as the aragonite seed is concerned, one seed of natura X' e
from Morocco was used. The photographs of aragonite s@ at
different curing stages are shown in Figure 5. It shauld teg that the
magnetic device was applied before and during t ocess. The
premagnetization time required for reproducing grew a was about 20
h. The premagnetization of solution for arago growth was essential,
otherwise the aragonite seeds wouldgng @ emperatures lower than
25°C. An explanation of this phe V@ e presented in the section

of Results and Discussion. Figures 5@), 5(b), 5(c), and 5(d) show the seed
surfaces of uncured aragoni@r 5 N curing, after 10 h curing, and after

several experimental r ively. It should be noted that the scale
bar is 10um for Fi re@nstead of 1 um for the others. The surface of
uncured aragoni@ r flat, with some crystal dusts adhered to it.
When the c% ess started, acicular aragonite particles grew on the
seed surf ally, then the acicular particles became larger and larger
grawt ess proceeded. Since the growth rate measured in this study
increment of solution volume deposited on the acicular crystals

divided by the surface area of the uncured crystals, the larger particles had
less surface per unit area of the uncured crystal and thus less growth rate.
To overcome this problem, the grown aragonite seeds were replaced by a
fresh batch of cured seed after five runs. The reproducibility of growth-rate

data was checked using this procedure [19]. The same procedure of seed
replacement was applied to the calcite-growth experiment either.
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14/MAR/11

Figure 3. The calcite crystal surfaces of different sources.
(a) Sand covered with calcite (seed I) before curing.
(b) Sand covered with calcite (seed I) after curing.
(c) Natural calcite (seed Il) before curing.
(d) Natural calcite (seed Il) after curing.
(e) Egg shell (seed I11) before curing.
(f) Egg shell (seed I11) after curing.
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Figure 4. Comparison of the growth rates of calcite fr rent sources under
the same solution conditions: pH = 9.0, R =5.54, | nd T=25C.

(M) sand covered with calcite (seed I); ( tutal calgite (seed I1);(T1.4) egg shell

(seed I1).

RESU ND DISCUSSION
Hypothesis of t @- Transformation Mechanism

In or e@x ain the growth-rate data of calcite and aragonite
cryst in our laboratory through the past fifteen years, the

stéj-trafisformation mechanism is first proposed here. The mechanism is
on several experimental works cited earlier, including the
fication of clusters performed by Larson and his co-workers using the
Raman spectrometer [23, 24], the secondary nuclei that originated from
clusters gathering on the surface of growing seeds as demonstrated by
McCabe and his co-workers using the single-crystal contacting device [25,
26], the similarity in crystallization phenomena between readily-soluble
and sparingly-soluble salts brought up by Tai and his co-workers using the
constant-composition or constant-pH technique [12, 28], the work of
Gebuer et al. to infer that the prenucleation-stage clusters processed “solute
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character” in a CaCQOj solution [29], and the one, which is most relevant to

the proposed mechanism, conducted by Denk and Botsaris using sodium

chlorate as a model compound [27]. They produced two enantiomorphic O *
forms of sodium chlorate without seeding, and generated the same form of

crystals as the seed crystal. The result of the former experiment implied

that two forms of cluster coexisted in a supersaturated solution, and of the

latter experiment implied that only one type of clusters had the affinity for

the seed crystal. \

Figure 5. The surface structure of natural aragonite at different stages of growth
process.

(a) Uncured seeds.

(b) After curing 5 h.

(c) After curing 10 h.

(d) After several growth runs.
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manent magnet; (f) o = 1.0, permanent magnet.

A general descriptidn o luster-transformation mechanism for the
CaCOs supersatur sOlution is as follows. Two types of clusters, one of
which has a @calcite and the other one to aragonite, coexist in a
solution® re interchangeable depending on the solution conditions.
The x the latter will be referred to as calcite-like cluster and
aragonite-like cluster respectively in this report. In other words, the calcite-

e @lusters and the aragonite-like clusters are in equilibrium with each

r at a certain ratio under a specific environment. Furthermore, the
polymorph-like clusters can only adsorb on and integrate into the surface
of the same polymorphic crystal, similar to the enantiomorphic forms of
sodium chlorate [27]. Since the aragonite-like clusters are inert to the
calcite seeds, the actual driving force of calcite growth should be the
concentration of calcite-like clusters instead of the relative supersaturation
(o) defined in Equation (2). As far as the transformation rate is concerned,
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it is a function of solution properties, such as pH, temperature, and others.
One more striking phenomenon is that the transformation can be induced
by foreign disturbance, such as magnetic field, impurity, and others. It is
reasonable to assume that the Lorenz force induced by magnetic field
activates the conversion of clusters [1]. However, it remains unknown how
the impurity works in this respect.

N2

é )
Transient Effects of Magnetic Field on the Crystal Growﬁ()\Q

magnetic field on the growth of CaCOs; polymorphs. is series of
experiment, the supersaturated solution % ot subject to
premagnetization. Recall that the growth tate Was'€¥aluated from the slope
of the titration curve. Thus, a dec @o sl eant a decrease of growth
rate, and vice versa. Figure 6 sho e titration curves of calcite growth
experiment at three supersa ions T0r ¢ = 0.6, 0.8 and 1.0, with other
operating varibles fixed 0, R=5.54,1=0.018M, and T = 25,

using two types of magheticftlevice, i.e., a magnetic water treatment device
(Descal-A-Mati:éa a set of permanent magnet. The former had a
higher {iel@ y. The titration curves were straight before the
magneti x rted and then the curves tended to level off after the
rti@ of magnetization, meaning that the growth rates of calcite

n to decrease slowly and the seeds stopped growing eventually.

time period for leveling-off increased with an increase in
supersaturation (for example, compare curve (b) with curve (c)) and the
time period was shorter as the magnetic intensity was higher (for example,
compare curve (c) with curve (f)). Tai et al. [20] performed similar
experiments at three temperature levels (T = 25°C, 30°C, and 40°C) and

three pH values (pH = 8.5, 9.0 and 9.5). They found that the titration
curves had similar trend as those shown in Figure 6. The time period of

CaCOs3 Polymorphs ?
The titration curves were used to examine t Y@ cts of a
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leveling-off increased with a decrease of temperature and increased with an
increase in pH. On the other hand, aragonite seeds behaved differently.
Figure 7 shows the titration curves of aragonite growth experiment
operated at 25°C, when the permanent magnet was placed at different
position in the circulation loop passing the fluidized bed. Before the
magnet was incorporated, the autotitrator did not function at all. The
autotitrator was activated after the magnet was installed. The titration
curve started to rise and then became straight, meaning that the growth

became steady after a period of time. The time period was shorter he
magnet was clipped on the seed zone, and there is no diff r
the magnet was placed in the front or at the rear of fluidi bed” It is
worth mentioning that the three curves becam % ter 6000s,
meaning that the steady growth rates became iden '% ally.
4.0
35
~ | @)
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> (b)
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Figure 7. Titration curves showing the transient effect of the position that a permanent
magnet was placed for aragonite growth. Magnetization started at the beginning of
growth time. (a) on the crystal seed zone; (b) in front of the fluidized bed,; (c) at the
rear of the fluidized bed.
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Figure 8. Growth rates of CaCO3 polymorphs,a
1 2=0.91), and R = 5.54.

solution conditions: pH =9.0, | = 0.018}
(o) Calcite in the absence of magne
(o) Aragonite in the absence of magnet

(®) Aragonite in the presenc agneti€ field.
The transient effec tic field shown in Figure 6 and Figure 7

can be explained gdsi @cluster—transformation mechanism. At room
temperature the aragonite-like clusters were negligible and the
growth ite seeds was nil. On the other hand, the calcite-like
cluste and the number of clusters was higher at higher
ergaturation. Since a portion of the clusters underwent transformation
h-a single-pass of solution, it took more time to convert all the
e-like clusters to aragonite-like form and to stop the growth of calcite
seeds at a higher supersaturation. Realizing the partial conversion of a
single-pass, it is easy to understand that the magnetic device with a higher
intensity had a shorter time for leveling-off as shown in Figure 6. In the
case of aragonite growth shown in Figure 7, the rise of titration curves was
due to the cluster transformation from calcite-like to aragonite-like form
induced by the magnetic field. The titration curve became straight
eventually, because most clusters had been converted to aragonite-like
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form. The almost identical curves for case(b) and (c) was expected,
because the magnetic field just magnetized the solution, irrespective of the
position of magnetic device. For case (a), the magnetic field acted on the
solution and the seeds surface, it seemed that the aragonite seed worked as
catalyst to speed up the transformation of clusters. In the long run, most of
the clusters turned out to be aragonite-like form after 6000s to give
identical growth rate for the three cases. On the other hand, when the
aragonite seeds were replaced by calcite seeds, the titration curves for
clipping the magnet on the seed zone leveled off faster (not shown

This is because the magnetic field acted on the calcite-like clu % e
solution as well as the calcite-like clusters adsorbed on the see@lisu PAS
a result, the magnetic field speeded up the transformaﬁon@ sters.

Effects of Temperature on the Grow%@

CaCOs Polymorphs

The crystal growth rates of calcitg and aragonite measured at various
temperatures between 25°Cm0°c are shown in Figure 8, in which
aragonite growth rates calcite growth rates, in the presence of
magnetic field ar Q his is because the calcite seeds did not show
significant grow a premagnetization of 20 h for all temperatures.
The growth é?' Icite in the absence of magnetic field decreased with
an in perature and varied by a factor of 2.4 between 25°C and
C Wwhigh is a drastic change for a 15°C difference. On the other hand,
wth rate of aragonite increased from nil at 25°C to 9.2 x 10** m/s at

. When the solution was premagnetized for 20 h, a synergetic effect of
magnetic field and temperature was significant, almost increased by a
factor of 2. The experimental results can be explained using the cluster-
transformation mechanism. Below 25°C, the calcite-like clusters prevailed,
and the growth rate of aragonite was negligible, if any. At the temperatures
higher than 25°C, a portion of calcite-like clusters would transform to
aragonite-like clusters and the two types of clusters were in equilibrium
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with more aragonite-like clusters existing at higher temperatures. When the
solution was subject to magnetization, more calcite-like clusters would be
converted to aragonite-like form. After a 20 h of magnetization time, the
conversion of cluster-like form proceeded to a great extent and to give a
zero growth rate of calcite. The increase in growth rate of aragonite at
higher temperatures was not just due to an increase in the concentration of
aragonite-like clusters (driving force), the higher activation energy of the
surface-integration step also played an important role as reported by Tai et
al. [17].

Q\
Effects of pH on the Growth Rates of CaCO3 Boly@;
x\ragonite seeds

Figure 9 shows the growth rates of €algite

measured at various pHs with and without ation, keeping other
variables constant for | = 0.018M, ¢, @ 0.73), R=554,and T =
25°C. The growth rates of aragon s in“the absence of magnetic field
were missing in the figure, becauséythe concentration of aragonite-like
clusters was not high enoug@able the aragonite seeds to grow at 25°C.
After the solution was for 20 h, the aragonite seeds grew and
their growth rates @With an increase in pH, but keeping constant
in the pH range betwee®9.0 and 10.0. The growth behavior of calcite seeds
was opposi of aragonite seeds. The calcite seeds grew in the
absen etic field and their growth rates increased with the
i re@ . After a premagnetization time of 20h, the growth rates of
eds were almost nil at lower pHs and were barely detectable at
r pHs. Maybe a longer magnetization time was needed to eliminate
calcite growth at higher pHs. Judging from the experimental results shown
in Figure 9, it is obvious that the magnetic effects overpowered the pH
effects on the crystal growth of CaCOs polymorphs. As to the decrease or
increase in the growth rate of the polymorphs influenced by pH, Tai et al.
[13] ascribed the variation to a change in the growth kinetics, instead of a

change in driving force related to cluster transformation.



186 Clifford Y. Tai, Meng-Chieh Lin, Su-Chun How et al.

3.0

20

Growth rate, G (10™ mi/s)
on
T
/.

05
00 " ' !—7.4‘!
8.0 8.5 9.0 9.

Acidity, pH (-)

Figure 9. Growth rates of CaCOs polymg ereM®pH values under similar
solution conditions: | = 0.018M, oca = =0.73yR=554,and T=25C.
() Calcite in the absence of magnetigfield.

(M) Calcite in the presence gnetic¥ield.
(@) Aragonite in the prese agnetic field.

Effects of Acti@(io (R) on the Growth Rates of
CaCO»Po phs

is series of experiment investigated the effects of R in a range

.2 and 6.0 as shown in Figure 10. The crystal growth rates of
and aragonite were measured in the absence/ presence of magnetic
field. Several unexpected results were obtained here. The growth of
aragonite seeds was barely detectable in the neighbourhood of R = 1 in the
absence of magnetic field, and the growth rate exhibited a minimum at R =
1 in the presence of magnetic field. On the other hand, the calcite growth
rate reached a maximum at R = 1 in the absence of magnetic field and
remained almost the same at R = 1 in the presence of magnetic field. When
the R values were far from 1.0, the calcite growth rates were reduced
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greatly or even undetectable under the influence of magnetic field. Again,
the growth rate of calcite showed an opposite trend to that of aragonite.
This growth phenomenon was consistent with the cluster-transformation
mechanism, i.e., an increase in aragonite-like clusters accompanied with a
decrease of calcite-like clusters under the influence of a magnetic device.
Following the cluster-transformation mechanism that the driving force of
calcite growth is the concentration of calcite-like cluster, the highest
concentration of calcite-like cluster contributed to the highest growth rate
of calcite at R = 1. Thus, equal amount of Ca?* and CQ@s*

supersaturated solution was most favorable for the formation f‘- e
cluster under the constraint of constant relative supersaturation (). “The
reason for the resistance of cluster transformatior;in@ ence of

magnetic field around R = 1; however, remained un&\
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@ Figure 10. Growth rates of CaCOj3 polymorphs at different activity ratios of Ca?*/COs.
(R) under similar solution conditions: | = 0.018M, cca = 1.0, pH =9.0, and T = 25C.
('¥) Calcite in the absence of magnetic field.
( A) Calcite in the presence of Descal device.
(M) Aragonite in the absence of magnetic field.
(@) Aragonite in the presence of Descal device.
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Figure 11. Growth rates of CaCO3 polymorphs plotted % *] under similar
solution conditions: pH = 9.0, | =0.018M, o¢a = 1.0; 47and T =25C.
() Calcite in the absence of magnetic*Fig

(M) Calcite in the presence of madhe
(O) Aragonite in the absence of maghgtic f|eld.

(@) Aragonite in the prese@nagn ic field.

Effects of Impuci e Growth Rates of CaCO3 Polymorphs
A gcner as established by Sohnel and Mullin [7] as follows:
An io dIUS smaller than Ca?*, such as Mg?*, Fe?", and Cu?*,

uld fav@r the formation of aragonite and that larger than Ca?*, such as

, and Ba?", would favor calcite. In this series of experiment, we

an ionic impurity from each group for studying the impurity effects

on the growth rates of CaCOs; polymorphs. Before presenting the

experimental results and giving explanation to them, we were aware that

impurities could influence crystal growth rates in a variety of ways, such as

the change in equilibrium saturation concentration (driving force), the

blocking effect due to adsorption of impurities, the alteration of surface

energy, the integration to lattice due to structure similarity, and others. It is
usually difficult to identify the real cause of the impurity effect.

N2

)
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pagnetic field.

The growth rat@c cite and aragonite were plotted against
impurity concentfat Fe?* between 0 and 2.0 ppm in the
absence‘pre@ the Descal magnetic device as shown in Figure 11.
The othegopérating variables were fixed at pH = 9.0, 6ca = 1.0 (Gara =
0.73)(1 = 8 M, R =554, and T = 25°C. The growth rates of calcite
de gradually with increasing Fe?" concentration without

agnetizing the solution. In the presence of magnetic field, the growth rate
alcite was insignificant without adding Fe?*. Then, it jumped to a high
value of 1.14 x 10° m/s at 0.1ppm Fe®* and gradually decreased for a
further increase in the Fe?* concentration. The growth rate of aragonite in
the presence of magnetic field decreased with increasing Fe?*
concentration, similar to the trend of calcite growth in the absence of
magnetic field but with a greater extent. In the absence of magnetic field,
the aragonite growth rates increased with an increase in Fe?* concentration,
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from zero growth rate to 1.6 x 10 m/s at 2.0 ppm Fe?*. The effects of Fe?*
on the aragonite nucleation reported by Séhnel and Mullin [7] and on the
aragonite growth rates measured in this study were in the favorable
direction. Together with the results of calcite growth rates that decreased
with increasing Fe?* concentration, we may conclude that the Fe?*
promoted the formation of aragonite-like clusters at 25°C in the absence of
magnetic field. In the presence of magnetic field; however, Fe?" favored
the formation of calcite-like clusters at the very low concentration of Fe2+
according to the following experimental evidences. An increase #n

growth rate(jumped from zero to 1.14 x 10 m/s) accompanigd i a
decrease of aragonite growth rate (from 1.21 x 107 to 0.61
the Fe?* concentration changed from zero to 0.1¢pp
photographs showed that the surface of calcite see VX fluence of
magnetic field were still covered with rhombghg e particles (not
shown here). So far, up to the Fe?* concentratio 0.1 ppm, the Fe?" had
opposite effects to the crystal grow @ orphs with and without
magnetizing the solution, and ul caused by the cluster-
transformation mechanism. For a furtber increase from 0.1 to 2.0 ppm of
Fe2* concentration, the Fe?* n unfavorable effect on both calcite and
aragonite growth. In ciggumstances, the cluster-transformation
mechanism can not_explainfithe experimental results. Other factors must
have played a siggificagt role in the growth process. It is worth mentioning
that the, Fe opposite effect on the cases with and without
magnetiz lution for the aragonite growth, a decrease in the former

\trease in the latter case

12 shows the growth rates of calcite and aragonite in the
e/presence of the Descal magnetic device for the Sr* concentration
ween 0 and 2.0ppm. The other operating variables were fixed as that of
Figure 11. The calcite growth rates increased gradually without
magnetizing the solution, and the aragonite growth rates decreased with an
increase in Sr?* concentration. The calcite growth rate in the presence of
magnetic field and the aragonite growth rate in the absence of magnetic
field were both increased rapidly from Oppm, at which both seeds did not
grow, up to 0.5 ppm, then tended to lessen the increasing rate. It was
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surprising to see that the presence of Sr?* increase the growth rates of
calcite and aragonite in the absence of magnetic field, and the two growth
rates were so close to each other for the Sr?* concentration higher than
0.5ppm. When examining the surface of the aragonite seeds after growth in
the absence of magnetic field, we found that the surfaces of seeds were
partially or fully covered with rhombohedral calcites, as shown in Figures
13(a) and 13(b) for [Sr*] of 0.3 ppm and 2.0 ppm, respectively.
Apparently, the Sr?* impurity was adsorbed on the seed surface and then
turned the acicular aragonite particles into the rhombohedr

particles, so that the measured growth rates of the polymorphs wer @
identical as the Sr?* concentration higher than 0.5ppm. In x
magnetization, there was no rhombohedral calcite particl n the
seed surface of aragonite, instead, the acicular %\ he seed
surface seemed to be fused as shown in Figure 13 c) for the Sr#*
concentration of 0.3 ppm and 2.0 ppm, re Considering the
effects of Sr?* on crystal nucleation and gro ends are similar, i.e.,
Sr2* favored the formation [6] and ite crystals in the absence
of magnetic field.

Growth Rates of C Ggmorphs in a Simulated Cooling-

Water Environ Q
The‘cry h rates of calcite and aragonite seeds were measured

in ag onment similar to the cool-water conditions: the pH was

ed@ he Descal water-treatment device was applied; the solution

impurity; and the temperature was set at 35°C. The operation

rature was lower than the cooling-water temperature (40°C-50°C)

due to the instrument limitation, i.e., the Ca?* electrode became unstable at

40°C with the addition of impurity. Although there was a difference of 5°C

between the two temperatures, the trend of growth rates should be similar.

This can be seen when we compared the growth rate data of calcilte at

25°C and 35°C as shown in Figure 12 and Figure 14 respectively for the
case of adding Sr** and magnetizing the solution.
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(© (d)
Figure 13. The SEM photo @crystal surface of aragonite seeds in the
solutions of different Sr2* g@ncentrations.
[Sr?*] = 0.3 ppm and =#?2.0 ppm in the absence of magnetic field.

(c) [Sr?*] = 0.3 ppm'and (dNfSr?*] = 2.0 ppm in the presence of magnetic field.

Figure @47 stbws the growth rates of calcite and aragonite seeds in the
soluti an addition of Fe?* or Sr?* at 35°C.. In the presence of Fe?* or
Sret g solution, the growth rates of aragonite seeds decreased

ongtonically, even reduced to a very low value of 0.12x10%° m/s in the
r case. On the other hand, the calcite growth rates increased from zero
to a significant value as the Sr?* concentration increased from 0 to 2.0 ppm.
In the case of Fe?*, the growth rates of calcite first increased and then
reduced to a low value of 0.2x10"° m/s. It should be noted that the four
growth-rate curves tended to level off beyond 1.0 ppm of the impurity
concentration and the growth rate at 2.0 ppm would be probably close to
the steady growth-rate at higher concentrations. Judging from Figure 14,
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the only effective situation for anti-scaling is the presence of Fe?* at
concentrations higher than 2.0 ppm, where the growth of calcite is almost
suppressed.

14

"
10 4

0.2 -

Growth rate, G(10™° m/s)

0.0 |-

-0.2

Figure 14. Growth rates of CaC orphs measured at various concentration of
Fe?* or Sr?*, using the Des @ment device. Other operating variables fixed
at T =35°C, pH = 9.0, 18Vl Gcal = 1.0 (0ara = 0.73), and R = 5.54.

( A) Calcite wj n of Fe?*,

() Calcitgani ition of Sr?*,
(® ra@;it the addition of Fe?".
(@ ite?With the addition of Sr?*.
@ The crystal growth rates of CaCOs; polymorphs, i.e., calcite and
O aragonite, were measured successfully under various environments by

CONCLUSION

conducting the growth experiment in the metastable region, using the
constant-composition technique. In the experiment to explore the transient
effects of magnetic field without adding impurities to the crystallizing
solution, the growth rates of calcite and aragonite seeds decreased and
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increased with the growth time, respectively. Finally, the calcite stopped
growing and the aragonite reached a steady growth. Several operation
variables, such as supersaturation, temperature, pH, magnetic intensity, and O *
even the position of the magnetic device installed, had profound influence
on the time period needed for the calcite seeds to stop growing or the Q
aragonote seeds to reach steady growth. The time periods were shorter in
the following situations: lower supersaturation, higher temperature, lower
pH, higher magnetic intensity, and the magnetic device placed on the seed 4
zone. All the experimental results of the polymorphs growth related t@'th
study of transient effect can be explained using the cluster tran ox
mechanism, i.e., the calcite-like clusters originally existing in\he ns
at 25°C were converted to the aragonite-like clustersqra a single
pass through the magnetic device. This explains t fw of the single-
pass operation of crystal-growth experiment %g e literature. To
obtain steady growth rates, the solutions s ( premagnetized for a
certain period of time, such as 20 h ferthetaragonite seeds.
The interaction of magnetic f @ h r operating variables, such
as temperature, pH, activity ratio (Ca&/COs?), and impurity concentration,
were manifest. The higher t atures enhanced the aragonite growth rate
and lowered the calcite %e in the absence of magnetic field. After

the supersaturated selution wWas magnetized, a synergetic effect of magnetic
field and tempe@as tremendous for the aragonite growth and the
suppres;ion% growth occurred between 20°C and 40°C. In a pH
range and 10.0, the growth rates of aragonite seeds were

nifican the calcite seeds almost stopped growing in the presence of
% ield. The magnetic effects overpowered the pH effects on the
ro

of the polymorphs. As to the effect of activity ratio was concerned,

surprising results were observed. A maximum and a minimum growth rate

@ occurred at R = 1 for the calcite and aragonite seeds, respectively. If the
cluster-transformation mechanism applied, equal amount of Ca?" and CO3*

(R =1) in a supersaturated solution was most favorable for the formation

of calcite cluster. In addition, the calcite-like clusters resisted to proceed

the conversion at R = 1 in the presence of magnetic field. With regard to

the effects of impurities, the results were more complicated. In the absence
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of magnetic field, the calcite growth-rate decreased and the aragonite
growth-rate increased as the Fe?* concentration increased. In the presence
of magnetic field, the aragonite growth-rate decreased with increasing Fe
concentration, yet the calcite growth rate jumped from zero to a significant
value at the Fe?* concentration of 0.1 ppm and then decreased with
increasing Fe?* concentration. Without magnetizing the solution the calcite
seeds grew faster at higher Sr?* concentrations, yet the Sr2* would convert
the acicular aragonites adhered to the seed surface into rhombohedral
calcite and the seeds continued to grow in the rate of calcige. Vi
magnetizing the solution, the growth rates of aragonite decreas
growth rates of calcite increased with an increase in Sr? centration.
The cluster-transformation mechanism could not @(pl% of the
t

experimental results, such as the case of using Fe# xm purity and
applying the magnetic field at the same timeg ltgiSawe entioning that

the effects of the two impurities on thegqcrystal Sgrowth of the two
polymorphs are consistent with the @u leation brought up by
Sohnel and Mullin [6], i.e., Fe?* ‘@ the“afagonite and Sr?* favors the
calcite in the absence of magnetic field
From experimental fac t a magnetic field and a high operating
temperature (above 40° d Suppress the formation and crystal growth
of calcite and pro he Jformation and crystal growth of the acicular
aragonite. The a@lculagaragonite has a loose and less tenacious property
and is athe@;: to deposite on the tube wall of a heat-exchanger.
Thereforés etic device incorporated into a cooling-water system
uld wi ell on anti-scaling, assuming that there are no impurities or
inactive to nucleation and crystal growth of CaCOs3 polymorphs.

owever, impurities usually influence nucleation and crystal growth even
at a concentration lower than 1 ppm, such as Fe?* and Sr?* chosen in this
study. From the growth rate data of calcite seeds measured in a simulated
cooling-water environment shown in Figure 14 of this study, the scale
prevention would be effective when Fe?* is present in the cooling water at
a concentration higher than 2.0 ppm in the presence of a magnetic device.
At the present time, there is lacking a general rule that can be followed for
the prediction of crystal growth rate influenced by ionic impurity due to

—
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limited experimental data available. In addition, there are other types of
impurity, such as anionic, organic, and polymeric impurities to be
investigated. We hope this piece of work can be used as a reference for
those who work on the water treatment using a magnetic device.
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This chépt

nts the weakly nonlinear analysis of three-

dimensi onveetive flow during solidification of binary alloys and
the ¢ g research development that has been accomplished in

t to determine the qualitative features of such flows. The cor-
res ing flow obeys either the linear or nonlinear system of the relevant

oyerning equations and the boundary conditions for the associated fluid
mechanics and heat and mass transfer. An evolution equation satisfied by
the amplitude for hexagonal cell is derived. Numerical solutions to the
resulting weakly nonlinear equations are obtained using a fourth order
@ Runge-Kutta via a shooting technique. Detailed flow features of the three
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)
1. Introduction \Q

In solidification of binary alloys, experimentalists observed vertical chim: \
or channels void of solid that are typically oriented in the directign
When a binary alloy is solidified from cooled boundary, due to the ratite
difference at the solidification front, the binary alloy becom b ence
a heterogeneous region of both solid and liquid, famouslysreferred®as mushy
layer, is formed. The fluid flow within the mushy, | 1ally solidified
region which is formed during solidification binary ause impurity in
the final form of solidified alloys. These are i 10ps on the final product.
The phenomenon of natural convection aris wid when the temperature
change causes density variations resudti anicy forces. Convective flows
in a horizontal mushy layer are p ce chimneys during solidifica-
tion of binary alloys. It is well kn that convection in the chimneys causes
a thin hair like structure cal . Because of its importance, there has
been a growing interest in g the chiney formation during the solidifica-
tion of binary alloys ically and experimentally. Nonlinear studies
provide more insighgi ny systems in many branches of applied sciences
and engineerin, @4, Lev Landau [1944], proposed a nonlinear equation to
analyzghy ic stability. Landau equation for Benard convection, Cou-
ette flo dipapdllel shear flows have been discussed in details by Drazin and
eid{[1 Thermal, hydrodynamic and hydromagnetic stabilities have been
y Chandrasekhar [1981].
umerous attempts, both theoretically and experimentally, have been made
nderstand the general transport mechanisms in binary alloy solidification
leading to freckle formation. Fowler [1985] developed a mathematical model
for the convective flow in chimneys and predicted a criterion for the onset of
convection and freckling. A pioneering effort in studying the fluid mechanics of
the mushy layer was cariied out by Worster [1991]. He developed the governing
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equations for the mushy layer in the asymptotic regime of large mush Rayleigh

number. Chen and Chen [1991] conducted experimental study on directional

solidification of aqueous chloride solution. Worster [1992] solved linear insta-

bility problem due to the stationary infinitesimal disturbances for infinite Prandtl O ¢
number. He detected, using linear stability analysis, two modes of instability.

The mushy-layer mode drives the convective flow downward everywhere ex- \

cept in and near the localized chimneys. He concluded that the mushy layer

mode was responsible for the freckle formation. An experimental study for thé

planform of compositional convection and chimney formation in a mushy Ia @ \

was done by Tait and Jaupart [1992]. They observed that the bou@ aver av
the top of the mush become unstable, leading to the convection in thg overlyitg
fluid. They also observed that up flow occurred at the cell lx d the

down flow at the cell centers.
Amberg and Homsy [[1993] introduced, a si i e%l
based on a near eutectic approximation and in the limitef e far-field tem-
perature. They performed weakly nonlinear i calculated a critical
value of the combined parameter for the tr @om supercritical to sub-
critical rolls. Emms and Fowler [1994 @ coupled mush-liquid model
to study the onset of convection eWdifectional solidification of binary
alloys. Anderson and Worster [199§§femployed a weakly nonlinear analysis of
simplified mushy layer mode roposed by Amberg and Homsy. A near
eutectic approximation wa ied and the limit of large far-field temperature
was considered. Such g@sy i€ limits allowed them to examine the dynamics
of mushy layer. nsidered the limit of large Stefan number, which
enabled them t@ domain for the existence of the oscillatory mode of
convecgion 95] carried out some experimental studies on convection
in a mus uring directional solidification.
&1 and Riahi [2008a, 2008b] carried out a weakly nonlinear analysis
of convection in binary alloy solidification for a permeable mush-liquid
ntefface. They relaxed a number of assumptions assumed in some previous
retical studies. They determined two-dimensional and some three dimen-
sional solutions for the parameter values which were not similar to those for
available experimental results of Tait et al. [1992]. Roper, Davis and Voorhees

[2008] presented an analysis of convection in a mushy layer with deformable
permeable interface. Study on oscillatory modes of nonlinear compositional

layer model
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convection in mushy layers was carried out by Riahi [2009]. Guba and Worster
[2010] studied interactions between steady and oscillatory convection. Their
analysis were essentially based on the model due to Amberg and Homsy, which
was under several restrictions that the concentration ratio is large, the thickness
of the mushy layer is small, the far-field temperature is large. Bhatta, Riahi
and Muddamallappa [2010, 2012] studied weakly nonlinear convective flow in
mushy layer with permeable mush-liquid interface. They derived Landau type
equations for the amplitude and computed the Landau constant for constant pez
meability and variable permeability cases. In both cases, they found that Lan

constant is positive which indicates that there is slow transition {Q t e
Lee et al. [2012] carried out numerical modeling of one-dimensiondl binary al-
loy solidification with a mushy layer evolution. Fluxes throu \1 neys
in a mushy layer during binary solidification was studied etal. [2013].

Wells et al. [2013] analyzed the stability and optin\x s*for nonlinear

mushy-layer convection.

In the present chapter we formulate the thge€-dimdhsional convective flow
for a mushy layer. From the linear system ine the critical Rayleigh
number and use this to obtain the adjei @ Which helps us to derive the
Landau equation. Solutions to th d stems are obtained for constant
amplitude case and both subcritic d supercritical flow cases. We present
numerical results for the solid fractioR and vertical velocity component with

various parameters. The si e of this work is the results for the three di-
mensional flow near t otion that generally observed for sufficiently

small amplitude i The present work is different compared to other
published work Since the present investigation considered for the first time the
examingtio gb he physically realistic three dimensional flow features which are

for the ctewvalues of the experimental observation of Tait et al. [1992] for
ﬁow@ its onset of motion.

Nondimensional Governing System

Nondimensional system can be expressed as
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— —
U+VP+ROk =0

(%_%) (1-®)0+C]+(UV)o=0 00
(% - a%) ©-59]+(UV)e=ve (1) \Q
V.U=0

N
Here El), P, R, 0O, k,t,z,®, C and S respectively represents® eloGity,
pressure, Rayleigh number, temperature, unit vector along yerti d di-
action,

shown in 1.

Q Figure 1. Physical System
‘ Q

conditions are

1, W=0 at z=0
@=d=W=0 at z=29

N
@ where W is the vertical component of U and & denotes the nondimensional

A thickness of the mushy layer.
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2.1. Basic State and Perturbed Systems

Using perturbation, we assume the solutions of the form

O(x,y,z,t) 0,(z) +€0 (x,,2,1)
D(x,y,z,1) = 0p(z) +€0(x,y,2,1)
a(x,y,z,t) = €U (x,y,2,t) )
P(x,y2,t) = pp(z)+ep(xyz1)
R = R+ek
where 0y, ¢5, pp are solutions to the steady basic state system (S)g ith"o

flow) and 8, ¢, u’, p, are perturbed solutions, T = & and €4 erturbation
parameter. Here %) is the nonlinear contribution to X_bey %e for the
most critical neutrally stable linear solution. Solutior® 0% state system
had been presented previously by various authors. %' tate solution 0
can be expressed implicitly by the equation
Oc—Cln[ 1~|—0c]+C—B
o— o—0,

Z =

3)

where o, B are given by

C+5+8 @+5+em)2 —4(6..
BEPAS.

2

and Q
*
\@swm —J(C+S8+6.)2—4c0.
2

w represents temperature far away from the mush-liquid interface. The
oldtion ¢, can be obtained from 6, from the following relation

_ eb
A@ » =5 @
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3. Perturbed System

Using (2) in the system (1), the perturbed system can be obtained as
U +Vp+ R0k =—£R 0k (5)
V2+2 9_58_¢_6,W:8 3(9—S¢)+7 \:) (6)
0z oz P ot '

32 (0= )0~ (1-02)0) + e —e{ ~7.v0 - . (00)

9 9
2485 C)0— (1-0,)8) +e~- (60 Qﬂ
V.7 =0 Q @)
with®=w=0 at z—0andB—¢=w=0 at Q:%.en = (u, v, w)
W

and 0} denote the derivative of 6, with respect to z. N inate the pres-
sure from the equation (5) by taking the double.c quation. Also using
the continuity equation, the third compone AV U becomes —V2w.
Similarly, for the third component of Y x , we have

% %0 82
ax2
Here A\, represents two d1 al Laplacian operator. These allow us to write
equation (5) as 0
Viw+ R, —eRy (A29) ©)

3.1. V\@onlmear Perturbed System
; = 0p+¢€b,+¢ 92—{— ........

O = Oo+ebd;+e20r+........
W= wot+ew +wWr+ ...

and denoting the solution of linear perturbed system by ¢o =

[ wo, 0o, 0o ]T’, where 7, is used to denote the transpose, the lin-
ear system can be obtained from equations (9), (6), (7) by comparing the
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coefficients of €° as follows

V2w + R (A28p) = 0 (10)
v2+i 0 —5%—6’14/ =0 (11)
0z 0 0z »70
J ,
a_Z[(eb_C)q)O_(l_¢b)60]+ebw0 =0 (12)

The boundary conditions at the solidifying front are g =wy =0 and att
mush-liquid interface are 6y = ¢g = wy = 0. Thus, the perturbed linear sys

as *
Logy = 0 Q\ (13)

with the operator Ly given by

V2 RA, 04°
Ly=| -6, viyd (14)
6, 0, —(1—f») Q—C)%

4. Adjoint System

Here we use the sub-i o denote the quantities belonging to the adjoint

system, i.e., g, = wa@ p }Tr .To obtain the adjoint system, we multiply

the equations (19J, (12) by w,, 0, and ¢, respectively, add them and

integrate an me limit as follows
xm iz, [wa (V*Wo) + R wa (A280)

) 0
+8, <V2 + a_z> 0o _59“3%0 — 0,0, wo

+0, {a% [(85 — C) 60— (1 — ) 8] +92wo}] dv =0 (15)

Here L denotes the length in xy-plane. The boundary conditions satisfied by
adjoint solutions at the solidifying front are 6, =w, = ¢, =0 and at the
mush-liquid interface are 6, =w, =0.
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The adjoint system can be obtained as (see appendix)
Ligs, = 0 (16)
with the operator L, given by

V2 -0, o),

Li=| Ry VP2 (1-05)% (

0 S (c-8y)2 .\Q

5. Landau Type Equation for Amplitude

*
First order system is obtained from equations (9 (6\ comparing the

coefficients of €' as

Vw1 + R (8281) = — Ry (A26) Q (18)
901 \ i%

d
<V2+—> LIRS @ Go—S¢o)+M_6-V90] (19)
0z 0z

& {(00— C)01 100 ) + w1 = ~5.V8 — < (60
+ 85— C)do— (1—95)80} (20)

Using poloidal anéjtoroidal decomposion of a divergence free vector (Chan-

drasek&ar, @, € can express
azupo % + azupo % 860

#0: = Twoc ox oo oy Bm) 5o

up, is the poloidal component of . To derive the Landau type equation
fied by the amplitude, we multiply (18), (19), (20) by wy, 0,, ¢, respectively

A@ and integrate the result with respect to x, y, z and take the limit. Left hand side
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of this operation becomes

8 L L

1
LHS = lim -5 s [wa { V2w1 + R (A261) }

O
0 0

el NS
+¢a{a

a—z{(eb—C)dn—(1—¢b)61}+e;,w1}]dV (21 .
where dV = dxdydz. Right hand side is given by .
1 8§ L L \
RHS = }gl}o 412 0 —-L -L [=waki (8260) Q
9 "‘Po 8y %ﬁ 29y
+8, { (80— Sdo) + m (Doup) =~ %
{(8r = C) o — 01— =~ (80do)
azMP() 96 860
oxdz ox Datip,) (22)

Integration by parts and use of boun conditions simplify LHS as

S R
le R, (Bawa) + <v2 - a%,) 0, (1—0p) aa%}
\8 o { Tl av

—-— 0
Q 5 —l—(C b) 3
% zero because of the adjoint system. Now we simplify the RHS by
wrifing as

A@ RHS = L+L+L+1L (23)
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where

8§ L L

1
= hm —wa Ry (A200)}dV
L—oo 4L2 0 _L _L{ ( )}

L 2
1 ) L L a a O
_1%1_r>1°1°4L2 0 L _L{eag(60_5¢0)+¢ag{(6b_6)¢0 \Q
—(1—05)80}}dV

5 L L azup 860 azup 860
=l — 04 . . d
eyl . _L( 0 ){axaz ox o0z ayaz dy 4
1 ) L L
1%1_r>1°1°4L2 0 -L _L{—(Ga ) (Boun)

fyz,1) = A® flomilx,y) (25)

Here A represents the amplitude and 1 el 7
<0c_3 g)
2 02 ‘ >

We assume that the linear and adjoint solutions take t %w form

a = (—=37, % o is the wavenember. These
yield
M (x,y) cos & —I—cos — x\/_—l—y> +cos(—ay) (26)
Now we can simp egrals appearing in (24) as follows
I waeodz}] (o)
' 0

8

O\ A . {éa <§0 —560)
% +0q [(eb —C)¢o—(1- ¢b)§0} } dZ} <In<2>>
8
AQ‘ =4’ { (6.~ 4 ) 8o (D) dz} (1) @7)

0
8

$O e [ (o (8- 5) i (980) -5 (580) dZ] (1)
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where D = diz and Loy, Lyw), Iye) are given by

)y
1 bt
Lo = 1%1_{1010m » _LT]ldxdy O‘
oL L\ fom)\> Q
L = lim— - - dxd 28
n Mharz —L{(aX) +< ay) M dxay (28) \
) 1 L L 3
Ly = Lh_rfom » _Lnldxdy N

satisfied by the amplitude as

dA 5 Q
CIE = A+cA . CE
where c1, ¢3, c3 can be expressed as \\
., - ~
= 84 (S00—60 ) +0q CQU—%)GO dz
[ 58) g -]

Carrying out the integrations and taking the limits, we obtaif® al@n

6 o~
¢ = PR W.Bodz (29)
0
)
- ~ 1~ - —
. 2 - ~ . ~ _
o= [oc 0 upo <D60> +580 (Dupo)} 0uD (eoq)o)] dz
Thus a Land@ ion is
A
¢ @4 cA? (30)
d
h bx, c= i—f, and cy, ¢, c3 are given in (29). Here b is known as the

nstant. Solution of this Landau type equation (30) is obtained as

Ao
31
(1+ SAg)e 7o — ¢4y GD

A@ Here Ag =A(0) the initial value of A. The steady state solution for the amplitude
O |

A(T)

can be obtained as A(e) = —2.
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6. First Order Solutions

Here we consider first-order solutions for time independent and constant ampli-
tude case.

V2w1 + R (A201) = — Ry (A28y) (32)
a a¢1 a up 860
2 e _ 0 V0
(V +a)el S o, M= g e

up, 30, 96
o oy (Bam) 5o Q
0
O (@ )01~ (1-04)81) + 0 = Q‘Q\
2
0 up, 860 a up, 860 Az PO 860 (34)

© Oxdz Ox ayaz a

Writing[w1,91,¢1] - § 1(x,¥) [wio(z) 910 010 \ wi1(z),011(2), ¢11(2)]
where &; (x,y) = Z EUT Ey(x,y) = Z]: % da;’s are already defined
in the previous sectlon it can be sho t@ dpendix) the unknowns wyy,

010 and 019 are solutions of

(D*—a?) wlo— 02 R:010'%,0° R, 0 (35)
(D*+D—0o?) D¢10 bem
_p e@ ir, (Do) } (36)
C 0 1—¢b 810 — O,wio
8000 +a2 {80 (Diin,) + 2iip, (Do) } (37)
and owns w11, 011 and @1 satisfy
( —40%) wiy — 40 R0 = (38)
(D*+D—40%)0;1 -5 (D¢11)—9;,W11
— o2 {apo (Dé’o) s (Dﬁpo)} (39)
D[(C—8p) 011+ (1 —0p)011] —O,w1;
=D (8060 +02 {i, (DBy ) — B (D7) } (40)
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7. Numerical Results and Discussion

To obtain our computational results for the solutions of the basic state and the
linear system, we choose the parameters C = 9.0, S = 3.2 and 0., = 0.1 from
available experimental data (Tait et al. 1992, Chen 1995). The mushy layer
depth is calculated from the solutions of the basic state. Computed value of the
mushy layer depth is 1.989359.

After computing the basic state solutions using (3) and (4), we obtai
the critical Rayleigh number and critical wavenumber by solving the sys
given by (14) numerically using the fourth-order Runge-Kutta in 1,0
of shooting method. In order to solve this system, we first convert

tem of five linear first-order ordinary differential equationss a elgh
number and critical wavenumber are found to be 18.5118 a 1 re$pectively.

Comparisons of linear sloid fraction (¢g) and n mn action ( ¢0 +
€(y) are presented in Figure 2 and Figure 3 for tw s of (x
notice that solid fraction is positive at (0, t at (1.6, 1 4) such

t3]

cell, which is based on ”zeroth order
nonlinear and linear solutions is ki
towards the top of the layer.

petturbation system. Difference in
lidifying front and diminishes

locations can be indentified at center and n E ndary of one hexagonal

at

5

x=0.0, y=0.0; R1 > 0; € >0

Linear
—=—==Nonlinear

\ 0 ol INSA
0 25*10* 5*10* 7.5*10* 10%
Solid Fraction

Figure 2. Linear and nonlinear solid fractions at x =0, y = 0.

Figure 4 and Figure 5 depict the supercritical and subcritical results for non-
linear solid fraction. In both cases, from numerical results it is found that super-
critical solutions dominate the subcritical solutions.
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x=1.6,y=1.4;R1>0;€>0

1.96 F Linear
168  ———= Nonlinear

141
112 F
0.84
0.56 |

028 F

Lwl A v
-4.05*10* -2.7*10* -1.35*10* 5.421*10%°
Solid Fraction

4

Figure 3. Linear and nonlinear solid fractions at x = 1.6, y :\

x=1.6,y=1.4; R1 >0 EQ

Figure 4. Supercritical and itical nonlinear solid fractions atx = 1.6, y =

1.4. O

Comparis n@r vertical velocity component (wg) and nonlinear coun-
terpart(w()@ shown in Figure 6. We see that difference in nonlinear
and i ions is maximum near the center, namely at z = 0.796, and it de-

eafes t ds the interfaces. Supercritical and subcritical results for nonlinear
Vexti ocity is given in Figure 7. From numerical data, it is clear that the
supgrcritical solution dominates the subcritical solution.

Figure 8 and Figure 9 present nonlinear solid fraction and vertical velocity
results respectively for Ry > 0 and R; < 0 at (1.6, 1.4). It is observed that
changes in the sign of R; not only changes the sign of dependent variable, but
also affect its magnitude.

Nonlinear vertical velocity and solid fraction are displayed in Figure 10 and
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x=0.0,z=0.0;R1>0

0.0012

8*10*

€0,
£
2

0, +
o

"\
A R Q‘,
QAN

Figure 5. Supercritical and subcritical nonlinear solid fractio N ifying

front.
L 2
, x=1.6,y=1.4;R1>0; £€>0
1.96 R Linear
p E %

\
\

-4*10*

14f

112 F
N [
0.84 F
0.56 |-

0.28 -

2*10° 4*10° 6*10° 8*10°
Velocity Component
Figure 6. Linear Q@m vertical velocity components at x = 1.6,y = 1.4.

*

antion of y for fixed values of x and z. It is observed that
ici y is approximately (-3.9, 3.9).
ear vertical velocity and solid fraction are displayed in Figure 12 and
e 13 as a function of x for fixed values of y and z. It is observed that
1odicity of y is approximately (-2.1, 2.1).
Figure 14 presents nonlinear solid fraction at the solidifying front as a func-
tion of y. Numerical results suggest that at (2.1, 3.9) and (2.1, -3.9), which are
at bounadary with respect to y, solid fractions are positive and but, at (2.1, 0.0),
it is negative. On the other hand, at (0.0, 0.0), i.e., at the center solid fraction is
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Figure 10. Nonlinear vertical velocity as function of y for fixedx 2.
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Figure 11. Nonlinear raction as function of y for fixed x and z.
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Figure 12. Nonlinear vertical velocity as function of x for fixed y and z.
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Figure 16. Linear vertical velocity for one period with respec \ z=
0.796.

z=0.796,R1>0,£>0

Figure 17. Nonlinear Verti
z7=0.796.

locity for one period with respect to x —y at

valu able occurs at the center. i.e. at (0.0, 0.0). Vertical velocity is

positiv? i presents nonlinear vertical velocity for z =0.796. Minimum
N
sitive afjthie boundary.
%1 e 16 and Figure 17 show comparison of linear and nonlinear vertical
ve

ity for one period of x and y at z = 0.796. It is observed that vertical
velocity is negative at the center of the cell suggesting a downward movement.
Also magnitude of nonlinear solution is higher than that of linear solution.
Nonlinear vertical velocity is shown in Figure 18 for few cells for z = 0.796.
Numerical investigation suggests that vertical velocity is highest and positive at
the center cell boundaries. It is lowest and negative at the center of the cells.
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Hence there is an upward flow at the boundaries and downward flow at the
center of the cells.

2=0.796,R1>0,€>0

* :
Figure 18. Nonlinear vertical velocit\@.

Figure 19 displays nonlinear solid fractio tains its maximum or
minimum at the solidifying front. It is noti at the center of the cells,
e of'the cells, it is negative. At the

2=0.0,R1>0,€>0

Figure 19. Nonlinear solid fraction at the solidifying front.
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Conclusion

Here we have analyzed the nonlinear effect of a three dimensional convective
flow in a mushy layer which is formed when a binary alloy is solidified from be-
low. The solutions are obtained for hexagonal cell patterns since hexagonal cell
patterns are experimentally observed for such a flow. After obtaining the critical
Rayleigh number and wave number, we have derived the linear and adjoint sys-
tems analytically for the mushy layer with an impermeable mush-liquid inter:

face. Numerical results are obtained by using fourth-order Runge-Kutta met @ \

by using the property of adjoint system. Nonlinear effects of dep t vari-

ables which depend on linear and adjoint solutions are co efically

and presented in graphical forms. Numerical results sugges thatmaximum

variation of the vertical component occurs in the middle er. For solid
er:

fraction maximum changes appear at the solid-liq \ . Our observa-

in combination of shooting method. Finally we derive the first- rd

tion is that nonlinear effects are not promin -Critical case whereas
these have a important role for sub-critical cas also found that tendency
for chimney formation takes place mai 1@ er half of the mushy layer
and with the highest of such ten th er boundary of the layer which
is consistent and in agreement wit erimental observation.
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APPENDIX

Derivation of the Adjoint System

The first term in (15) can be expressed as

8 L L

2
1%1_r>1°104L2 N _Lwa (V wo)dV

§ L L 2
1 1 J wo
i = CMWax)dytd
LEE,[ Z_0{2L y__L<2L o x) ’ } )

) L L 2
1 1 0wy
li — d
+m Z_0{2L o~ L<2L oy
1 L L ) 2
+ lim | — waa 3 (41)
Lo | 4L y=—L x=-L z=0

For the first term on the right hand side of (4
L 32 ow
a5 2 = wo a 2 dx (42)

As the first term and second term in ¥ight hand s1de of (42) yield a fixed value,
say K, we obtain

i L i | X N 1 w, J
im — = —_ w X
L 2L 2 L |2L 2L . ; ' ox2

B 1 L 92w, d
= lim — —
* Q Lo=2L " 0x? *
on the right hand side of (41), we obtain

For G\ s
2 ) ) ) 2
" 9°wo dr — [w awo] [ awa] N 0°w,
z=0 0

“ 072 “oz |, "7z =0 "oz
sage of the boundary conditions for linear and adjoint solutions wy and w, at
z=0and z = §, above result yields 06 Wa G5 i WO dz = 06 w05 G W" dz. Thus, the first
term in (15) becomes
;] 8 L L

2
Jim 2 Lo, (VPw,) dV (43)

dz
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Similarly, we can write the second term in (15) as

8 L L

Aowe 44
L151304L2 . _L[GOK( 2Wa)]dV (44)

*
The third term in (15) O
1 Lk 20
lim 0, ( 200 + °> A% (45)

L—=d4l? o ;g a9z

First two terms of (45) can be simplified by using integration by parts and Q‘

boundary conditions on 0y and 0, as
1 ) L L
lim — 8 (Vzea dV \

L==dI2 o

Now, considering all terms, (15) becomes q <

8§ L L

1
fmam o, o{Viwg
a a
+89 {K(Azwa) + <V2 — — ¢
20,
+¢0{Sa +(C—6 dv =0
Z

(46)
Thus the adjoint syste:@@

V2w, 0, =0
d 90
2 7 _ a _
. +(V a>6a+(1 ), =0

2
\ 0,
0z +(C=6) 0z =0

ation of the First-Order System

If & (x,y) = 23_1 €47 and & (x,y) = Z L€} %7 it can be shown that £} =
& ~|—2§1 because of the properties of @;. Here &1 is the conjugate of &;. Now for
the first order system, the equation corresponding to (32) can be written as

O V2(Eiwio) + Reda (§1010) + V2 (Eawir) + ReAr (§2011) = —Ri Ay <§1§0>
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Equivalent equation for (33) is given by

<V2~|— a%) (£1610) —Sa% (&1910) —0,E1w10 O .
+ <V2+ a%) (£2611) —Sa% (&011) —OMEwi \Q
P i) 2 (6%0) 22 (i) (8190)

xdz x| oy oy

o) : Q@”
: \
>3

The equation corresponding to (34) yields
*

L {(eb—oalmo—(l—%)&m}%&(\

%
2 1@ Ot (1-0,) 00 KO3

=

2 (o) - D)
I o )M <§afo>

~O
2 2
Using Re [&} QQTII’ Re [(%) +<%> ] = —o?{np—m;} where
*
M (x,y) ,y)] and M2 (x,y) = Re [Ex(x,y)] and then comparing the coef-
ficiedts \and T2, we obtain the first-order system (35)-(40).

1o
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%;3 anic frameworks are a new class of organic-inorganic
rid us materials with high physical surface areas, robust porosity,
i and designable structure. This areas has obtained a fast
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INTRODUCTION

Metal-organic frameworks (MOFs), also named porous coordination
polymers (PCPs), are originated from the subject of supramolecular
chemistry and inspired by crystal engineering. Generally, MOFs are self-
assembled by metal ions (or metal clusters) and polydentate organic
ligands via ionocovalent or coordinate bond. As we all known, porous
materials are widely used in catalysis [1-3], gas storage [4-7],
delivery [8, 9] and magnetic properties [10, 11], owing to tReir€hig
physical surface areas, robust porosity, adjustable structureg hi N |
stability and chemical stability. However, in the 1990s, ? in@yganic

carbon-based materials were widely applied in in@ust xample,
zeolites were thermally stable but degradable (or i issOlved) under

certain chemical conditions. Activated carb ood thermal and
chemical stability were limited by scope for diversification. Until
the 1960s, the first coordination p S thesized, which bridged
the gap between the inorganic stry and organic chemistry and
overcome the shortcomings of the, traditional materials. The rapid
development occurred in 1%ter the Robson reported the first infinite
three dimentional M ich size and shape of cavities were
determined by orgai @ular [12]. In addition, this example supplied a
new strategy to @e the design and construction of MOFs. Another
new chapter pened by Yaghi et al. In 1999, Yaghi et al. reported the
struct 5 and defined the concept of reticular design [13]. From
n @ ers of publications in this field exponentially increased but

e still synthesized by chance. It is demanding to have a general

d for design and development of such materials.

Based on this point, O’Keeffe proposed a systematic terminology to
classify the known structures based on the structures of the MOF’s [14]. R.
Robson applied “node and spacer” viewpoint to generate coordination
polymers and predict the structure but this approach could only be applied
to be simple MOFs [15]. This challenge came from the intricate
coordination mode of metal ions and ligands, especially the polydentate
metal and organic ligand. What’s more, the PH, solvent, temperature and
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counter anions can also affect the final structure. Although it is difficult to
predict and get the precise structure of the desired material, some strategies
have been widely used to underpinned this work. For example, we have
established the secondary units (SBUs) by using extendable organic
ligands to facilitate network design, inhibit interpenetration and enhance
the framework against disintegration upon guest removal. This method is
helpful to address the issue of network synthesis and robustness [13, 16].
Furthermore, structure-directed agents (SDA) were applied to hierarchical
porous MOFs, guiding mesopore assembly and increaseing mass¢ranspo

[17-21]. Thirdly, precursors were used to form framework stru u\ t
can be modified to our desired MOFs by in situ deprotecting the fuRgtional
groups of the precursors [22]. The deprotective strgtrg plied to
synthesis the phase-pure MOFs such as Al-M er ted by C.
Volkringer [23]. Finally, molecular simulati imply and quickly
used to calculate the geometric surface are Fs. Many examples
have shown that the calculated @ well with the actual
Brunner—Emmet—Teller (BET) w suggest that molecular
simulation is an effective and efficient way to judge the pores size and the

adsorption capability of ma [24-26]. Those strategies help us obtain
better structure as we e

In this chapter illfgive a brief account of the design, synthesis
and application af{metal-organic frameworks by reviewing a large number

of exanples@

%0\ —

1o

Diffusion Synthesis

Liquid diffusion is beneficial to obtain crystals consisting of two
different reactants which are dissolved in two different solvents. The
reactants react with each other by slow diffusion at the interface of the
different solvents and give rise to crystals. The rate of crystallization is
effectively reduced by solvent-liquid diffusion, which involves three
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discrete layers: One layer of the product solution, another layer of the
precipitant solvent, and the final layer which is applied to isolate the other
two layers and slowly produces crystals at the interface. This method is
also benefit to separate crystals for X-ray diffraction analysis [27-29].

Vapor Diffusion

The basic operation of vapor diffusion is that compound is distolx@
trgnt

the bigger solubility of A, and then put solvent A and B,in \
container. Solvent B spreads to the solution of A and at Q

solvent B spreads to the solution of A. The growih o% will be

slowly formed as the solution becomes saturated b urning into
a mixed solution of A and B. The growth rat n be controlled
by adjusting the diffusion velocity of so , 31]. Chen et al.
synthesied the Zn(Il) complex Zn 220 A = isonicotinate) at
the air-water interface under cally* control.  Zn(NO3),e6H,0,

isonicotinic acid (HINA), and distilled H.O were mixed in a vial.
NHzeH,O was placed in an&ial. The two vials were connected by a
rubber tube fitted wit | they were fixed on a foam panel. On
releasing the clip, ’i@le—crystal film of Zn(INA)2(H20), was grown
over a period 0 NWwhich was dehydrated at 100°C for 1 h to afford
Zn(INAY.. NHs, as a gaseous base, could catalyze the reaction
throu ion, instead of directly adding ammonia solution to the

ction i ure affording an appropriate environment for the rapid,
e growth of single crystals.

Hydrothermal (or Solvothermal) Synthesis

To attain the indissolvable compound crystals, hydrothermal method or
solvothermal method is normally used to facilitate the self-assembly of
products. The basic principle of hydrothermal synthesis is dissolution and
crystallization again. The specific operation method is that indissolvable
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compounds and solvents are put in a steel pressure vessel, also called
Teflon vial, and heated to 60°C ~ 260°C, at the same time the pressure of
steel pressure vessel is gradually increased, and then precursors are
dissolved and crystallization again with slowly cooling. Although the
hydrothermal method is used for exploring the formation of mineral in
nature condition, it had been generally applied to the synthesis of MOFs

[32-37]. g

Microwave-Reaction Synthesis \
Microwave consists of an electromagnetic radi ;mh lies

between radio waves and infrared frequencies, |ver large
wavelengths of 1 mm to 1 m [38, 39]. Co itional heating
mode, MW irradiation will directly trigger hat possess a dipole,
therefore the energy transfer occursfflgsSitha anosecond, resulting in
a highly instantaneous tempe (Tiy* of the molecules. The
instantaneous temperature is a func of MW power input, and greater
MW power intensities will in a higher and more consistent Ti. The
MW-assisted reaction % times faster than conventional heating

[40]. Microwave @ wjth the advantage of improving the reaction of

phase-selective [: controlling the particle size of crystallization [43,
44] and.sh agions time has been widely used for the synthesis of
s made by microwave reaction have similar features as

Ionothermal Synthesis

The method of ionothermal synthesis has been used in many areas,
such as polymer materials, traditional porous materials, etc. Recently, this
way is also applied to synthesis of MOFs due to the advantage of low
vapor pressure, high thermal stability, chemical stability and so on [45-48].
Furthermore, using different ions can obtain different MOFs in
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ionothermal synthesis. Chen et al. used the biphenyltetracarboxylic sodium
(NasBPTC) ligand and M(OOCCHj3), (M = Co and Mn), BMImBr (1-
butyl-3-methyl-imidazole bromine) as ionic liquid to synthesis two
magnetism  MOFs: [CosNas(BPTC)3(H20)2(CHs0);] [BMIm] and
[Mn2(BPTC)(CHsCOO)][BMIm]. A series of 2D [RMI]2[Co3(BDC)3X:]
frameworks through the ionothermal reactions of 1,4-benzenedicarboxylic
acid (H.BDC) with Co(NO3).e6H,0 was reported by Zhang et al. In this
work, Eight kinds of 1-methyl-3-alkylimidazolium halide [RMI]X (R_=
ethyl (E), propyl (P), butyl (B) and amyl (A); MI = imidazolium; X% =l,
as ionic liquids (ILs) was used as reaction media [49].

) 2
Electrochemical Synthesis \\6

In the traditional solvothermal synthesis; | ions existe as salt,
but in electrochemical synthesis, thesMgtalionS\existe as oxidation of the
electrode. Reaction time and temp ‘@ are“obviously lower than regular
hydro- or solvothermal synthesis protocols. Changing the metal source,
kinetics of forming MOFs adjusted. Using Cu(NOs), vs Cu(OAC);

in the synthesis of HKkG apical case [50].
‘\QQ APPLICATION
s@ns and Separations

he process which a mixture is separated by difference in
adsorption/desorption behavior of distinct components in the mixture is the
adsorptions separations playing significant roles in industry and daily life
[51]. The major influence factors for the adsorption separation process is
the size of the adsorbates and the pore of the adsorbents [52, 53]. For a
long time, a large number of materials have been explored as adsorbents
such as zeolites, activated carbon, carbon nanotubes, porous organic
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materials, inorganic and polymeric resins etc. However, the applications of
those adsorbents are limited by steric, kinetic and equilibrium effects.
MOFs as a class of new materials with a high BET surface area of
1000-8000 m? g!. As the gas storage is based on physisorption, we
believe that increasing the surface area can some extent enhance the
adsorptions capacity of the porous materials. In 2010, Yaghi. O. M et al.
reported the MOF-180, MOF-200, MOF-205 and MOF-210 [54].
The octahedral Zn,O(CO,)s as a secondary units (SBUs) linked one or two
kinds of organic linkers ((4,4',4"-[benzene-1,3,5-triyl-trisethyne-2,1-gliyl

tribenzoate (BTE), 4,4',44"-[benzene-1,3,5-triyl-tris(ben ene—4&

tribenzoate (BBC), 4,4’,44"-benzene-1,3,5-triyl-tribenzoa@ ,6-
naphthalenedicarboxylate (NDC), and BTE/biphegyl-44"dicagboxylate
(BPDC)). The results showed that the surface area !\X and MOF-

200 was 1.9 and 2.6 greater than MOF-1771 { » MOF-210 had
the Langmuir surface areas of 6240 and %@ g? and its carbon
dioxide storage capacity could reach @ . Farha et al. reported
NU-110 with BET surface area 4

nitrogen uptakes could reach 2845 ¢

The manageable and ap, itate pore size of MOFs provide a highly
efficient way of selec@ argtion mixed gases based on the kinetic

g! and the capacity of

diameter of absorb chfas H, (2.89 A), CO, (3.3 A), N2 (3.64 A) and
CH. (3.8 A)) [56]. S. e et al. reported the relative adsorption of Xe
and Kr.Jhe% adsorbent was UiO-66(Zr) (8 A) < MIL-101(Cr) (8.6
A) < de ) (25 A) [57]. Interestingly, UiO-66(Zr) exhibits the
i Kr uptakes. The result can be attributed to the appropriate
8 A) of Ui0-66(Zr) for Xe (4 A)/Kr (8 A). Ma et al. reported
categated PCN-6 and noncatenated PCN-6'. The result proved that the
-6 had a higher hydrogen adsorbtion compared to PCN-6' [58]. Q.
Wang and J. K. Johnson discovered that the optimal pore size was around
6 A, about twice the effective kinetic diameter of the hydrogen molecule
[59]. As a consequence, the proper pore sizes and proper pore geometery
of MOF shows efficient separation performance for mixed gases.
Furthermore, these properties can be further explained by mixture
adsorption selectivity (Sads). Sass defined as the ratio of adsorbed amounts

N2
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of components in their binary mixtures. The isotherm is calculated with the
standard definition: Sags(i/j) = [ci™ re/c;™™e]/[yily;] and is usually used to
predict adsorption selectivities at mixture conditions from experimental
single-component isotherms [60], where ¢i™ " is the adsorbed loading of
component i in the mixture calculated from GCMC simulations and vy; is
the bulk composition of component i in the mixture.
Using the functional groups such as open acidic metal sites
(or coordinatively unsaturated metal sites (CUMSs), Lewis acid sites, -CF3, -
S0,, and others can effectively promote the selective separationy[62470
Fen Xu and co-workers reported the amine-decorated microporous tmetal—
organic framework CAU-1 which showed high CO; uptake ‘¢&pa 7.2
mmol g*') and an impressive selectivity for CO; v e chiral
hexagonal Mg-MOF-1 was constructed by helical sx Mg?* ions
with achiral 3,5-pyridine dicarboxylates showing=selegtive hydrogen (H.)
adsorption (ca. 0.8 wt% at 77 K) and carbon CO,) uptake (ca. 0.7
mmol g1 at 298 K) over nitrogen at osh. S. K et al. foreseen
the spatial configurational orient planar p-cloud entity) and
Cy (chair or boat configurations), Which might play a key role in their
desired efficient separation. fore, M-MOF-74 as the best Bz-selective
MOF sorbent was establi @n—Complexation triggering Lewis acid—
base interactions betWeen Jopen metal sites (OMS) of metal-organic
frameworks (MOEs) n-€~ rich adsorptive benzene (Bz) and had been
rationally d@ comprehensive Bz/Cy selectivity analyses [72]. Due
to the t jve features, MOFs have been made into effective
oézu membranes for adsorptions and separation, but there is still a
ther the adsorbents can be applied in industry, because the
inetic effects of MOF is flexibile at high adsorbate loading and pelleting
for industrial application.

Luminescence

Metal-organic frameworks (MOFs) with photoluminescence (PL)
properties have received wide attention and is a type of viable luminescent
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sensory material [73-78]. Unlike adsorption performance, the nature of
porosity, original results and considerations are not necessary. The
luminescence of MOFs mainly arises from (i) the fluorescent ligand which
can constitute the complete process from excitation to the emission of
light. (ii) metal-centered with photophysical which can completely metal-
based processes from excitation to emission. (iii) the ligand which
participate in a combined process with suitable metals ions such as the
lanthanides. The mechanism has been illuminated in previous reports [79-
81]. Therefore, combining different metals with different Ilgandsca

the sheer infinite number of possibilities to establish new | t
MOFs. Furthermore, different types of the charge transfer p es ve
also been reported, including ligand-to-metal charge LMCT),

ligand-to-ligand charge transfer (LLCT), metal-tosli ge transfer
(MLCT), metal-to-metal charge transfer (i % ligand centre

luminescence. The different energy transfeg ptocegses can allow us to

generate luminescent MOF materia %ﬂ ically varied emission

wavelengths as well as different i he inner cavity of a MOF

provides ideal locations where int@gaction between the framework and

absorbent can also influenc uminescence processes of the framework.

This will lead to chang@ luminescence and offer a basic observable,
Yy

even available to_th suggesting a very attractive strategy of
sensing/detectio
Curgentl@ rganic molecules have received increasing concerns
because vironmental biological hazards and human health risks.
Xists an extensive interest in the sensing and recognition of
ic molecules. Recently, Yang et al. reported two luminescent
MOES [Zn2(TPCsA)(DMF)(H20)4]#3H.0 and [(CHzs)2NH:]2[Zn-(TNC4A)]
¢4H,0 by varying the fluorescent tags of resorcin arene based on
tetracarboxylic acids from phenyl to naphthyl, showing the highly selective
detection of small organic molecules [82]. The MOFs were soaked into
different organic solvents such as methanol, ethanol, 1-propanol, 2-
propanol, DMF, THF, acetone, and acetonitrile. The luminescent
intensities were strongly dependent on the solvents. Particularly in the case
of acetone, the material showed the most serious quenching effect.The
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gradual decrease of the fluorescence intensity was observed upon the
addition of acetone to the suspensions of MOFs. It was suggested that their
free guest molecules were gradually replaced by acetone, leading to the
luminescence intensities of their suspensions quenching. Most strikingly,
the clear fluorescence “on—off” switch-functions toward small organic
molecules were observed, which was exceeding rare. The fluorescence
property of Ln-MOFs (Ln = Eu) in different solvent was reported by Wang
et al. [83]. The strong fluorescence quenching was exhibited upon the
presence of NB and CH3CN and electron transfer from the antenga ligan

to the analyte. &

The reports of luminescent MOFs detecting the VW ic
compounds (VOCs) and semi-volatile organic gom SVOCs:
volatile fatty acids (VFAS), phenolic, and indolic o nds) were

increase day by day due to the potent role ic frameworks
(MOFs) which overcome the limited ads @pacity, high energy
costs, and toxic. Among VOCs, ihe % of nitroaromatics had

@ S kind of fast detection of

especially attracted a lot of atte
explosives [84-86]. Yang et al. rep@kted thin film sensor MOF Eu-TDC
which could rapidly dete nitroaromatic explosives (nitrobenzene
(NB), 4-nitrotoluene 2,4-dinitrotoluene  (2,4-DNT), 1,3-
dinitrobenzene (1,3- ), B-nitrophenol (4-NP), 2,4-dinitrophenol (2,4-
DNP) and 2, i enol (TNP)), especially to nitrophenols
(TNP/DNP/ ]. The cathodic electrodeposition process of Eu-TDC
thin film (1) OH ion that was generated by reduction of nitrate;
pro\lion of ligands (H.TDC) triggered by OH~ ion and (3) the
a f Eu®* and TDC* into MOF thin films. The results proved that
he glectron-deficient property of NACs. Upon excitation, electrons were
typically transferred from the conduction band (CB) of MOFs to the lowest
unoccupied molecular orbitals (LUMOs) of analytes, causing the
guenching and resonance energy transfer from the ligand of Eu-TDC thin
film site to nitrophenols. The quenching of metal-centered emission might
be the reason. Developing MOFs thin film by electrodeposition offered a
new avenue to design convenient and recyclable luminescent devices for
sensing nitroaromatic explosives.
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Another main interest is the sensing of cations and anions, especially
of metal cations. Zhao et al. exemplified luminescent probes of Zn-MOFs
([Zn(btz)]n} (1) and {[Znx(ttz)HOIn} (2) (1,5-bis(5-tetrazolo)-3-
oxapentane (H:btz) and 1,2,3-Tris-[2-(5-tetrazolo)-ethoxy)] propane
(Hsttz)). Twelve different kinds of ions in solution were slowly dropped
into suspension solution of MOFs. The vastly fluorescence quenching
effect of Cr,07%/CrO,> was observed and hardly influenced by introducing
other anions. The Stern-Volmer equation, indicativing of that the
guenching mechanisms were assigned to dynamic quenching pso

detecting pollutant anions [88]. Wang and co-worker pr
water-stable isostructural mono/bimetallic  lantiani

polymers (Ln-CPs) {[EuxThix (HL)(H20)s]-H.O}
0.8 (4), 0.7 (5), 0.6 (6), 0.4 (7), 0.3 (8), 0.2 ()40

), 0.9 (3),
%0.05 (11), 0 (2),

The uncoordinated triazole group ¥@rmed contacts with Fe**/Cr®* ions
which diffused into the por , resulting in a low efficiency of energy
transfer from ligand t the luminescent quenching of 1. The
bimetallic 3-11 exhi nable light emission colors controlled by
enhancing and e corresponding emission intensities of Eu®*
and Th% io@ ample, bimetallic CP 8 could be used as ratiometric
luminesc rs for organic solvent molecules and the luminescent
lor ha&of 8 could be clearly distinguished by the naked eye.

atalysis

MOFs have received widespread interest as heterogeneous catalysts
due to (i) MOFs possess large enough pores to facilitate diffusion of
substrates and products. (ii) Metal can be acted as metal node and catalytic
sites forming unsaturated coordination site. (iii) Ligands can construct the
frameworks or as a catalytic site directly incorporate or post modification.;
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and (iv) relatively mild synthesis condition such as solvothermal or
diffusion crystallizations can be another strong point. Those advantages
make them fulfill requirements such as chiral environment, stable
framework, catalytic center and accessible pore so that they can be
effectively applied in heterogeneous catalysts. Zhang et al. reported a
highly active NMOFs by Pd nanoparticles that supported on nanoscale
metal-organic frameworks (NMOFs). High activity and good recyclability
was demonstrated in terms of catalytic the Suzuki cross-coupling reaction
between aryl/heteroaryl halides and arylboronic acids®. Gole B. repogted

series of stable Pd NPs in different porous MOFs (Pd@M

reactions of aryl bromides or iodides and alkenes and e g [91]
Magnetism QQ

MMOFs (magnetic metal-or ameworks) are widely applied in
electromagnetism, sensing and ices. The modular chemistry is

by modifying metal io ucting various organic ligands. A large
number of such eflals with 3d transition metals (e.g., Mn, Co, Ni,
Fe and Cu) havel bedl, synthesized and their magnetic properties have
been exten died [92-99]. Sui-Jun Liu reported three new
antiferr ig” metal-organic frameworks {[CosNa(BTC)2(us-OH)-
O@‘ )]JeH.Oe0.5DMAC}In (1), {[Ni3(BTC)2(us-OH)(H20)s]
Acin  (2) and {[NH2(CHs:):]o[Mn3(BTC)2(CH3COO),]e

cin (3) (DMAc = N,N’-dimethylacetamide) using 3d transition
metals (Co, Ni, Mn). The yMT value of 1 and 2 were 10.18 and 2.95 emu
mol? K, which was much larger than expected spin-only value 5.63 and
2.38 emu mol? K for three magnetically isolated metal ions spin-only
value (5.63 emu mol? K). In this work, all the carboxylate groups with
syn-syn mode also played the dominant role of antiferromagnetic

interactions between metal centres [100]. Organic linkers controlling the
shape and topology of MMOFs was importance in the building of magnetic

an effective strategy to @uct multifunctional magnetic MOFs
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materials. In addition, these ligands had proven to provide good
superexchange pathways [101-103].

Drug Delivery

Recently, MOFs have been scaled down to nanometer sizes. NMOFs
exhibit higher surface areas, especially the structural diversity and
physicochemical properties making them potential for drug molegule

[104-107]. Ray C A fabricated the Fe;O. nanoparticles into \/ S
isoreticular metal organic frameworks (IRMOF-3) and fo% as
conjugated to the surface, developing a magnetic naws% -organic
frameworks (NMOFs) for potential targeted drug deliver is NMOFs

achieved excellent effectiveness for targetin i he cancer cells
[108]. Tamames-Tabar et al. investigated %oxicity of fourteen
nanoscale porous metal organic fragmeworks With™ different compositions
(Fe, Zn, and Zr; carboxylates or i glatesy™n different cell lines [109].

OQICLUSION

MOFs hav @an area of interdisciplinary research. The SBUs is
put forward just the pore size and the functionality of MOFs. While

the d of reliable and reproducible methods to achieve robust
OFs with tailored structures and tunable properties is
y by imagination and our ability of preparing and characterizing
designed structures. Despite of the challenges, more and more
functional MOFs structures have been reported and applied to various
domains. However, the correlation between structure and property still
didn't get in-depth research. Especially the kinetic effects of MOF
framework flexibility are not well explored which is definitely a direction
we should devote to.
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ABSTRACT

i @ta s have properties that are intermediate between the

i states. In the liquid crystalline state the three dimensional
ional ordering of the centre of mass of the molecules is partially or
broken. The type of order retained characterises the type of liquid

stalline phase. In the liquid crystalline phase all molecules do not
cessarily point along the same direction. They merely tend to point

more in one direction than any other i.e., they have a preferred direction
A of orientation. This direction is referred to as the “director.”

A uniaxial (liquid) crystal has two principal refractive indices, no and
ne associated with ordinary and extraordinary rays respectively. In liquid
crystals the optic axis lies along the director direction and the vibration of
the electric field vector is along it for extraordinary ray and perpendicular
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to it for ordinary ray. Due to these anisotropy of molecular arrangement
an internal electric field is generated and molecular polarisability can be
estimated from it. The internal orientation of the molecules is measured
by orientaional order parameter. Different macroscopic properties of
liquid crystals depend on it.

Keywords: birefringence, order parameter, mesogen, smectic, nematic

N2

4
1. INTRODUCTION . Qg

The fundamental feature of liquid crystals is their ar@ his
characteristic is basically due to the asymmetryy in% olecular
geometry leading to anisotropic molecular interagtion, a ngular co-
relation. In the liquid crystal phase the 3-d positie ing prevalent in
the crystalline phase is entirely or partially dest the order remaining
be it only orientational or 2-dimensi
etc. is determined by the nature o sulariAteraction. The anisotropy in
the bulk or macroscopic propertiesNs a reflection of this asymmetry in
molecular interaction and used as an index to evaluate the degree
of order existing in the . Jhe degree of order is formally defined as
the order parameter

O

: SSIFICATION OF LIQUID CRYSTALS

0si | or bond orientational

] e

ic liquid crystal and thermotropic liquid crystal. Lyotropic liquid

%gecrystals have been broadly classified into two categories:
p

1o

crystals are generally mixtures of amphiphilic compounds (having in the
same molecule two groups: one hydrophilic and other liophilic) and a polar
solvent; most frequently water. Due to this dual characteristic of
amphiphilic compounds, interesting mesomorphic transitions are observed
with an increase in solute concentration. Lyotropic liquid crystals occur
abundantly in nature, particularly in living systems. DNA, certain viruses
(e.g., TMV) and many synthetic polypeptides all form lyotropic
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mesophases when dissolved in an appropriate solvent at suitable
concentration and temperature.

The term thermotropic arises because transitions involving these
mesophases are usually affected by change in temperature. Depending on
the type of ordering, thermotropics are grouped into different classes;
nematic, cholesteric and several types of smectics. Few commonly
occurring phases are described below.

N2

\
* ; >
2.1. Nematics \Q

Nematics are in general polarisable rod likes or Qlecules,

normally of length of the order of 20-30 A. Beca x igtendency to
organise themselves in a parallel fashion, theyyde interesting and
useful optical properties. By decreasing the e from the isotropic
phase, in which the molecules are r joned and oriented, to the
nematic phase the material gains
positional order as shown in Figure 1jThis reordering is thought to be due
to the packing constraints o olecules. This claim is supported by the
fact that most liquid c cules tend to be long (rod like) with a

rigid central core.
L 2 Q
22.T x atic or Cholesteric Mesophase

i phase the molecules prefer to lie next to each other in a slightly

ewed orientation (as shown in Figure 2). This induces a helical director

configuration in which the director rotates through the material. If the
helical axis be taken along the z axis, then

nx = cos(qoz + ¢)

ny = sin(gqoz + o)



254 Saswati Roy

nz=0

where the phase ¢ is arbitrary and qo is the pitch.

O
Chiral Nematics \Q

When the molecules that make up a nematic liquid crystal are chiral
(i.e., they are not symmetric when reflected) then chiral nematics phase
will exist instead of the normal nematic. In this phase the molecules prefer
to lie next to each other in a slightly skewed orientation. This induges
helical director configuration in which the director rotates t
material (Figure 3).

“9
2.3. The Smectic Phases1-2 \\

The smectic phases1-2, whi erally Bxist at temperatures lower
than thenematic, form well-define rs that can slide over one another
like soap. The smectics are thus positionally ordered along one direction.
Various types of smectic s exist, the more common ones are

described here.

In the smectic e, ghe molecules are parallel to one another and
are arranged in@ (as shown in Figure 3), with the long axis
perpendicul eYayer plane.

T of the smecticC phase is closely related to the structure

the\smegticA phase. The molecules are arranged in layers, but with the
ilted3-6 to the layer normal (as shown in Figure 4).

SmecticC*

In a manner similar to chiral nematics there are chiral forms of smectic
phases. Figure 5 shows the molecular arrangement in a chiral smecticC
phase, denoted by smecticC*. The tilted director rotates from layer to layer
forming a helical structure.

This helix may be suppressed by placing the liquid crystal in a cell
where the material is sandwiched between two glass plates. Such systems



Concept, Property and Applicability of Liquid Crystals 255

are said to be surface stabilised. Once the helix is suppressed and the
directors in each layer are forced to lie in the plane of the glass plates the
chiral nature of the molecules creates a spontaneous polarization within

X
each layer.
Chiral Smectic phase The chiral smectic C phase is by far the most Q
important phase. The tilted director rotates layer to layer forming a helical
structure. These systems can be surface stabilised in this case the helix may
be decreased by liquid crystal in cell. This means the materials is ‘\
effectively trapped between two glass plates. Once the helix is suppresse
and the directors in each layer are forced to lie in the plane o tN S
plates, this creates spontaneous polarisation within each otheflbe of
the chiral nature of the molecules. This is the basis of fe ic display
devices. These ferroelectric liquid crystal displa X iferroelectric
liquid crystal displays operate by the applicatigngefsamnigleetric field which
couples with the spontaneous polarisation a s the director in the
layers

The “discotic mesophase” synthesized and investigated by
Chandrasekhar et al. 7. In this mesophase the molecules are disc- like and
stack like coins to form ns of close pack arrays (as shown in
Figure 6). Significant n@research has been done on the discotic
phase8-11. C

SmecticB ’@BQ
In th\ icB phase the molecules possess a three dimensional long
gelordertas in a crystal, though with weak interlayer forces i.e., the
I glide over one another. Within the layers, the centers of gravity
f the molecules are arranged in a hexagonall2-14 face centred packing.
e molecules are free to rotate around their long axes, and the structure is
optically uniaxial. This type of smecticB phase is often referred to as
crystal smecticB to distinguish it from hexatic smecticB which has three
dimensional long range ‘bond orientational order’ but no long range
positional order.
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Figure 3. Schematic representation of smecticA. . Q@
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Figure 6. The structure of columnar phase of disc like molecules.
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3. BIREFRINGENCE AND OPTICAL PROPERTY

A uniaxial (liquid) crystal has two principal refractive indices, no and

*
ne associated with ordinary and extraordinary rays respectively. In liquid \QO

crystals the optic axis lies along the director direction and the vibration of
the electric field vector is along it for extraordinary ray and perpendicular
to it for ordinary ray.

‘\Q@”

Ne =1 Q 1)
w9

The anisotropy in refractive index is given by \\

AN=nNe—No=nNj—Ny OQ (2)

values close to zero to 0.415. For a
ic axis is the helix axis, which is

generally An is +ve and varies
chiral nematic crystal, the uniaxial

P =N (0B Q (3)
L 2
acket denotes average over all possible orientations of the

whergfthe
mole o is the molecular polarizability, N is the number of molecules
er unit volume and Ei is the internal field that acts on a molecule. Ei,

@ ever is related to the macroscopic field E and may be represented as
Q E= kE @)

O where k is an ordinary second rank tensor. From equations (3) and (4) we
have
P=N{(a k) E
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The refractive index is related to the polarisability by the following
relation.

n||2 - nﬁ =N {< 5R > - <&R >L} (5)
To calculate the molecular polarisability from refractive index
measurements, the internal field tensor k must be known. Lorentz -

Lorentz have derived equations relating polarizability and ref
indices for isotropic medium. This relation, however may not be ere

due to the anisotropy of the liquid crystalline medium a
replaced by Neugebauer’s relation® or Vuks formula®’.

Neugebauer’s relations to calculate the ordi a t ordinary
polarisabilities o, and . are given by \

n02 -1= 4NTI:OLo(1 - NOLo'Yo)-l OQ

ne2 — 1 = 4NTC(X,e(1 - Nae'}/e)_l (6)

where y, and y. are internal @constants for ordinary and extraordinary
rays respectively with fespe polarisabilities o, and a.. From equation

(6), the equation ing the polarisibilities are
@!N (n? + 2) 2(n? +2)] @
%< > (n —1) (n; -1)
9 n°-1
o, +20, = [ ] (8)
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The Vuks formula relating the principal polarisabilities and the
refractive indices may be written as

C)'
2

n02 —1:47rNa0

n“+2 3

2
R A\PY %
n“+2 3 .
The relation between the order parameter (P») and polatiSabMity %o,

o) is given by'8 . 6

Ole= Olave + 2/3 Aaw (P2) 0\\

L= Olave - 1/3 Ac. (P2) 0 (10)
where aave = (200 + a)/3 is the meamypolarizability and Ao = (our - o1) is

the molecular polarisability ropy.
We thus have

O

P =75 (11)

s

@er parameter may be obtained from the above equation by
ermining ae and oo, provided au - o is known. To get an estimated

e of an - o, Haller’s extrapolation procedure® is followed. In this
procedure In (oe - o) is plotted against In(Tc- T) and a straight line
obtained (T, being the clearing temperature). The value of (ou - o) is
determined by extrapolating the In(at - o) versus In(Tc- T) straight line to
T =0 where it may be assumed that (P2) = 1.
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4. ORDER PARAMETER AND ORIENTATIONAL
DISTRIBUTION FUNCTION

are various types of order parameters: orientational order parameter,
traslational order parameter, bond orientaional order parameter or even a

mixed order parameter coupling two types of orders. Nematics possess \
only orientational order and therefore may be characterised by a si
order parameter — the orientational order parameter. In sme‘ iCS) i

C) ‘
In crystal, molecular order may be of various types; consequently there \Q

in
addition to orientational order other types of order e
necessary to define other order parameters. However, orie >mder is
the common feature of all liquid crystalline phases. ¢ %

In the liquid crystalline phase all molecules ssarily point
along the same direction. They merely tend to in one direction
than any other i.e., they have a preferred oft of orientation. This

[P

direction is referred to as the

between the director direction n arftithe molecular axis distinguishes the

liquid crystalline phase fro isotropic liquid. However 0 itself is not a
Y alogy with ferromagnetism, one might

convenient order para
expect that the proj ’mf molecules along ﬁ would be a natural
parameter. Thi @r is not quite correct. In magnetism, the electron
spins have i polarity; the heads (north poles) being distinctly
differ tails (south poles). But in the mesophases the heads and
s @re ifdiStinguishable i.e., as many head ends point up as tail ends.
revent the order parameter from describing situations in which
esomorphic phase becomes polarised, cos?0 rather than cos0 is
needed to describe the structure. Since one is interested in average

behaviour representative of all molecules, the value of cos?0 averaged over
all molecules i.e., < cos?@ > is the relevant parameter. When all the

molecules are orientated along n, < cos?®@ > =1, whereas when the
molecules are randomly distributed along all possible directions < cos?0 >
=1/3. However we require that the order parameter vanishes when there is
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a random distribution of orientation. The orientational order parameter is
thus defined as <P,(cosf) > = 1 (3 < cos20 > -1) which satisfies the
2

required criteria i.e., <P>> = 0 for a random distribution and equals unity
when all molecules are aligned.

5. REMARKABLE PROPERTIES OF LIQUID CRYSTALS
AND THEIR APPLICABILITY *

Parallel to the growing worldwide research and develg activities
in the field of liquid crystal, the interest of the elec 'c% in liquid
crystals has enhanced remarkably. Liquid crystals N plication in
technological devices (especially display their physical
properties are very sensitive, even to weak erturbations. Liquid
crystal display devices have the s advantage in that they operate at
low voltage and therefore cons ery little power. When twisted
nematic liquid crystals are arranged iythin layers, their ability to transmit
scattered or polarized light on the application of electric field. This
property is utilised in 0 ices, image converters and matrix type

picture screens.

Smectic i u@lals have also been used to advantage in liquid
crystal ﬁsp@ s). They exhibit better viewing angle characteristics
and ¢ as compared to nematics and can operate at high speed.

re@e rs chiral smectics (smecticC*), which have the property of
neous polarisation are finding wide application in display systems.
olesterics are very temperature sensitive, their pitch and colour
change with slight variations in temperature. This is a very useful property
in the manufacture of temperature sensitive devices. Detection of hot
points in microcircuits, localisation of fractures and tumors, conversion of
infrared images etc., are some of the applications of liquid crystals, to
name only a few.




Concept, Property and Applicability of Liquid Crystals 263

REFERENCES

[1] G. Friedel, “Colloid Chemistry,” Ed. J Alexander, Vol 1 p 102ff. The
Chemical Catalogue Company, Inc., N. Y. (1926).

[2] G. Friedel, Ann. Physique, 18, 273 (1922).

[3] P. G. deGennes, “The Physics of Liquid Crystals,” Calendron Press,
Oxford, (1974).

N2

[4] T.R.Taylor, S. L. AroraandJ. L. Fergason, Phys. Rev. Lett., 25, g“
(1970). *

[5] T.R. Taylor,J. L. Fergason and S. L. Arora, Phys. Revg L \
(1970). \%

[6] deVries, Acta Cryst., A25, 135 (1969). . %

[7] S. Chandrasekhar, B. K. Sadashiva and K. N& ramana, 9,

471 (1977).
[8] D. Guillon, A. Skoulios, C. Piechocki, and P. Weber, Mol.

Cryst. Lig. Cryst., 100, 275 (

[9] J. Luz, Tenth Int. Conf. On rystalS, York, July, 1984, abstract
no. H2.

[10] A. C. Ribeiro and A. @rtins, Tenth Int. Conf. On Lig. Crystals,
York, July, 1984, . H6.

[11] C. Destrade, ux, P. Foucher, N. H. Tinh, J. Malthete and
J. Jacques @ Phys., 80, 137 (1983).

[12] G#Ch nd W. M. Chaikowsky, Mol. Cryst. Lig. Cryst., 7,

] WM. bert and A. M. Levelut, “Anharmonic Lattices, Structural
sitions and Melting” (ed. T. Riste), Noordhoff, Leiden, 375
(1974).
[14] M. Levelut and M. Lambert, C. R. Acad. Sci., Paris, Ser. A. B., 272,
1018 (1971).
[15] W. H. deleu, “Physical Properties of Liquid Crystalline Materials,”
Gordon Breach, Science Publishers pg. 24 (1980).
[16] H. E.J. Neugebauer, Canad. J. Phys., 32, 1 (1954).
[17] M. F. Vuks, Optics and Spectroscopy, 20, 193 (1971).
[18] P. G. deGennes, Mol. Cryst. Lig. Cryst., 12, 193 (1971).






In: Crystal Growth ISBN: 978-1-53612-203-9
Editors: J. Li, J. Liand Y. Chu © 2017 Nova Science Publishers, Inc.

Chapter 8

G-
4
3 Q
THE CORRELATION OF DE‘NS \
REFRACTIVE IND

AND DIELECTRIC STU \@ Two
PECULIAR L YSTALS

Debanjan Bha @e and Ayon Bhattacharjee”
National Instituté of nology Meghalaya, Shillong, India

‘\@ ABSTRACT

iquid crystals, being anisotropic materials have aroused interest in

the study of their optical and electrical properties. These properties have
een harnessed for several applications. These properties are even more
interesting when the structure of the liquid crystal becomes more
complex. In the present work, we focus on two very interesting liquid
crystalline compounds. The compound N(4-n-pentyloxybenzylidene) 4-n-
alkylaniline, called 50.16 in short, is an interdigitated liquid crystal
O having a bent shape with a high asymmetry in terms of its terminal alkyl
chain length. The other compound reported in this work is commonly
known as 7.050.7 and it is a liquid crystalline dimer. These dimers are
the precursors to the liquid crystalline polymers and are formed by
connecting two simple liquid crystalline segments with an alkyl chain
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called the spacer group. The optical and electrical properties of the dimers

depend on the constituent liquid crystals, as well as the length of the

spacer group in term of odd or even number of carbon atoms. In this

study, we report the density dependence of these compounds. The density O 4
studies are conducted by the capillary method. Liquid crystals being

anisotropic exhibit optical birefringence in some of the liquid crystalline

phases and therefore show two components of the refractive index, the

ordinary refractive index and the extra-ordinary refractive index. These

are obtained using the thin prism method with the 633.2 nm line from a

HeNe laser. The results obtained were used to find a correlation between \

the density and refractive indices of the samples. Dielectric and

impedance spectroscopy studies indicate the coupling between the fiqu
crystal and the electrical field. Studies were carried out as a functi ﬁ

temperature as well as frequency. Semicircular nature of the
plots indicates the reorientation of the molecules with the |

Using the experimental data and the theoretically ®fitt ItS, the

effective equivalent model circuits for the two comp signed.

These circuits were used to explain the behavior @ ompound under
h

the effect of external electric field and the influg @ lectrodes. The
effect of the conductivity with temperaturé, and.drequency are also
discussed at the end of the chapter.

Keywords: liquid crystal, monomer,"dimer, birefringence

&

1.JINTRODUCTION

General crystals are neither crystals nor liquids, but they
rties of both these phases. Liquid crystalline compounds

exhibi
)@e ediate between the fully ordered 3-dimensional crystals and
isorde isotropic fluids. The liquid crystalline compounds exhibit a
jally ordered fluid-like nature with spontaneous anisotropy that has a
dependence of temperature. Due to the anisotropic properties, liquid
@ crystals possess some typical optical characteristics which are harnessed in
different technological applications. The formation of the packing order of
O the molecules influence the molecular shapes that help in determining the
long-range attractive as well as repulsive forces. The long-range attractive

and repulsive nature of the forces are responsible for the stability of liquid
crystalline compounds. The polarizability of the molecules and dielectric
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anisotropy of liquid crystals provide important information about the
phases having different molecular compositions. Generally, the core and
the terminal alkyl chain of the liquid crystals provide substantial O .
information on the anisotropic behavior of the constituent molecules [1-7].

This chapter is dedicated to the detailed study of two different liquid Q
crystals. One is a monomeric compound whose abbreviated name is 50.16
monomeric and the other is a dimeric liquid crystalline compound named
as 7.050.7. For the optical study, the refractive indices calculation of the ‘\
compound is necessary because the refractive indices valuesehelf t
measure the polarizability, order parameter, internal field c\ d
Lorentz field factor [2-4, 27-40].

Liquid crystals are optically very active and thegani jCypature of
the compounds helps to change the optical propert N ariation of
temperature. The temperature dependence €@ raetive indices is
important for understanding the anisotropy
Due to the incident polarization i quid crystalline phase
exhibits two refractive indices! ary and the extraordinary
refractive indices. When the incidenray is linearly polarized, parallel to
the directors of the liquid c@hen e get the extraordinary ray and its

extraordinary refractive 1S .. On the other hand, when the incident
light is linearly polariz&d, pebpendicular to the director of the liquid crystal,
then we get the @rdi

these two refractive indices is termed optical

differenge e
birefrin x compounds and is expressed as
C) — o 1)

If the ne > n, then the value of An is positive and the liquid crystalline
compounds are said to be positively birefringent. On the other hand, if n. <
No then the value of An is negative, and the liquid crystalline compounds
are said to possess negative birefringence [1-5, 2, 4-11].

The most sensitive criteria that changes with the molecular orientation
is the dielectric property and it helps us to understand the molecular
dynamics of that material. In the liquid crystal, the director of the
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molecules gets reoriented due to the externally applied field and resulting
in the changes the behavior of the liquid crystals. The positive and negative
dielectric anisotropic nature depends on the anisotropic distribution of the
director and molecular dipole of liquid crystals. The behavior of the
dielectric and its sign varies from compound to compound, and with the
allocation of dipole moments.

Due to their highly anisotropic nature, liquid crystals and their
response to an external applied field changes depending on dielectric
anisotropy. Depending on the director, i the dielectric permittivigy
different values. If the liquid crystalline compound is uniaxi
possesses two different dielectric constants, i.e., € and e
director of the liquid crystals is normal to the axis o
measured as e, and if the director is parallels to t % it’Is measured
ase,. The separation between these two d e

dielectric constants of the compounds and@ d as

Ae =¢— €, 2

s provides the

The positive values o@;{ric anisotropy of the compounds are
expressed as €, > €, @ hich the polarizability is greater along
the molecular lo I r negative dielectric anisotropy €, < €,, the
polarizabilit '%ater perpendicular to the long molecular axis. The
positive‘ r ative dielectric anisotropy of the compounds determine
whet x uid crystalline molecule will lie parallel to the long
lecularjaxis or along the direction of the applied electric field [12-23,
-29)]. The anisotropic behavior of the liquid crystalline compounds is
mely useful in modern device applications, such as displays, storage
devices and sensors. The Cole-Cole plots are constructed with the
frequency dependence of complex dielectric permittivity in the complex
plane. The dielectric relaxation of the liquid crystals obey the empirical
nature Cole-Cole arc law. In this chapter, we discuss and provide an
analysis of the Cole-Cole plots with different external DC bias voltages
and temperatures.
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1.1. 50.m Series of Liquid Crystal

One of the most popular and interesting classes of the liquid crystalline
family is formed by the N-(4-n-alkyl-oxybenzylidene)-4/-n-alkylanilines
[30, 31-36]. Popularly this group of compounds are known as nO.m
homologous series, where n and m represent the number of carbon atoms
in both the terminal alkyl chains. These liquid crystalline compounds also
contain a Schiff’s base and are thermotropic in nature. The generalised
molecular structure of nO.m is given below. L 2

°n”2"+1°_@"\‘9@ H%:
H :: \@
Figure 1. Molecular structure of the nO.m liquid crystalt @ e 50.m series,n=5,0
represents oxygen).
th

ompounds is simple, they

Although the molecular stru
exhibit smectic polymorphism. Withithe changes in the values of n or m,
the molecular structure gets ified and it results in significant changes
in different optical as physical properties. This makes the nO.m
series of compound v@resting in the field of liquid crystal research.

1.1.1. The 5@.1 meric compound: In the 50.m series of the
liquid Qyst mpounds, various interesting phase sequences are
observed:! =2), N-Sa-Sc-Se-Sg (M=5), N-Sa-Sc-Sg-Se-Se, (M=6)

d N-Sa-Sevor N-Sa for the higher homologs. For higher homologs 50.m
the compounds have unsymmetrical alkyl chain length
istribution and they exhibit only the SmA-N phase.

In optical studies, the experimental birefringence of this compound
could be observed only in the nematic phase [30, 31, 37]. Therefore,
studies on optical properties are mainly concentrated in the nematic phase.
50.16 compound has shown high values of refractive indices which is
similar to the trend shown by other members of the 50.m series. However,
the optical studies of this compound reveals that the birefringence is
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optically negative unlike the lower homologs of the 50.m series. In
addition negative birefringence, this compound is also optically negative in
molecular polarizability, internal and Lorentz field factors. From the
reported literature [38], the values of d-spacing of the compound are less
than the expected measured value. Moreover, studies have also revealed
that the compound also exhibits interdigitated phases [30, 31]. The
negative birefringence is attributed to the fact that the d-spacing of the
compound is decreased with the decreasing temperature, which results in
decreasing in the molecular ordering. The long terminal chain at ope 0
the compound results in it having a skewed geometry, whi x r
explains the unique behavior of 50.16. Since this molecule 1§irep@gted to

be interdigitated, the probability is that the cem ains an
energetically suitable arrangement at a higher tempétat ets strained

with the lowering of temperature. This is ¢hespesSikle® reason for the
increase of polarizability of the molecule wi ing temperature [30,
31]. Q

In terms of the molecular wei he pound, the weight of core
is lower than the longer terminal chain in the case of 50.16. Therefore,
bending of the molecule is ite probability leading to a reorientation of
the compound in the liqui @Iine phase. The lack of uniaxiality of the
compound structure e@ perpendicular component of light to become
el component. This is the reason for optically

negative ani this case.
In th orrelation between density and refractive indices of the
16 co nd, it is reported in literature [38] that, with the increase of
densi birefringence of the compound decreases. From the literature

survey, it is also known that the compound 50.16 is interdigitated and the
-spacing of this compound decrease with the lowering of temperature.
This, in turn, leads to the lowering of molecular ordering. Moreover, with
the increasing density, the d-spacing also decreases and therefore the
birefringence decreases with increasing density in 50.16 [30, 31, 37].
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In order to understand the dielectric behavior of the compound, it was
confined in specially designed cells and the Cole-Cole plots were draw.
These Cole-Cole plots provide an idea for the relaxation process in the
dielectric spectrum. These plots reveal that there is a monodisperse nature
of the cell in our compound. The nature of the Cole-Cole plot of the
compound is semi-circular but the center does not appear exactly on the
axis. This clearly shows that the relaxation process in 50.16 compound is
non-Debye type. This happens when the orientation of the molecules
change from perpendicular alignment to the parallel alignment igfth

presence of an externally applied electric field [39, 40]. \t
1.2. Dimer: A dimeric liquid crystalline compound is formed he
two mesogenic rigid groups are connected by a linkag spacer.

This structure of the liquid crystal dimers haS§attsac remarkable
attention in the field of experimental as we etieal research. In
dimers, the different types of molecular ¢ bn occur due to the
flexibility of the linking atom c as compared to the
conventional liquid crystal mono m ds where the conformation
is governed mainly by the rigid cote. In dimers, every thermodynamic
observed in the compounds %tot e different structural conformations

of the different molec ments. These molecular conformations not
only change the int lecular and intermolecular forces, but also change
the average molﬁo position of these liquid crystalline compounds.
This ca@a@ o the presence of the flexible terminal alkyl chains in

ese structural and conformational changes also result in

| to isotropic. The extra flexibility that is imparted by the
sgnce of the spacer not only changes the properties as compared to the

the com

er ergXase sequence in dimeric liquid crystals, as the phases change
fr

re

1o

constituent monomers, sometimes completely new phases are also
observed in such dimers [41, 42].

Generally, the dimeric liquid crystalline compounds are categorised
into two types: the symmetric and the non-symmetric dimers. When the
mesogens on either end of the spacer are identical, the dimer is a
symmetric dimer and when these groups are not identical, then the dimer is
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Ciis N

\'\(':H =
— 0
\
U C5H10__0F_@CH:N @ C3Hyg O *
7.050.7 K 108.6°C o, o g142.1°C g, \Q

98.3°C
88°C
S.

4

Figure 2. Molecular structure and phase transition temperature of the dimeric
compound, where K is the crystalline state, Sais the smectic A phase, S is tR tic
F phase and | is the isotropic phase. \

non-symmetric. The number of carbon atoms in t er ‘group
connecting the two segments plays an important ? j mining the
shape of the molecule. An odd number of carhon ato QX[ spacer or an
even number may change the shape of the diw ule from straight
to bent. The alternation of the behavior of ric liquid crystalline
compounds decrease with the ing g r length. This behavior,
explain the changes in the moleeular polarizability, order parameter,
transitional entropies, differ actors and the average molecular

compositions. If the chain of the compound is short, then the two
mesogenic groups arefstro coupled with each other and the dimer

behaves as a rigi
121 T O.”dimer: The dimeric liquid crystalline compound

7.050.7 to the homologous series of (o-w-bis)4-
alkylagfitin lidene- 4/-oxy) alkanes, commonly referred to as
.m Series of compounds. As seen from the Figure 2, the SmF phase
rved only in the cooling cycle whereas the SmA phase appears both
cooling as well as the heating cycles. In other words, the SmF phase
has a monotropic transition nature. The SmA phase is orthogonal with the
short-range ordering and the molecules are oriented in a nematic-like
nature with averaged alignment in the direction of the director. The SmF
phase is a tilted phase and the molecules are packed in a hexagonal-like
ordering. This kind of ordering with the tilted orientation is the key reason
for not exhibiting the optical birefringence in the SmF phase [41, 42].




The Correlation of Density, Refractive Index ... 273

The primary focus of this study was to observe the different physical
behavior in the SmA phase within the temperature range (140-100)°C.
From the literature, it has already been known that the liquid crystalline O *
dimers show the odd or even effect. Since the spacer is odd in the case of
7.050.7 dimer, the shape is not bent and therefore it can be Q
aligned properly after repeated heating and cooling cycles. From the
optical study, it is observed that the compound exhibit positive
birefringence in SmA phase only and with the increasing temperature the ‘\
values of birefringence decreases and it vanishes at isotropic tergpegatur
[41].
In the case of correlation between density and refracti
7.050.7 compound, it is observed that with the degre
birefringence of the compound decreases. The or |% molecules

decreases with the increasing temperature Thi able reason for
increasing the birefringence with the in sity in the 7.050.7

cre

dimeric compound. Q
For the electrical properties, e Cole-Cole plots indicate
the variation of dielectric function different temperature for fixed DC
bias voltage. For the ex ntal purpose, homogeneous (HG) and

homeotropic (HT) ali the different cells were used. The
observed nature of @e curves is semi-circular and it also passing
through the origiq{of is, which clearly indicates that the behavior of
the relagah@s s is considered as a good approximation [41]. A

comparis e plots with that in literature [41,42] indicates that the
seive atlon phenomenon is in the low-frequency range, i.e., within
t f 20-100 kHz and that the nature of the dimeric liquid crystal is

mong@disperse. The Cole-Cole nature of the plots is semi-circular but the
axis doesn’t appear in the centre. This clearly suggests that the relaxation
process of the compound behave as a non-Debye type. This happens due to
the molecular alignment changes from perpendicular to parallel direction
on application of external bias voltage [41]. From the dielectric results, the
electrical equivalent circuit was also designed and it was reported in [41].
This equivalent circuit can easily replicate the experimentally measured
data.
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2. METHODS
2.1. Refractive Indices Measurement Method

2.1.1.Thin Prism Technique for Refractive Indices Study

The anisotropic nature of liquid crystals is very much responsible for
some unique optical properties that are exploited in several advanced
technical applications. Generally, the polarizability of the compou
birefringence and order parameter are very important studies in the fidle o
liquid crystal research and these values are mainly deterw’ Q&
refractive indices data [2, 4-8, 44, 2, 5, 9-11, 18, 44, 45].

The refractive indices measurements of liqui nds are
used to determine the birefringence of the liqui s. Various
experimental techniques have been establi @ investigate the
temperature dependence of the liquid crystal refraetive indices [2, 4-11].

The temperature dependent ref indices’study of the liquid crystal
are important for understandin Ir anisotropic nature and their
alignment. Depending on the inCident polarization of light in a
homogeneous cell, the lig tal exhibits two refractive indices, i.e.,
ordinary and extraordi r ve indices [2, 4, 5].

For the meas the refractive indices, various experimental

techniques hgé n developed but thin prism technique is mostly used

nowada¥s. is technique is simple and it gives refractive indices

data decimal result, so it gives more corrected results. The

asurem@nt of the refractive indices was conducted using the thin prism

ique with the help high power laser. The prism is made with a

ting angle less than 2°C and is constructed with glass slides treated

with 1% PVA solution. The PVA coated slides are rubbed unidirectionally

to make the prism unidirectional that facilitates the alignment of liquid
crystals.

Ordinary ray and extraordinary ray are the two components of split-
refracted rays whenever light passes through an anisotropic crystal. Since
the velocity of the ordinary ray is all most constant and the position of the
image of the ordinary light remains stationary. In the case of the
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extraordinary light, the position of the extraordinary light rotates in the
direction of rotation of the crystal. In liquid crystalline compounds, the
image of extraordinary ray revolves around the ordinary ray if seen
through a proper polariser. From the polarizer, it is easy to verify the spots

for the ordinary and extraordinary rays.

The observed refracted images of the spots were recorded using a high-
resolution digital camera. The images were processed in the computer to
locate the center of the spots of ordinary (no) and extraordinary (ne) rays.
From the captured spots, we can find the distance of the spots, sugh ag(d™

A schematic diagram of the thin prism setup is show%

9-11, 18, 44, 45, 46].

)

Camera

\Y

&\ e

d®, and di, and use these values are used in equation 3 and 4 tg.c
the refractive indices of the compounds. %
re

[21 51

— Angle of the Prism <2°

O .

d,

L

igure 3. Schematic diagram of the thin prism setup.

The experimentally measured ordinary (n,) and extraordinary (ne)
refractive indices were calculated using the following equations [47].

N2

4
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(%)
n. 1+ —
¢ ®)
n, = [1+ 2d‘_§}
dl

where d”; and d®, are respectively the distance of the ordinary spqt a

extraordinary spot from the direct spot on the screen and d; is the distace
between the position of the direct spot and the spots &lhe
reflected beams from the two reflecting surfaces whql t is placed

symmetrically with its apex facing the direct bea r\ ser [2, 30,
41]. Q
2.2. Density Measurement Technique Q

t

The densities of liquid cryste ion of temperature were
measured by using a capillary type dilatometer. Weighed samples of liquid
crystals were put into the d eter and then the dilatometer was dipped
in a liquid bath containj @or glycerol. The liquid bath was heated
and its temperature Wag?() ed manually. The variation of the length of
the compound ¢ then measured at different temperatures with
the help of a@ recession traveling microscope. The densities of the

o

4

(4)

liquid cr calculated by correcting for the expansion of the glass
capllm Experimental uncertainty in density measurements is 0.1%.
atic diagram of the experimental setup for the measurement of
e density of liquid crystal samples is shown in Figure 4.

2.3. Dielectric Measurements
The two-cell method is used for the dielectric measurement of real and

complex dielectric permittivity of the compound. The samples are filled in
homogeneous (HG) and homeotropic (HT) cells in this method and then
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fixed thickness and various dielectric parameters. The measurements of the

compounds were initially conducted for the empty cells at the given

temperature and at the desired range of frequency. The liquid crystalline O *
compounds were heated to their isotropic state and the cells were filled up

by capillary action [41, 42]. In HG cell, the molecular orientation is a Q
planner to the substrate surface and in the case of HT cell, the orientation

of the molecules is perpendicular to the substrate surface. For the dielectric

study, the value of capacitance and dissipation factor of the empty, as well ‘)

as filled cell, were determined by the impedance analyzer. *

Dilatometer

Thermometer

Water/Glycerol

é@

igurg’d. A schematic diagram of the experimental setup for the measurement of the
y of liquid crystal.

@ The real part of the dielectric permittivity is obtained from the
capacitance value [48]

;Y

€ ()

Travelling
Microscope
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AC

Il
[

s~ Co (6)

where AC , capacitance change with the filled cell, C; is the capacitance of
the filled cell with the sample and C, is the capacitance of the empty cell.

Cc is the geometrical capacitance.
The dissipation (D) factor of the sample was derived from [48]

c,pD,-C,D,
tan & = .
c,-cC, \

where D, is the dissipation factor of the sample II@ |s the
dissipation factor of an empty cell.

The loss factor of the sample is given by,

g'=¢gtans

Slater’s perturbation ew were used to find the relaxation time

and activation energy is f:o 1].
_fan tano Q

303RT log [ T'ET j 9)

(8)

e R is the molar gas constant, h is the Planck’s constant and Kk is the
Boltzmann’s constant.

For analysis of the dielectric spectra, Cole-Cole were providing
information about the relaxation mechanism of the liquid crystal. The
equation used [48, 52].



The Correlation of Density, Refractive Index ... 279

8*28 80_800

I a0

where, €_ is the permittivity at a higher frequency, T is the relaxation
time.

In the case of our experiments, we used HG alignments and in that

case, the applied field was perpendicular to the molecular alignment. In the

Debye model @ =0 the the Cole-Cole plot is a semi-circular and gen
g’ -axis. In the non-Debye case,« >0.
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ABSTRACT

The CszoH3CuN4OsS, (1) complex has been investigated and
characterized by single crystal X-ray diffraction (CIF file CCDC no.
955436), Infrared (IR), Ultraviole-visible (UV-vis) and Density
Functional Theory (DFT) from spectroscopic and computational chemitry
methods. Cu (I) forms a 1: 2 (metal/ligand) complex. The mononuclear
Cu (1) complex crystallized in the monoclinic crystal system has a P21/n
space group. In the title structure, [CsoH30CuN4OsS2], coordination
around Cu atom is distorted square planar. In addition to the result
obtained from X-ray, the molecular structure, vibrational assignmen&
molecular electrostatic potential map of the title compound_have b
investigated by using the B3LYP/6-311G and B3LYP/3-21 et Y
Nonlinear optical (NLO) properties of the molecule hW\as the
polarizability (<a>), the anisotropy of the polarizability ( und
state dipole moment (u) and the first-order hyperpolati (B) of
molecule are studied at the Density Functiqpal FT/B3LYP)
with 3-21G and 6-311G basis sets. Also, En hest occupied
molecular orbital energy), ELumo (the lowest cupied molecular
orbital energy), HOMO-LUMO eng (AB), “electron affinity (A),
ionization potential (I), global hadd ), ess (o), electronegativity
(%), chemical potential (Pi), gleb@l electrophilicity index (w) are
investigated by quantum chemical méethods.

Keywords:  copper ystal  structure, nonlinear  optics,
sulfonohydrazi T

&
\ INTRODUCTION

any Schiff base complexes have potential biological interest in an

pt to mimic the structural and functional features of multimetal active
sites. It is found that Schiff bases have many applications in physics and
chemistry [1]. In coordination chemistry, Schiff bases are easily
coordinated with metal ions in order to form mono or poly nuclear metal
complexes [2, 3]. Besides these applications, they can be used also in
analytical chemistry and biochemical models [4, 5]. Schiff bases have
biological activities such as anti-bacterial, anti-cancer, anti-inflammatory
and anti-toxic[6]; in particular, sulfur-containing Schiff bases are very

N2

4
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effective. Schiff bases have played an important role in the devolopment
coordination chemistry and Schiff bases ligands are well known their wide
range of application in pharmaceutical and industrial field [7, 8]. The
coordination compounds derived from Schiff bases with transition metals
have been studied with wide scope of their applications [9].

Some studies show that hydrazone compounds are used in organic or
metal organic structures [10-13] and particularly in hydrazone Schiff base
ligands [14-17], which are among others employed in dinuclear catalysts
[18]. In addition, medicines containing hydrazone compound hove ee
used in the treatment of many diseases.Hydrazone compou \‘
physiological activity constitute stable chelate complexes siion
metals which catalyze physiological processes [19 31] nes find
applications as multidentate ligands for transition rlmetrlc or

fluorimetric determinations [22, 23].
We have prepared a new sulfonohydr @II) complex-[N’-(2-
hydroxy-3-methoxybenzylidene)-4-

methylbenzenesulfonohydrazide] @ Q‘L@oCUN40882) (1) which

has been identified by a combinatiof of FT-IR spectra, UV-Vis spectra,
magnetic susceptibility mea ents, and single crystal X-ray diffraction.
Density Functional Th @ is used to optimize the Cu Il complex
molecule. Later, usingSthe @ptimized structures, its vibration frequencies
were calculated with different base sets. In addition, the potential map of
the conple% e was obtained with the same base function and 6-
311G ba ntier molecular orbital (FMO) analysis including spin

i \ve been explained in detail by using TD-UB3LYP. The
ionization potential (), electron affinity (A), electronegativity
emical potential (Pi), chemical hardness (1), chemical and global
softness (s, o) and global electrophilicity index () have been obtained
from molecular frontier orbital energies using ab initio methods at different
basis sets. Also, the nonlinear optical (NLO) parameters such as
thepolarizability (<o>), the anisotropy of the polarizability (<Ao>),
ground-state dipolemoment () and the first-order hyperpolarizability ()
of molecule have been by DFT with 3-21G and 6-311G basis sets.
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Il
C=N—NH—S CHg
H I
(0]
H;CO O\
Cu

0 ‘ b 4
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*
|| : \
(0]
. . *
Scheme 1. The chemical diagram of [N’-(2-hydroxy-3-methgxy: e)-4-
methylbenzenesulfonohydrazide]copper(ll).
y

@ tal and molecular

al method, comparing
ical diagram of 1 is the

The first aim of this study is to understz
structures by X-ray analysis and quantug
experimental and theoretical res
following:

GXPERIMENTAL
"\

Phy@ica@ ments and theoretical methods. The optical
absorpt'o\ of complex 1 was obtained at room temperature in

nment on a Unicam UV2 UV-vis spectrometer between 200-
R spectra were recorded on a Vertex 80v Bruker FTIR
ectfophotometer in 4000-400 cm™ using KBr pellets. Magnetic
measurements MX SHERWOOD SCIENTIFIC model was made
according to one embodiment of the method of Evansim proved method of
Gouy magnetic susceptibility balance.

Starting geometries of compound 1 were taken from X-ray refinement
data for computing procedure. The molecular structures of compound 1 in
the ground state (in vacuo) were optimized by DFT methods to include
correlation corrections with the 3-21G and 6-311G basis sets. DFT forms
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hybrid functionals, including B3 [24], which defines the exchange
functional as the linear combination of Hartree-Fock, local, and gradient-
corrected exchange terms. The B3 hybrid functional was used in O *
combination with the correlation functionals [25].
Then vibrational frequencies for optimized molecular structures have Q
been calculated by using DFT/B3LYP with 3-21G and 6-311G basis sets.
Besides of this, the lowest unoccupied molecular orbital (LUMO) highest
occupied molecular orbital (HOMO) energy differences were calculated ‘\
with Time-Dependent Density Functional Theory (TD-DFT).¢ AW{th
calculations were performed using Gaussian 09 program [26].
Polarizabilities were calculated at the same level of the@gy u he

standard GAUSSIAN-09 keyword ‘Polar’ [27]. Thisgkeyfwo ans that
the polarizabilities were obtained analytically ra r%u numerical

differentiation. The energy of an uncharged smelecule®under a weak,
general electric field can be expressed by Bu type expansion [28-
O
E=E,—uF -1/ 2)FF, - @&/ 6) 8, FFF +..... (1)
where E is the energyfof a cule under the electric field F, Eois the
unperturbed ener molecule, Fiis the vector component of the
electric field i t%tion, and ui, aij, Bikare the dipole moment, linear
polarizabilit first-order hyperpolarizability, respectively. Here, each
subscpi N d k denotes the indices of the Cartesian axes X, y, z, and a
ea@b cript means a summation over the Cartesian indices x, Y, z.
%o nd state dipole moment , the polarizability<o>, the anisotropy of
olarizability<Aa> and the first-order hyperpolarizabilitys, using the X,

@ y, Z components they are defined as [31, 32].

E O p=(2 v i) 2
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0',,,,+|5f' + O

{a)=

2
BBt By + Bc) (B B+ Br) (ﬂm+ﬂm+ﬂzyy Q A
Since the values of the polarizabilities (o) N

hyperpolarizability () of GAUSSIAN-09 output [33] @
atomic units (a.u.), the calculated values have Bee é ed into
electrostatic units (esu) (a: 1 a.u. = 0.1482 x10?*esu \\ 8.6393 x10"
Besu) [34].

Synthesis of complex 1. An ethanolic solUti
mmol, 0.304g) was adde olutlon of the 4-
methylbenzenesulfonylhydrazine ol, 0.372g), in ethanol (15 mL).
There sulting solution was stirrée, for half an hour, and then
Cu(CH3C00),.2H,0 (1mm®999) in 10 mL ethanol was added. The

h stirring. The mixture was then cooled

solution was refluxed

to room temperat @rown powder was precipitated. The product
was filtered @d with ethanol. Crystals of suitable for X-ray
diffractién % wn from an acetonitrille solution and slowly
evapo ays. (mp: 227°C and yield 65%).

@r stallography. Data collection was carried out on a Oxford
ction SuperNova (single source at offset) Eos
ctometerequipped with a graphite monochromatedMoK, radiation (A

= 0.7107 A) at 293 K. The structure was solved by direct methods using
SHELXS [35] implemented in the WIinGX software system [36] and
refined by full-matrix least-squares procedure on F? using SHELXL [37].
All other atoms except hydrogen atoms are anisotropically refined and
later, hydrogen atoms are isotropically refinedwith C—H = 0.93—0.97 and

N—H = 0.86 A. Uiso(H) = 1.2Ueq(C, N), Uiso(H) = 1.5Ueq (for methyl group).
Crystals of 1 were found approximately 0.25:0.75 ratio to be twinned. Data

mL) of o-vanillin (2
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collection, CrysAlisPro [38]; cell refinement, CrysAlisPro; data reduction,
CrysAlisPro. The molecular structure plots were prepared by using the
ORTEP-3 for Windows[36]. Crystallographic data, details of the data
collection and structure refinements are listed in Table 1, the selected
geometric parameters are given in Table 2.

Supplementary material for structure 1 has been deposited with the
Cambridge Crystallographic Data Centre (no. 955436;
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk).

Table 1. Crystallographic data and structure refinement for

Parameter Value
Empirical formula C30H30CuN4OsS2
Fw 702.27

Crystal system
Space group
Unit cell dimensions:

a, A
b, A
c, A 16.5707(6)
B 93.189(3)
Volume, A3 3151.2(2)
z 4
Pealed, MY m3 1.480
0.882
Multi-scan
measurement SuperNova (Single source at offset), Eos

diffractometer/rotation (o scan)
9<h<11,-25<k<17,-20<1<15

OR@nge for data collection, deg 3.26-26.00

Reflections collected 12775

Independent reflections 6184

Observed reflections (I> 26(1)) 4450

Rint 0.036

Goodness-of-fit on F? 1.045

Final R indexes (I > 20(1)) R1=0.048, wR2 = 0.108
Apmax,Apmin, € A3 0.56, -0.52

Extinction coefficient 0.0014(3)
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Table 2. Selected geometrical parameters of 1 with X-ray structure
and the DFT method

Bond Experimental B3LYP 3-21G B3LYP 6-311G
d, A

Cu-0(1) 1.875(2) 1.825 1.897
Cu-O(1a) 1.875(2) 1.823 1.897

Cu-N(1) 1.960(2) 1.888 1.979
Cu-N(1a) 1.961(2) 1.888 1.980
S(1)-0(4) 1.428(3) 1.594 1.640
S(1)-0(3) 1.426(3) 1.589

S(1)-N(2) 1.680(3) 1.887

S(1a)-O(3a) 1.431(3) 1.589

S(1a)-O(4a)

1.426(3)

S(1la)-N(2a)

1.666(3)

N(1a)-N(2a) 1.432(3)
N(1)-N(2) 1.432(4)
N(1a)-C(1a) 1.289(4)
N(1)-C(1) 1.298(4)
Bond angles
O(1)CuO(1a) 164.68 179.88
O(1)CuN(1) 91.96 91.39
O(1a)CuN(1) 91.02 88.62
O(1)CuN(1a) 9(10) 90.38 88.58
92.68 91.41
178.66(11) 157.17 179.82
a 120.88(16) 120.51 122.90
@ a 106.81(16) 105.86 103.69
(2a) 103.64(16) 104.68 104.83
3(1)0(4) 121.06(16) 121.64 122.95
O(3)S(LN(2) 103.90(16) 105.94 104.84
O0(4)S(N(2) 106.59(17) 105.79 103.64
C(1a)N(1a)N(2a) 115.86(2) 114.83 115.41
C(1a)N(1a)Cu 125.89(2) 127.94 126.22
N(2a)N(1a)Cu 118.24(19) 117.23 118.30
C(3a)0(1a)Cu 126.51(18) 129.16 130.57
C(3)0(1)Cu 128.36(2) 129.76 130.59
C(LN(LN(2) 115.82(3) 113.89 115.37
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Bond Experimental B3LYP 3-21G B3LYP 6-311G
C(1)N(1)Cu 125.68(2) 128.05 126.24
N(2)N(1)Cu 118.37(2) 117.84 118.33
N(L)N(2)S(1) 112.13(19) 109.34 111.32
N(1a)N(2a)S(1a) 113.8(2) 110.99 111.44
Torsion angles deg

O(1)CuN(1a)N(2a) 18.8(2) -13.1 -3.5
O(1a)CuN(1a)N(2a) -163.4(2) -178.1 176.6
N(1)CuN(1a)N(2a) -89.0(5) 82.8 76.6
O(1)CuN(1)N(2) 160.9(2) -166.4 -176.8
O(1a)CuN(1)N(2) -16.9(2) -1.6 3.0
N(1a)CuN(1)N(2) -91.2(5) 97.9 108.0
CuN(1)N(2)s(1) 96.0(2) -109.4 -106°
CuN(1a)N(2a)S(1a) 96.2(2) 112.66 TS

AN

RESULTS AND DIs

The X-ray structure of [ droXy-3-methoxybenzylidene)-4-
methylbenzenesulfonohydrazide]copper(ll) was determined in order to
confirm the assigned stru and to establish conformation of the

molecule. ORTEP dr e structure with atomic numbering is
shown in Figure a@ngle crystal structure of the mononuclear Cu
(1) has a monoc@tal system and a space group P2:/n. Complex 1 is
centrosym e the Cu (I1) is coordinated to two sulfonylhydrazide
ligand onenitrogens (N(1) and N(1a)) and hydroxyl oxygens
1)land a)). The coordination around Cu atom is distorted square
viation from idealized square planar arrengement evident from

lues of both cis- and trans bond angles arround the central Cu (1)

atom in Table 2. The ligand: metal ratio was 2: 1 in the case of complex 1.
The Cu-N(1)-O(1)-N(1a)-O(1a) atoms is nearly planar with a mean
deviation of 0.0306(13) A for O(1a). The dihedral angle between the
coordination O(1)/N(1)/0(1a)/N(1a)/Cu(l) and C(2)-C(7) planes is
13.52(16)° while the C(2a)-C(7a) deviate from the Cu coordination plane

by 21.16(14)°. The C(9)-C(14) and C(9a)-C(14a) planes also form dihedral
angles of 23.54(14)° and 28.90(15)° with the Cu coordination plane,
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respectively. The average Cu—N bond distances of 1.960(2) is within the
range 2.015(5)-1.922(3) A reported for related compound [39-41]. As can
seen in [42], the C—S—N(H)—N sulfonohydrazide linkage is non-planar,
the torsion angles are -51.7(2)° and 57.0(2)° for C(9a)—S(1a)—N(2aH)—
N(1a) and C(9)—S(1)—N(2H)—N(1), respectively, the S atom showing a
tetrahedral environment suggests a sp® hybridization for the S atom. The
C—-N bond lengths in compound 1 are 1.298(4) and 1.289 (4) A for
N(1)—C(1) and N(1a)-C(1a), respectively, which shorter than a C—N single
bond length 1.443 A [43], but longer than a typical C=N bond length 426
A [44], indicating delocalization. \

In order to investigate the aromaticity of rings, (HOM for
rings by using following equation:

HOMA:l—[QZ(Ri Rom)2 \ (6)
NS

n is the number of bonds in ring, a constant equal to 257.7 and Ropt IS
equal to 1.388 A for C-C ds. the purely aromatic compounds

HOMA (harmonic oscillato | of aromaticity) index is equal to 1 but,
for non-aromatic comgoun is equal to 0 [45, 46]. The calculated
HOMA indices f C2a—C7a, C9-C14 and C9a-C14a rings are
0.8642, 0.8 795 and 0.9495, respectively. These results also
indicate% a@e compound exists rings are the aromatic.

I lar structure of title compound 1, it is observed that the
foRyloxygens O(3) and O(4a) involved in intramolecular hydrogen
nd§ with the C(10)-H and C(14a)-H proton, respectively. These

gen bonds motif of graph set descriptors S(5) form five membered
rings. The sulfonyl oxygen O(3) forms inter molecular C—H...O hydrogen
bonding with the C(7a)—H proton at (1 + X, Y, z). This hydrogen bond of
graph set descriptor C(10) [47] forms a chain propagating along the x-axis
as shown in Figure 2(a). The crystallographically independent chains
interconnected by edge to face C—H ... m interactions along the [101]
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directions as shown in Figure 2(b). The details of hydrogen bonds are
given in Table 3.

GO
C(M S{142) (3a) \Q
-5 R—L Caln®
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O
C()

oW S %)

: Figure 1. ORTEP-3 drawing of the basic crystallographic unit of the title compound,
showing the atom-numbering scheme (a) (displacement ellipsoids are drawn at the
30% probability level and all H atoms are shown as small spheres of arbitrary radii);

optimized structure of 1 (b).



296 CigdemYiiksektepeAtaol, NuraySenyiiz, FeyizanGiintepe et al.

axis. Symmetry code: "1 + X, y, 6)—H(6) ... Cg(4)" and C(14a)-H(25) ...

Figure 2. Intermolecular C(7a)— ... O(3¥ hydrogen bonding extending along a-
Cg(3) interactions. Sym ( 24X, 12-y, 1242172+ %, 1/2-y,1/2

+2 (b).
The opti molecular structure is shown in Figure 1(b). Some
selected®ge arameters experimentally obtained and theoretically

YP/3-21G and B3LYP/6-311G methods are listed in
perimental results are solid phase and theoretical calculations
seous phase. In solid state, intermolecular interactions combine
ules and cause differences in the bonds between calculated and
experimental values.DFT optimized geometric parameters are usually in
good agreement with experimental values and more accurate than Hartree-
Fock and semi-empirical methods, due to inclusion of electron correlation.
Optimized bond lengths and torsion angles provided by B3LYP/3-21G
method are closer to the X-ray results (see Table 2) whereas the bond
angles are provided by B3LYP/6-311G show the best agreement with the
experimental values.
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Table 3. Hydrogen bonding geometries for the title compound

Distance, A
D-H...A D-H H... A/Cg D... A/Cg D-H ... A/Cg, deg
C(10)-H(10) ... 0(3) 0.93 2.58 2.946(5) 104
C(14a)_H(25) ... O(4a)  |0.93 2.55 2.918(4) 104
C(7a)-H(22) ... OQ3) 0.93 2.57 3.300(4) 136
C(6)-H(6) ... Cg(@) ™ 0.93 2.8846 3.652(4) 140.64
C(14a)-H(25) ... Cg(3)" |0.93 2.8836 3.759(5) 156.58

Symmetry codes:' 1 + X, y, z; "-1/2 + x, 1/2 -y, =1/2 + z; W 1/2 + x,1/12 -y, 1/2 + z;
centroid of (C(2)-C(7)) ring, Cg(4) centroid of (C(2a)-C(7a)) ring. ¢

Vibrational frequencies are calculated at the B3 and
B3LYP/6-311G levels for 1. Some primary. ¢ armonic
frequencies are listed in Table 4 and compared ental data;

assignments are also indicated in Table view molecular
visualization program was used to assi alculated harmonic
frequencies. IR spectra of 1 has b haracterize its structure.
Experimental and theoretical IR sp s shown in Figure 3.

In the experimental IR spectrum &f complex 1, a sharp band observed
at 3116 cm™ is assigned t NH) group. The characteristic phenolic
v(OH), due to the pregence n hydroxy group at the o-position, was
observed in ligan @cm*. In IR spectrum of the complex, these
peaks v(OH) Qppeared after deprotonation, and the phenolic
oxygen‘cw@ ith the Cu atom. However, such coordination is
suppo, \ shifting of the phenolic v(C-0O) to lower wavenumber in

c@mpléx.”In IR spectra of the Schiff base ligand, a sharp band at 1610

assigned to the v(C=N) mode of the azomethine group. These shifts

er wavenumbers in CuL complex suggest the coordination of the
azomethine nitrogen to the Cu atom. This is further substantiated by the
presence of a new band at 471 cm™ is assigned to v(M-N). In IR spectrum
of complex, the two bands at 1322, 1166 cm™ are attributed to vs(SO2),
vas(SOy) vibrations.
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Table 4. Vibrational frequencies of 1 with experimental
and DFT/B3LYP methods

Frequencies Experimental B3LYP/3-21G B3LYP/6-311G
v(CH) aromatic 3253-3218 3212-3208
vas(CH) aromatic 3214-3185 3192/3173
v(CH) 3185-3182 3167
vas(CH3) 2975 3181-3097 3161-3073
Vas(NH) 3116 3075-3059 3204
V(CH3) + v(NH) 3052-3035 3019-3006
v(CC) 1635 1641 ¢
V(CC) + 8(NH) + v(C = N) 1610 1601 1608/15
5(CHy) 1570 5 \
pi(CHs) + 8(CH) + 5(NH) 1561/1480 /14
8(CH) aromatic 1544 1554-154% 174494
S(NH) 1470 1531/1814/ /1494
W(CHs) 1451 1494/14 ]\ 28
ps(CH) 1461/1367 1497
V(CC) + 5(NH) + 8(CH) + 3(CCO) + | 1358 1 1463
S(CCN)
S3(NH) out of plane 1 1370-1344
v(CO) linked methyl 129 61 1268/962
¥(CO) + v(CN) 1320 1470 1266
0(phenyl) 1251 1225-1107 1341/1266/1089
pNH) + v(SO) 7 1171/1079 1226/1146
ps(CH) aromatic 226/1183 1122/1093 1225/1098
t(CH) aromatic 8-1104 1047-1018 995
v(NN) 1031 988/937/928 1013/973
v(CH) 962 1026 978
vas(0S0) 1166 1093/1081-1077 887/793
* @ 983 826
ic 7741902 887/783 8741795
901/898/764 887/883
727 881
471 647 762
639 962/759/658
1322 905-901 747

These values are in accord with reported structure in [42]. In additional
to these, the calculated vibrational frequencies can be seen in Table 4. In
general, when the calculated IR frequencies are compared with the
experimental data of 1, approximately all data agree with calculated
vibrations. Because experimental results are solid phase and theoretical
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calculations are gaseous phase, there is a minor difference between the
data.

The molecular electrostatic potential (MEP) is a technique of mapping
electrostatic potential onto the iso-electron density surface [48]. MEP is
related to electron density and is a very useful descriptor in understanding
sites for electrophilic (electron-deficient, positively charged species) attack
and nucleophilic (an electron rich, negatively charged species) reactions as
well as hydrogen-bonding interactions [49]. To predict reactive sites for
electrophilic attack for 1, MEP was calculated at the B3LYR/6-311

optimized geometry. Negative regions of MEP are rich in_ele d
positive regions are not of electrons (Figure 4). This m a
possible site for electrophilic attack. The negative regiong’a nly over

al density,

oxygen atoms with O(3), O(4), O(3a), and O(4a tﬁ
contour of total density, alpha density, elect ential, the contour

of electrostatic potential and molecular electrgs tential are shown in
Figure 4.
a

Because the complex has & ic feature, the electronic
transition energies including o (spin\ap) and B (spin down) electron spins
have been calculated both g se and acetonitrile (solvent) phase by the
TD-UB3LYP/3-21G ®J83LYP/6-3116 methods from the
optimized geometries t@repfioduce UV-Vis spectroscopic transitions for 45
states. Accordingfto stricted shell calculations, the results indicate
that 1 Qas @i ied molecular orbitals (MOs). Besides of this, the
unrestric alculations indicate that 1 has 182 and 181 occupied

olegular gmitals (MOs) for a and P spins, respectively. The DOS (density

0 lot provided a diagrammatic view of the molecular orbital
contglbutions, computed by the Gauss-Sum 3.0 program [50] at
3LYP/3-21G. The bonding highest-occupied MO (HOMO) energies,
the antibonding lowest-unoccupied MO (LUMO) (Figure 5) energies, total
energies, the energy gaps, dipol moment and metal and ligand percentage
distribution to MOs are given in Table 5 for gas and solvent phases. The
frontier MOs play an important role in electrical and optical properties, as
well as in UV-Vis spectra and chemical reactions [51]. Based on the TD-
DFT UB3LYP/3-21G and UB3LYP/6-311G optimized geometries, the
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total energy of 1 has been calculated by these methods, as -4395.970(gas),
-4395.996(solvent) and  -4418.482(gas), -4418.520(solvent) a.u.
respectively. It can be said that the narrower HOMO-LUMO gap of the
molecule, it will be the more chemically reactive [52]. In this study, the
lowest HOMO-LUMO gapsof the molecule for a and B are calculated such
as 2.762 eV and 2.664 eV by UB3LYP/6-311G(acetonitrile) methods,
respectively (Table 5), and this energy gap indicates that the structure is
very stable. As can be seen, the electrons of the copper atom have mostl

occupied to HOMO-4B, HOMO-58 and HOMO-208. The tetalq¢Spi

transitions, MO—MO transition and its percentage , contributions
corresponding to some wavelengths are shown in TableWg b ing
different basis sets together gas and solvent phases br HOMO

and LUMO are shown in Figure 5. A UV diagram x perimental
and theoretical results is shown in Figure 6. v ity of the states
0

(DOS) is shown in Figure 7

The dipole moment in a molec 's@ ant property, which is
mainly used to study the inté @ ularinteractions involving the
nonbonded type dipole-dipole interagtions, because the higher the dipole
moment, the stronger the i olecular interactions will be. The dipole
moments of the studi ucture obtained using DFT calculations
aresummarized in a@ Results show that there is approximately
increase in p whef th&yalculation is done at 3-21G and 6-311G basis sets

when cQmp er basis sets.
The tal UV-Vis spectrum of complex 1 is complicated by

f intense absorption 262 and 361 nm due to the Schiff base
. absorption bands 262 and 361 nm can be assigned to &= — =*
and /— =* transitions of the ligand. There is two absorption bands at 401
and 691 nm in the spectrum of complex 1. The first band of relatively high
intensity is assigned as ligand — metal charge transfer transition.
The second weak band corresponds to the d — d transitions. It is seen that
the wavelengths of HOMO-LUMO gap calculated by using UB3LYP/3-
21G and UB3LYP/6-311G methods are consistent experimentally ligand
— metal charge transfer transition.
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Figure 3. Exp%d t;eoretical IR spectra.



Table 5. MO energies of 1 with DFT method

MO Energies (Metal % + Ligand %) UB3LYP UB3LYP UB3LYP UBBLYP
Fragmentation to MOs 3-21G 3-21G -311G

Gas Acetonitrile Acetonitrile
LUMO+60, a.u. -0.0113 (1%+99%) -0.0188 (1%+99%) -0.0321(0%+100%)
LUMO+5a, a.u. -0.0147 (2%+98%) -0.0208 (29%+98%) -0.0553(0%+100%)
LUMO+4a, a.u. -0.0211 (1%+99%) -0.0233 (1%+ %+100%) -0.0576(0%+100%)
LUMO+3q, a.u. -0.0384 (1%+99%) -0.0441 (1%+99 (0%+100%) -0.0621(0%+100%)
LUMO+2q, a.u. -0.0411 (1%+99%) -0.0461 (1%+ .0581(0%+100%) -0.0623(0%+100%)
LUMO+1q, a.u. -0.0738 (29%+98%) 03 (J06+98 -0.1059(0%+100%) -0.1138(0%+100%)
LUMOu, a.u. -0.0749 (2%+98%) 29 -0.1085(1%+99%) -0.1166(1%+99%)
HOMOg, a.u. -0.1919 (28%+72%) (28%+72%) | -0.2178(3%+97%) -0.2181(3%+97%)
HOMO-10, a.u. -0.2034 (9%+91%) 0 (9%+91%) -0.2234(0%+100%) -0.2236(0%+100%)
HOMO-20, a.u. -0.2157 (10%+909 (10%+90%) | -0.2338(15%+85%) -0.2377(16%+84%)
HOMO-30, a.u. -0.2317 (15% @ -0.2366 (15%+85%) | -0.2475(0%+100%) -0.2519(6%+94%)
HOMO-40, a.u. -0.2382 95% -0.2450 (5%+95%) -0.2482(6%+94%) -0.2526(0%+100%)
HOMO-5aq, a.u. -0.2622(5%+95%) -0.2682 (5%+95%) -0.2752(0%+100%) -0.2772(0%+100%)
Aa, a.u. (eV) ; 0.1159 (3.154) 0.1093(2.974) 0.1015(2.762)
LUMO+4B, a.u. 0265480%+70%) | -0.0314(30%+70%) | -0.0570(0%+100%) -0.0615(0%+100%)
LUMO+3B, a.u. 00882 (1%+99%) -0.0438(1%+99%) -0.0573(0%+100%) -0.0616(0%+100%)
LUMO+2, a.u. .0414 (3%+97%) -0.0464(3%+97%) -0.0938(37%+63%) -0.0940(40%+60%)
LUMO+1B, a.u. -0.0733 (29%+98%) -0.0800(2%+98%) -0.1057(0%+100%) -0.1137(0%+100%)
LUMOB, a.u. -0.0745 (3%+97%) -0.0808(3%+97%) -0.1107(5%+95%) -0.1186(3%+97%)




MO Energies (Metal % + Ligand %) UB3LYP UB3LYP UB3LYP
Fragmentation to MOs 3-21G 3-21G 6-311G
Gas Acetonitrile Gas
HOMOB, a.u. -0.1992 (14% + -0.2032 (14% + -0.2162 (3¢
HOMO-18, a.u. 86%) 86%) -0.2224
HOMO-28, a.u. -0.2118 (5% +95%) -0.2148 (5% + 95%) | “©:2442((3Y )
HOMO-3B, a.u. -0.2273 (28% + -0.2316 (28% + 2462 (0% 4100%)
HOMO-4B, a.u. 72%) 72%) 749(0% + 100%)
HOMO-58, a.u. -0.2359 (11% + -0.2423(11% + . 1% + 99%)
HOMO-6, a.u. 89%) -0.2586 (76% 2824 (1% + 99%)
HOMO-20B, a.u. -0.2550 (76% +24%) -0.3240 (59% + 41%)
AB, a.u. (eV) -0.2560 (76% + 76% + 0.1055 (2.871)
Total energies, a.u. 24%) -4418.4821
u (Debye) -0.2571 (43% + 623 (43% + 0.2022
57%) 0
-0.2920 (9% + gb -0.3013 (9% + 91%)
. ] 0.1224 (3.331)
-4395.9961
1.8014

-0.2227 (0% + 100%)
-0.2479 (3% + 97%)
-0.2514 (0% + 100%)
-0.2770 (0% + 100%)
-0.2777 (0% + 100%)
-0.2821 (0% + 100%)
-0.3231 (57% + 43%)
0.0979 (2.664)
-4418.5203

0.2695

lau.=27.2116 eV.




Table 6. The total spin transitions, MO—MO transition and its percentage contribution e ing
to some wavelengths of the optimized molecule with TD-UB3LYP/3-21G (gas and solvent) anth6-
(gas and solvent). The values 10 percent and its above are cagsi

TD-UB3LYP Wavelengths(nm/eV) Total Spin Transition % Contributions
3-21G (Gas) 647.542 (1.915) 138 28%
27%
590.011 (2.011) 3a+4B 55%
18%
3-21G (Gas) 10%
426.813 (2.905) 3a+4B 36%
OB—LUMOB 33%
OB—LUMO + 1B 14%
378.487 (3.276) 4o+ 2B OMO-20—LUMO + la 46%
HOMO-1B—LUMO + 1B 30%
342.093 (3.624) 40+ 8B HOMO-30—LUMO + la 10%
HOMO-2—LUMO + 1B 45%
323.054 (3.838) 4o+ 8B, HOMO-40—LUMOu 30%
HOMO-10—LUMO + 30 10%
313.552 (3.954) B HOMO-3—LUMOB 12%
HOMOB—LUMO + 3p 11%
HOMO-40—LUMO + la 12%
HOMO-4B—LUMOB 27%
299.170 (4.144) o+ 8B HOMO@—LUMO + 6a 22%
HOMO@—LUMO + 5a 10%

N



TD-UB3LYP Wavelengths(nm/eV) Total Spin Transition MO—MO
3-21G 654.792 (1.894) 148 HOMOB—LUMO + 4 ‘ 2
(Acetonitrile) HOMO-5—LUMO + 48 20%
594.595 (2.085) 3o+ 5B HOMOa—LUMO« 3%
HOMO@—LUMO + la 18%
HOMOB—LUMOB 10%
436.813 (2.838) Sa+ 5B HOMO-105>LU 28%
20%
+1 19%
390.590 (3.174) 30+ 4B + 44%
16%
3-21G 349.627 (3.546) 60+ 7B VO + 1B 20%
(Acetonitrile) LUMO + 1B 30%
B—LUMO + 28 20%
0-3a—LUMOa 19%
334.173 (3.710) 3o+ 4B OMO-3p—LUMO + 1B 24%
HOMOB—LUMO + 2p 14%
HOMO-4B—LUMO + 1B 14%
315.491 (3.930) 40+ 7B HOMO-40—LUMOu 21%
HOMO-48—LUMOB 38%
HOMO-40—LUMO + la 21%
313.529 (3.955) HOMO-4B—LUMO + 1B 31%
HOMO-38—LUMO + 1B 14%
HOMO@—LUMO + 6a 23%
301.990 (4.106) 7 HOMO-63—LUMO + 1B 17%

o




Table 6. (Continued)

TD-UB3LYP Wavelengths (nm/eV) Total Spin Transition MO—-MO
6-311G(Gas) 697.328 (1.778) 20+ 9B HOMOB—LUMOB
HOMOB—LUMO +
HOMO-208—LUj
496.476 (2.497) Sa+ 3B HOM
22%
455.208 (2.724) 3a+3B 13%
50%
17%
390.516 (3.175) Ta+ 108 49%
376.111 (3.297) 3a+p 56%
32%
362.095 (3.424) 60+ 6B OMO-4a—LUMO + la 13%
HOMO-3B—LUMO + 2B 45%
6-311G 693.466 (1.788) 3a+4p HOMO@—LUMO + la 25%

(Acetonitrile)

536.847 (2.310)523.033 (2.370)

404.017 (3.069)
390.221 (3.177)

384.747 (3&23)
355.655 (3.4
334.615/(8%05)

3a+p

4o+ 5B
S0+ 2B

HOMO-10—LUMOa
HOMOB—LUMO + 1B
HOMO-1B—LUMOB
HOMO@—LUMO + la
HOMO-10—LUMOa
HOMOB—LUMO + 1B
HOMO-1B—LUMO + 2B
HOMO-3B—LUMOB
HOMO-40—LUMOa
HOMO-2p—LUMO + 1B
HOMO-30—LUMO + la
HOMO-3—LUMO + 1B
HOMO-3—LUMO + 2B
HOMO-50—LUMOuo
HOMO-53—LUMO + 2B
HOMO-4B—LUMOB

16%
27%
20%
1%
69%
15%
11%
24%
37%
53%
57%
24%
75%
29%
13%
31%




Table 7. Calculated components of the polarizability tensor a, the polarizability<e> and t f
the polarizability<Ao>, The electric dipole moments, p(D) and first order hyperpolagizalili stéidied
molecule using different basis sets from DFT/B3LYP calculatie X
Basis | axx Oxy Qyy Oxz Oyz Ozz <o> 0% | <oa>x10724
Sets (a.u.) (a.u.) (a.u.) (a.u.) (a. u.) (a.u.) (esu)
3-21G | 459.9633 |-85.9387 |458.6670 |-46.7691 |-26.6509 |356.9069 2 63.01
6-311G |582.3440 |-95.8807 |487.6337 |-42.3175 |-28.2399 |422.8304 : m 33.19 73.74
Hx Hy Hz n(D)
3-21G |-0.3672 |-0.3376 0.1645 0.5253
6-311G |-0.0208 |-0.0683 -0.0352 |0.0794
Procx Proxy Pryy Byyy P Prez Byzz Pz px10-%
(@ u) (@ u) (@ u) (@ u) (@ u) (. u) (@ u) (. u) (@ u) (esu)
3-21G |-81.3782 |-3.5390 -3.8516 |81.0510 (-2 92 9855 -29.6183 |55.9766 |16.9757 83.0195 897.48
6-311G |20.0547 |-22.3398 |-9.7632 |2.5425 6.2552 1.2755 7.6057 9.4558 16.2660 309.98
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Figure 4. a - total density, b - contour (totali@ensity), ¢ - alpha density, d - MEP, e -
ESP, f - contour (ESP) map (in a. f 1 withbthe DFT/B3LYP/6-311G method (with
an isodensity value of 0.0004 a.

ionization pote
chemical p
softness and global electrophilicity index (m) of the molecule with
DFT@lzaﬂon potential of the molecule corresponds to negative
va OMO while the electron affinity corresponds to negative of
. The low I creates a better electron donor, and the large A makes a
er electron acceptor. The ionization potentials (I= -HOMO) of the
molecule are 5.222 and 5.927 eV for B3LYP/3-21G and B3LYP/6-311G
basis sets, respectively. The electron affinity (A = -LUMO) of the molecule
are 2.037 and 2.953 eV for B3LYP/3-21G and B3LYP/6-311G basis sets,
respectively. The electronegativity (x = (I + A)/2) and chemical potential
(Pi = -(I + A)/2) of the molecule are 3.630, 4.400 eV and -3.630, -4.400 eV
for B3LYP/3-21G and B3LYP/6-311G basis sets, respectively. A hard
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molecule has a large energy gap, and a soft molecule has a small one. Hard
molecules are lesser reactive than soft molecules. For the simplest transfer
of electrons, absoption could occur at the part of the molecule where
softness, which is a localised, has the highest value. The chemical hardness
(m = (I-A)/2) of the molecule are 1.592 and 1.487 eV for B3LYP/3-21G
and B3LYP/6-311G basis sets, respectively. The chemical softness (s =
1/2n) of the molecule and global softness (¢ = 1/n) which a measure of the
electrophilic power of a molecule are 0.314, 0.336 eV and 0.628, 0.672 eV-
! for B3LYP/3-21G and B3LYP/6-311G basis sets, respectively. e
values of hardness and softness are supported that complex is rx e

and more lower chemical activity. Also, the global electrophilicity intex

(o = (Pi)%/2n) are 4.125 and 6.510 eV for B3LYP/3:2 LYP/6-
311G basis sets, respectively. The electrophilicity GXI compasses
both; the propensity of the electrophile to acqui ional electronic
charge driven by Pi? (the square of chemic @I) and the resistance
of the system to exchange an ele @ with the environment
described by m simultaneousl efofe] a good electrophile is

characterized by a high value of Pi and a low value of n [53].
NLO is at the forefront @rent esearch because it provides the key

functions of frequenc optical modulation, optical switching,
optical logic, and optiéal m@mory for the emerging technologies in areas
such as telegommuniCations, signal processing, and optical

intercomec% 55]. Nonlinear optical properties of the complex
having ic feature are calculated by using DFT and reported in
é} (a.u.), the calculated values have been converted
i ostatic units (esu) (a: 1 au. = 0.1482x10%%esu; P:
.= 8.6393x103%su). The polarizability of the molecule is also

included in the top of its electronic properties. The calculated components
of the polarizability tensor a, the polarizability<e> and the anisotropy of

the polarizability<Ao> for studying the molecules are listed in Table 7. The
concepts of hardness and softness of atoms and molecules are however,
intimately linked with their polarizabilities and also the sizes. That is, soft
molecules can be more polarized because they have great values of the
polarizability [56].
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o]
LUMO=-2.037 eV LUMO-=-2.953 eV *
A (Egono — ELumo)=-3.185 eV for B3LYP/3-21G
A (Enoyo - ELoao)= - 2.974 €V for BALYP/6-311G Q

9
9

Jd 9

HOMO=-5.222 eV HOMO=-5.927 eV
B3LYP/3-21G B3LYP/6-311G

Figure 5£att®QMO, LUMO of 1 obtained with TDDFT/B3LYP/3-21G

ation of the frontier molecular orbital energies, which helps to
tramolecular charge transfer toexplain the hyperpolarizability.

Therefore previous and present calculations show theinverse relationship
A between the polarizability and HOMO-LUMO energy gaps [57]. Non-

and BBLYX G/methods.
e investigation of the first static hyperpolarizability is explained by
o

linear optical parameters are listed in Table 7.

O The magnetic susceptibility measurement of 1 indicates para-
magnetism.
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Figure 6. A UV diagram including experimental and theoretical results. ‘\Q

10 - . . —
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— Beta p?du
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—— Alpha Occy s

8+ = #ipha ita

— B 0 ¢ itals
— @ty bitals

) ﬁ

L

Energy (eV)

@ Figure 7. Calculated total electronic density of states diagram of the title compound.

& CONCLUSION

Compound of title of [N’-(2-hydroxy-3-methoxybenzylidene)-4-
methylbenzenesulfonohydrazide]copper(ll) has been synthesized and
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thoroughly characterized. A complete vibrational analysis of mononuclear
Copper (I1) compelx has been performed by DFT method with B3LYP/3-
21G and 6-311G basis sets. The experimental parameters with the bond
parameters and of the optimized structure of the molecule were compared
and found to be close to its the experimental data. The frontier molecular
orbital energies of the structure and its NLO properties were investigated
by DFT. To predict the reactive sites for electrophilic and nucleophilic
attack for the complex molecule, the MEP at the B3LYP/6-311G
optimized geometry was calculated. Because of the cemplex

paramagnetic feature, the electronic transition energies includi i

up) and B (spin down) electron spins have been calculated b se
and acetonitrile (solvent) phase by the TD-UB3leYP nd TD-

UB3LYP/6-311G methods from the optimized geene reproduce
UV-Vis spectroscopic transitions for 45 states
energies and HOMO-LUMO energy gap of t ex have lower values
in the acetonitrile media by TDRRFWU P/6-311G. The other
molecular properties such as ioni? @ pot I (1), electron affinity (A),
electronegativity (), chemical potential (Pi), chemical hardness (n),
chemical and global softne o) and global electrophilicity index (®))
were described. Event}m e dheoretical results showed an acceptable
e

general agreement wit perimental record.

IS
\@ REFERENCES

enyuz, C. Yuksektepe, H. Bati, N. Caligkan, O. Biiylikgiingor.

ActaCrystallogr.,E62, m3163 (2006).

[2] M.T.H. Tarafder, K.T. Jin, K.A. Crouse, A.M. Ali, B.M. Yamin, H.-
K. Fun. Polyhedron, 21, 2547 (2002).

[3] P. Guerriero, S. Tamburini, P.A. Vigato, Coord. Chem. Rev., 139, 17
(1995).

[4] R. Sreekala, K.K.M. Yusuf. React. Kinet. Catal. Lett.,48, 575 (1992).

[5] N.N. Das, A.C. Dash. Polyhedron, 14, 1221 (1995).

[6] D.R.Williams. Chem. Rev., 72, 203 (1972).



X-Ray, Spectroscopic and Computational Studies ... 313

[7] Babahan, E.P. Coban, H. Biyik. Maejo Int. J. Sci. Techno., 7,26
(2013).

[8] E. Assayehegn. Thesis, Addis Ababa UiversitySchooll of Graduate
Studies Department of Chemistry Graduate Program, August, (2007).

[91 M. Kumar, P.N. Saxena. Ori. J. Chem., 28(4), 1927 (2012).

[10] F. Armbruster, U. Klingebiel, M. Noltemeyer. Z. Naturforsch., B61,
225 (2006).

[11] O.S. Senturk, S. Sert, U. Ozdemir. Z. Naturforsch., B58, 1124
(2003). .

[12] A.E.G.E. Amr, A.M. Mohamed, A.A. Ibrahim. Z. Naturfo CNQ
861 (2003). %

[13] H. Mohrle, G. Keller. Z. Naturforsch., B58, 885¢20
[14] J. Chakraborty, R.K.B. Singh, B. Samanta, \ hury, S.K.
Dey, P. Talukder, M.J. Borah, S. Mitrw ch., B61, 1209

(2006).
[15] V. Lozan, P.-G. Lassahn, C. Z g
H. Lang. Z. Naturforsch., B ( .

[16] C.T. Zeyrek, A. Elmali, Y.NElerman, Z.Naturforsch., B61, 237
(2006).
[17] D.K. Dey, B. Sa@ AJLycka, L. Dahlenburg. Z. Naturforsch.,

. Janiak, G. Rheinwald,

B58, 336 (200
[18] C. Janiak,4P.- ssahn, V. Lozan. Macromol. Symp.,236, 88

(2006)
[19] M . Dutt, Talanta, 22, 151 (1975).

0] an M.P. Gupta, L. Chandra, N.K. Jha. Inorg. Chim. Acta,
1(1988).
.B. Sinh, P. Jain. Talanta, 29, 77 (1982).

Suez, S.O. Pehkonen, M.R. Hoffmann. Sci. Technol., 28, 2080
(1994).

[23] L.H. Terra, AM.C. Areias, |. Gaubeur, M.E.V. Suez-lha. Spectrosc.
Lett.,32, 257 (1999).

[24] A.D. Becke, J. Chem. Phys., 98, 5648 (1993).

[25] C. Lee, W. Yang, R.G. Parr, Phys. Rev., B37, 785 (1988).

N2

4



314 CigdemYiiksektepeAtaol, NuraySenyiiz, FeyizanGiintepe et al.

[26] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A. Robb,
J.R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G.A.
Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. Hratchian, A.F. O ®
Izmaylov, J. Bloino, G. Zheng, J.L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Q
Honda, O. Kitao, H. Nakai, T. Vreven, J.A. Montgomery, Jr., J.E.
Peralta, F. Ogliaro, M. Bearpark, J.J. Heyd, E. Brothers, K.N. Kudin,
V.N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. ‘\
Rendell, J.C. Burant, S.S. lyengar, J. Tomasi, M. Cossi, &. REga;
J.M. Millam, M. Klene, J.E. Knox, J.B. Cross, V. Bakken,
J. Jaramillo, R. Gomperts, R.E. Stratmann, O. Yazyev¥A.J.
R. Cammi, C. Pomelli, J.W. Ochterski, R.L. Marti rokuma,
V.G. Zakrzewski, G.A. Voth, P. Salvado J\ enberg, S.

Dapprich, A.D. Daniels, O. Farkas, JB. am, J.V. Ortiz, J.
Cioslowski, and D.J. Fox. Gaussian WIingford (CT, US):
Gaussian, Inc., (2009). é
[27] Hinchliffe, B. Nikolaidi, H: ch

5(8), 224 (2004).

[28] A.D. Buckingham. Ad@hem. hys., 12, 107 (1967).

. Int. Journal of Mol. Sci.,

[29] A.D. McLean, M ine. The Journal of Chem. Phys., 47, 1927
(1967).
[30] C. Lin, K. . Phys. Lett., 321(1-2), 83 (2000).

[31] JR A . Sajan, I. Hubert Joe, V.S. Jayakumar.Spectr. Acta
Par&’TI 355 (2008).
] (P. anis, C. Pouchan, G. Maroulis. Phys. Rev. A77, 013201
).

. Krishnan, J.S. Binkley, R. Seeger, J.A. Pople. Journal of Chem.
Phys., 72, 650 (1980).
[34] Ben Ahmed, H. Feki, Y. Abid, H. Boughzala, A. Mlayah. Journal of
Mol. Struc., 888(1-3), 180 (2008).
[35] G.M. Sheldrick, ActaCryst., A71, 3 (2015).
[36] L.J. Farrugia, J. Appl. Crystallogr., 45, 849 (2012).
[37] G.M. Sheldrick, ActaCryst., C71, 3 (2015).



X-Ray, Spectroscopic and Computational Studies ... 315

[38] Oxford Diffraction. CrysAlis PRO, Abingdon (England): Oxford
Diffraction Ltd., (2007).

[39] N. Senyuz, B. Yilmaz, H. Bati, E. Bozkurt, O. Biiyiikgiingor. O .
Spectrochim. Acta, A101, 167 (2013).

[40] M.R. Bermejo, A. Sousa.New J. Chem., 25, 647 (2001). \Q

[41] P.J. Naskar, C. Biswas, L. Lu, M. Zhu. J. Chem.Crystallogr., 41(4),

502 (2011).
[42] N. Senyuz, C. YiksektepeAtaol, H. Bati. RussianJ. Coord. Chem., \
40(11), 849 (2014). 2

[43] F.H. Allen, O. Kennard, D.G. Watson, L. Brammer, A.G. N
Taylor. J. Chem. Soc., Perkin Trans., 2, 1 (1987).

[44] G. Koz, N. Ozdemir, D. Astley, M. Dincer,¢S.T J. Mol.
Struct., 966, 39 (2010).

[45] S. Demir, S. Cakmak, N. Dege, H. ]
Kepekci. J. Mol. Struct., 1100, 582 (20%5):

[46] S. Demir, F. Tinmaz, N. DegeghgC .@.
(2016).

[47] J. Bernstein, R.E. Davis, L. Shimoni, N.L. Chang. Angew. Chem. Int.
Ed., 34, 1555 (1995).

abasoglu, R.A.

ol. Struct., 1108, 637

[48] z. Demlrcmglu bayrak, O. Biiyiikgiingér. Spectrochim.
Acta, A139, 5

[49] C. Yukse acoglu N. Caligkan, I. Yilmaz, A. Cukurovali.
Bul em. Soc., 31, 3553 (2010).

[50] e, A.L. Tenderholt, K.M. Langer. J. Comput. Chem. 29,
é}w
g, Frontier Orbitals and Organic Chemical Reactions,
ondon: Wiley, (1976).

R. Kurtaran, S. Odabasoglu, A. Azizoglu, H. Kara, O. Atakol.
@ Polyhedron, 26(17), 5069 (2007).
A [53] Esme, G.S. Sagding. Journal of Balikesir Uni. Inst. of Sci. And Tech.,

O 16(1), 47 (2014).
[54] V.M. Geskin, C.J. Lambert, L. Bredas. J. Am. Chem. Soc., 125,
15651 (2003).



316 CigdemYiiksektepeAtaol, NuraySenyiiz, FeyizanGiintepe et al.

[55] D. Sajan, H. Joe, V.S. Jayakumar, J. Zaleski. Journal of Mol. Struct.,

785, 43 (2006).
[56] Ghanadzadeh, H. Ghanadzadeh, G. Ghasmi. Journal of Mol. Liq.,

2
88(2-3), 299 (2000). C)
[57] Hinchliffe, H.J. Soscun Machado. Journal of Mol. Struct. \

(Theochem), 312(1), 57 (1994).



In: Crystal Growth ISBN: 978-1-53612-203-9
Editors: J. Li, J. Liand Y. Chu © 2017 Nova Science Publishers, Inc.

Chapter 10

FENAMATE CRYSTALS AND Coc
STRUCTURAL AN

THERMODYNAMlC)’ TS

German L. Perlovic nd Artem O. Surov
Institution o ian Academy of Sciences
G. A Kr stitute of Solution Chemistry

Q vanovo, Russia

stal structures of different polymorphic forms of nonsteroidal
ti-inflammatory drug fenamates (niflumic (NFA), flufenamic (FFA),
olfenamic (TFA), mefenamic (MFA) acids) and structurally related
compounds (N-phenylanthranilic acid (N-PA) and diphenylamine (DPA))

were studied and compared. Conformational features, packing
arrangements and hydrogen bonds were investigated. Thermodynamic

ABSTRACT

aspects of sublimation processes of the selected class of compounds were
analyzed. A thermochemical comparison of different polymorphic forms

* Corresponding Author Adress: Institution of Russian Academy of Sciences, G.A. Krestov
Institute of Solution hemistry RAS, 153045, Ivanovo, Russia Tel: +7 4932 533784; Fax: +7
4932 336237; E-mail: glp@isc-ras.ru.
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was carried out. The absolute values of the crystal lattices energies of the
polymorphic maodifications of mefenamic, flufenamic and tolfenamic
acids were calculated based on the sublimation and solution calorimetric
experiments. Relationships between the sublimation thermodynamic O .
functions and structural features of fenamate polymorphic forms were
revealed. Dependences between the sublimation thermodynamic
functions and thermochemical characteristics (enthalpies and

temperatures of fusion) were observed. A correlation was found between
the fusion entropies and the free volume per molecule in the crystal

lattices. 4
Cocrystallization of N-PA, NFA, FFA, TFA and MFA with 4,4'-

bipyridine (BP) resulted in the formation of cocrystals with a (2:1)?1 |

ratio. The relationships between packing arrangements in the,cry:

pure fenamates and their cocrystals with BP were found via

Packing Similarity analysis. Analysis of the cocrystals meltiag points and

individual components shows a good correlation afftl_ t
predicting similar cocrystals with specified charagte ocrystal
formation enthalpies for the considered tw onentNerystals were

tion are small,

0-COME

obtained and discussed. The enthalpies of coc %

which indicates that the packing energy - achieved by weak
an

van der Waals interactions betwee molecules.

l@?OD CTION

Fenamates (N- lanthranilic acid, niflumic acid, flufenamic acid,
tolfenamic and Wwefenamic acids) belong to an important class of
nonstergidam mmatory drugs (NSAIDs), widely used as analgesic,

i \e nti-inflammatory agents [1] (Figure 1). The major
i diating the anti-inflammatory effects of fenamate and other

recognized as potent therapeutic agents with a broad spectrum of biological
activity. For example, fenamates affect various types of membrane
channels, and their effects on different types of ion channels have been
studied widely [5-7]. It has been reported that inflammatory processes are
associated with the pathophysiology of Alzheimer’s disease and that
treatment with some fenamates may help to reduce the progression of

@ peripheral and central tissues [2-4]. In recent decades, fenamates have been



Fenamate Crystals and Cocrystals 319

Alzheimer’s disease [8-10]. In addition, it has been discovered that the
members of fenamate family can be also used as novel anticancer

therapeutic agents against different types of cancers [11-12]. < ' .
X z \Q

HO (o] . % i\;}’;l‘:;lylanthranilic acid H H
NH z Flufenamic acid (FFA) H CF 4
Tolfenamic acid (TFA) CH; o Qg
Mefenamic acid (MFA) 3
HO 0] %
M CF;
N \©/
Niflumic acid (NFA)

Figure 1. Molecular structures of fenamg
che

In the field of solid- stry, fenamates are well known
as highly polymorphic ;@ and many of them exhibit the so-called

conformational polym@rphiSm [13]. This strong tendency of fenamate
molecules to fo@ rphs in a crystal state has been considered

ridine (BP)

in terngs polymorphophore concept [14] (analogous to
“pharma ¢’Zas a structure which is especially useful in finding new

adsfin d iscovery, introduced and defined by Matzger as “a structural
e t, when incorporated into a molecule, favours the formation of

olymorphic crystal forms.” According to this concept, there are families
of related molecules containing a common substructure which is
responsible for propensity of a compound to display multiple crystalline
phases. Thus, the fenamate fragment is a polymorphophore, rationalizing
the polymorphism of many fenamates [15, 16].
Besides polymorphs, a range of multi-component crystalline forms of
fenamates, including cocrystals, salts and solvates, have been described in
the literature. Pharmaceutical cocrystals of fenamates (except N-PA) with



O
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nicotinamide have been reported by Fabian et al. [17]. For MFA, DMF
solvate and cytosine salt have been isolated during preparation of its
different polymorphic forms [18]. A comprehensive study of the crystal
structures of various complexes of MFA with cyclic and acyclic amines
were reported by Antipin et al. [19] In turn, co-crystals of FFA with the
asthma-therapy drug theophylline and 2-pyridone were obtained by
Aitipamula et al. [20] We have also made a contribution to extending the
range of fenamate cocrystals through cocrystallization with 4,4'-bipyridine
[21]. .
The first part of the chapter is devoted to various
polymorphism of individual fenamates. Special attentio
studying fusion and sublimation processes and analyzin
stability of polymorphic phases of the selected c X ances. The
nent cocrystals

second part deals with the crystal structures ,
based on fenamates with 4,4'-bipyridine (BR). & parative analysis of
molecular conformational states ha dong, on molecular crystals of

different polymorphic modificat t dividual compounds and
cocrystals. In this paper we attempt to estimate cocrystal formation
enthalpies. We have also ob relationships between the melting points

of cocrystals based o ates with BP and the melting points of
individual fenamate

*

2. @?AL AND PHYSICOCHEMICAL PROPERTIES

OF INDIVIDUAL FENAMATES

¥Crystal Structures and Polymorphism of Fenamates

The crystal structures of all the fenamates are based on the same
R (8) hydrogen bonded dimer (Figure 2a), and differ in the packing of the

phenyl rings. As the molecules are conformationally mobile, nucleation
and new phase growth can have various conformations which are
sufficiently trapped kinetically and are favorable thermophysically, and
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thus become crystalline polymorphs. The most basic fenamate molecule is
N-phenylanthranilic acid (N-PA) which has no substitutions in the second
(noncarboxylated) phenyl ring (Figure 1). It crystallizes in P-1 space group
with two molecules in an asymmetric unit (Figure 2b). It is remarkable that
N-PA, which can be considered a bare polymorphophore, is the only
compound in the fenamate family that has no known polymorphs [22]. The
explanation of this contradiction has been found by Uzoh et al. who have
shown that for N-phenylanthranilic acid, the known structure is more

thermodynamically favored than all other alternatives, limiting theprange o
potential polymorphism [23]. Based on crystal structure predicti

results, Uzoh et al. have concluded that it is the phenyl rin% ns
that determine the relative energies of fenamate osyst@ res and,

therefore, enable polymorphism. \\

i *
Figure 2. (a)l
molec

n of hydrogen bonded dimer formed by fenamate molecules; (b)
i rojections for N-phenylanthranilic acid.

N

ic acid (NFA) has also been viewed as a monomorphic
und for a long time. The crystal structure of NFA was first obtained
in the late 1970-s [24] (Figure 3a). Since then no evidences of
polymorphism of NFA have been reported. However, in 2012, a second
polymorphic form of NFA was observed by Bag and Reddy [25] by
applying the fast evaporation approach to screening kinetic forms of
several APIs, including niflumic acid. Unfortunately, the authors could not
obtain a single crystal of the new form, so its crystal structure remains
unknown. It is interesting to note that the unsubstituted analog of NFA,

N2

4
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i.e., 2-(phenylamino)nicotinic acid (Figure 3b), is found to exist in four

polymorphic forms: o, B, vy and & [26]. The crystal structures of forms a

and P consist of discrete hydrogen bonded dimers similar to those in NFA O ¢
structure. In forms y and 8, however, the conventional acid-acid dimer is

replaced by acid-pyridine heterosynthon, indicating the so-called synthon Q
polymorphism. The fact that 2-(phenylamino)nicotinic acid has four

polymorphs and N-phenylanthranilic acid has none suggests that the

substituents in the phenyl ring of the fenamate molecule are not the onl ‘\

factor influencing polymorphism propensity. A similar effecty cagl b

achieved by introducing aromatic nitrogen into the molecular st c%‘

some cases, the combination of these two molecular change% he

opposite effect, decreasing the number of polymorghs, s _i seen for

niflumic acid. However, each of the mentioned stre& es applied
I

separately has the potential to give rise to multi arrangements.
The latter statement can be exemplified by W\g a CF3-group into
the second (noncarboxylated) phen @ -phenylanthranilic acid
molecule, which leads to formati@n Ine e most polymorphic drug

compounds ever known, namely flufeépamic acid (FFA) (Figure 1).

o

(b)

O Figure 3. (a) Molecular packing projections for niflumic acid and (b) molecular
structure of 2-(phenylamino)nicotinic acid.
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Figure 4. Molecular packing projections for (a) form I and (b) form | \
of flufenamic acid. *
The existence of polymorphism in FFA has beNN or more than
i

40 years. The crystal structure of FFA form reported in 1973
[27], while the structure of form | was obtai 10 years later [28].
In addition, the existence of other g olyopphs of FFA (11, IV, V, VI,
VII) and their morphology were coj ed and described by Krc [29]. In
2012, two additional polymorphs of the compound (forms VIII and IX)
were discovered and the @‘structures of forms II, IV-VIII were
disclosed for the firstﬁ:’ atzger et al. [16] using the polymer-
induced heteronu i hnique of crystal growth. This breakthrough
made FFA a un@® with one of the largest structurally characterized
number®% s in the CSD. Although nine polymorphs are able to
coexi emperature and atmospheric pressure, only form | and
mWI (FBigure 4) possess long-term stability and, therefore, can be used
rmaceutical formulations. The low temperature form Il is stable at
temperature, and forms Ill and | are enantiotropic, with a transition
temperature of ca. 42°C.
The next member of fenamate family, tolfenamic acid (TFA) (Figure
1), is also found to be a highly polymorphic compound. Similar to FFA,
two polymorphs of TFA (form | — white, form Il — yellow) have been
known for a long time [30], and three novel phases of the drug have

become accessible by applying a sophisticated polymer-induced screening
technique [15]. According to the experimental data collected from different

: e 4
| (b)ﬁﬁ\ :L}Qg
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sources [15, 30, 31], form | and form Il of TFA (Figure 5) are closely
comparable in terms of both free and lattice energies. However, forms
I11-V are apparently metastable polymorphs.

(@) ¢

Figure 5. Molecular packing projections for (a) form \\

of tolfenamic acid.

Among the fenamates, the polys \
(MFA) has probably been studied @ ®For decades, MFA has been
known to exist as enantiotropically rélated dimorphs (form I and form II).

The crystal structure of s form 1, crystallizing from the common
solvents, was reported i ], although the crystal data for form Il
was first published @al. in 2006 [33] and was later revised by other
researchers [34]4ln crystal of form Il, the amino-group and the

alkylateg p@ are disordered with a population distribution of

55:45. ix sorder remains even at low temperature (100 K), it could
offstati ure (Figure 6).

MFA polymorph was discovered in 2012 during an attempt to

ocrystallize mefenamic acid with adenine [18]. Form 11 is found to be the
least thermodynamically stable at ambient conditions and enantiotropically
related with form Il. The thermodynamic and kinetic aspects of the form
[—form II polymorphic transformation of MFA are well documented in
the literature. Umeda et al. [35] and Gilpin & Zhou [36] investigated the
kinetics of the polymorphic conversion from form | to form Il of MFA in
the solid state and obtained the activation energy for the process. In
addition, the kinetics of the transformation process of form Il to form |
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under various conditions was extensively investigated by Kato at el. [37,
38].

Figure 6. Molecular packing projections fo f®;; form 1l

of mefenamic acid.
2.2. Thermodynamic as;@;f fenamate polymorphism

The stability Q@) between polymorphic forms (I and IlI) at

particular temperatureNand pressure can be described in terms of the
@ al thermodynamic functions: AG{,,, which shows

following, f
the ﬁj gy difference between the polymorphs, AH’., which
C

s to the difference in crystal lattice energy of the polymorphic

and AS,O_,“ which provides information about the entropy change

@ in the polymorphic system. The Gibbs energy difference between the two
A polymorphs (AGY,,, ) is directly proportional to the ratio of their solubility

values (assuming that the activities are approximated by the

O concentrations). The value of AH,, can be derived from the solution

enthalpy difference between different polymorphs obtained in the same
solvent. The polymorph solution enthalpy, in turn, can be measured
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directly by solution calorimetry experiments, or it may be calculated from
the temperature dependence of a polymorph’s solubility in the chosen
solvent. Although solubility and heat of polymorphs solution are functions
of the solvent, their ratio and difference are independent of the solvent
used. There is experimental data about solubility and solution enthalpy of
form | and form Il of mefenamic acid in the literature (Table 1). Table 1

shows that the AG},,, values calculated from the solubility values of the

polymorphs in different solvents are consistent. The average value of
free energy difference between form | and form Il is found & _b&.0.

kJ-mol. However, certain inconsistency is observed iyt W
values. It is evident that the enthalpies of the poly 18y transition

calculated from the temperature dependences of %;i.%ow a poor
I

agreement with each other and with the values obta m the solution

calorimetry experiments. However, the AHQ .| @ es derived from the
b

solution calorimetry measurements Py us [43] and Urakami
et al. [41] are closely comparabl sumed that the mentioned
inconsistency may be associated With the partial conversion of one
polymorph to another dur@long— erm solubility experiment which

affects the solution enthalpi
The solution calotimetfy technique, however, does not have this
drawback, so th% tained by this method should be more reliable
S

for polymo tems. Despite the modest values of AG?,, and
AH] gD periments suggest that form 1 is thermodynamically more
stabl form Il at ambient conditions. The entropy change of the

olymorphic transition (ASL”) is found to be ca. 9.7 J-mol*-K™.

However, the calculated densities of the corresponding crystals at room
temperature (283-303K) are virtually identical (1.268 g-cm for form I and
1.267 gcm® for form 11).

In case of flufenamic and tolfenamic acids, there are only a few studies
that address solubility and thermochemical study of polymorphic forms
(Table 2). The experimental data collected in Table 2 suggests that the
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AG|°_>..,.” values for the FFA and TFA polymorphs are close to zero,

indicating a minor stability difference between the corresponding

polymorphs. The enthalpy of the polymorphic transition from form | to O *
form 11l of FFA, obtained by solution calorimetry, equals -2.7 + 1.1

kJ-mol™. Therefore, these two enantiotropic polymorphs are practically \
isoenergetic. The difference in the crystal lattice energies between form |

and form Il of TFA at 298K reaches 6.7 + 1.2 kJ-mol™. In both cases, the \

polymorphic transition from stable to metastable form is accompanied
. L 2
decrease in the system entropy ( AS{,;i.).

RN

*
2.3. Thermodynamics of Sublimation and Melti @sses

Vapor pressure and sublimation enthalpy @ ug compounds are
important  thermodynamic parameters qwh jare relevant to the
pharmaceutical industry. In additi @ pe al sublimation enthalpies
are in many cases used as the reférence values for development and
adjustment of theoretical s forVealculating crystal lattice energies
[47]. The thermodynami %rs of sublimation and melting processes
of the fenamates are su@ in Table 3.

As mentione \ difference between the heats of polymorphs
solutions is the“difference of their crystal lattice energies. Thus, if
the 1atti% energy(sublimation enthalpy) of polymorph I and the AHi—n

an, it is possible to calculate the crystal lattice energy of

valu
pol %II. According to the experimental data in Tables 1, 2 and 3,
e siblimation enthalpy of metastable form Il of MFA equals:

AHZ8(11) =136.2 — 3.6 = 132.6 kJ-mol™.

sub

In case of low-temperature form Il of FFA, the lattice energy is
estimated to be AHZE(111) = 121.2 + 2.7 = 123.9 kJ-molL. And for form Il

of TEA: AHZB(11) = 128.4 + 6.7 = 135.1 kJ-mol-.

sub



Table 1. Solubility ( S, ), solution enthalpies (AH;, ) of MFA polymorphs in differegt s

0

and thermodynamic parameters of polymorphic transitions

o

Solvent Polymorph 32 AH ;)ol AGP_)“ AS |0—>||
mol-I* kJ-mol kJmol! Jmol ! K!
Ethyl acetate Form | 0.0392 31.9 £ 1.2 0. 19.8
Form Il 0.0502 25.4 + 0.70*
Ethanol Form | 0.0317
Form Il 0.043¢?
Dodecyl Form | 0.025¢ 28.0%* 4.2 11.7
alcohol Form Il 0.033¢ 23.8%*
DMF Form | 3.7
Form 11
Methanol Form | 3.6+1.0
Form Il

*calculated from the temperature dependenceQf ¢

**measured by solution calorimetry.

2data taken from ref. [39].
bdata taken from ref. [40]. ®
‘data taken from ref. [41].

ddata taken from ref. [42
ef."[43]"

tdata taken fr

\Z,

0¢



sol

Table 2. Solubility ratios ( S,(1)/S,(11,111))), solution enthalpies (AH %> ) of FFA apd TFA gl sin

different solvents and thermodynamic parameters of polymorphic tra

Solvent Temp. K | Solubility ratio 0,298 ASOT
S,(1)/S,(11, 1) 111,11 111,111
kJ-mol! J-molt.K1

Flufenamic acid

Ethanol/water (70:30 v/v) 298.2 1.072

Diacetone alcohol/water 303.2 1.04P

(40:60 viv)

Water 300.0 ~1.0¢

Methanol 298.2 2710 9.1
21%6,490.5 (Form 111)

Tolfenamic acid

Ethanol 310.2 0.91¢ 0.3

Isooctane 300.0 =~ 1.0 0.04

Buffer pH7.4 298.2 =1 0.0

Methanol 298.2 27.1 +£0.59 (Form I) -6.5+1.0 -21.8
33.6 £ 0.59 (Form II)

2data taken from ref. [44]

‘data taken from ref. [16]
ddata taken from ref. [43]
tdata taken from ref. [46]

Pdata taken from ref. [45]. . @E




Table 3. Thermodynamic parameters of sublimation and melting processes ‘of fe

N-PA NFA FFA (FormI) TFA (F A (Form 1)
Agi‘f . kJ-molt 58.9+0.5 61.3+0.4 543+0.4 . . 9.2+0.1
AH STub, kJ-mol- 123.0+1.3 127.7+0.8 119.4+£ 0.7 132.7+0.8
AH 52u9b8, kJ-mol-ta 126.0+ 1.3 130.2+0.8 121.2+0.7 136.2+0.8
TA 52u9b8 . kJ-mol 68.0+1.8 68.9+1.2 76.2+ 0.9
ASfung, Jmol-t-K- 193+6 231+4 213+3
Tm, K 458.2+0.2 4785+0.2 . 484.3+0.2 503.5+0.2
AH I kJ-mol 39.7+£05 36.5+0.5 6.7+ 05 38.6+05 38.7+0.5
us?
aCalculated according to the procedure developed by Chi nd Acree using the isobaric molar heat capacities of the solid compounds
[48].

O
.\Qﬁ\

S
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The thermodynamic functions of the sublimation process depend on a
number of parameters, among which are: structure and topology of
molecules studied, nature of atoms, molecular packing architecture in the O *
crystal lattice, molecular conformational state, and topology of hydrogen
bond networks. It is, therefore, very difficult to pick a single descriptor to Q
describe the thermodynamic functions. On the other hand, it appears
inappropriate to search for multiparameter equations due to the restricted
number of the compounds studied. Therefore, we tried to find regularities 4
between the thermodynamic functions and some structural charaste@

of the crystals. As the X-ray diffraction experiments sho \C e
considered molecules create dimers in the respective %t es
g

between the coplanar carboxylic groups at the firsg b s. The
second benzene ring may have restricted conforma I mobility
depending on the size of the substituents. In this e Penzene motives

twist to compensate for strains of the steric hi and to minimize the
molecular packing energy of the @e . Therefore, it can be
assumed that it is the angle betwWe e -squares planes of phenyl

rings (o) in a fenamate molecule (Figure 7) that will be connected to the
molecular packing density a@wmo namic sublimation functions.

O

¥
oo

a

O Figure 7. lllustration of dihedral angle between mean-square planes of phenyl rings
in fenamate.
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The dependence of the sublimation enthalpies of fenamates versus o is

shown in Figure 8. AHSOub obtained by sublimation measurements are

marked by filled squares and the values derived from the solution
calorimetry experiments are marked by empty squares. It is evident that for
the same compound a higher value of the crystal lattice energy corresponds
to the polymorphic form with a lower value of the o parameter.

140
] MFA I 2
TFA 11 .
135 o
] NEA FAII
~ 1304
z | \\ aTFA I
3 125- FFA 111 Q
-~ .

=
< 1201 FAl
1154 @
110 + T T T T T T T T T T 1
0 30 40 50 60 70 80

)

a,
X,
ce of AH Szugbs versus the angle between phenyl rings (o)

Figur .N
fenamates and their polymorphic forms.

e next step was to analyze the impact of various substituents
introduced to the molecule N-phenyl-anthranilic acid) on the sublimation
enthalpies and melting points. The presence of a carboxylic group in the

molecules determines the formation of inter- and intra- molecular

hydrogen bonds, and this fact produces increasing AH fugbs and T values.

For example, both the sublimation enthalpy and the melting point of N-
phenylanthranilic acid are higher by, respectively, 30.8 kJ-mol* and 132.1



o
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K, compared to that of diphenylamine (AHZ? = 95.2 + 0.6 kJ'mol ™, T, =

sub

326.1 + 0.2K [49]), which is the structural precursor of the studied
molecules. Introducing a -CFs group into N-PA molecule (flufenamic acid)
leads to a decrease in the melting point (by 52.9 K) and sublimation
enthalpy (by 4.8 kJ-mol™). As mentioned above, replacing the carbon atom
of the flufenamic acid molecule by a nitrogen atom (i.e., niflumic acid)
leads to essential changes in the molecular structure, packing density, and

crystal lattice energies. The sublimation enthalpy of niflumic acid is
kJ-mol? higher than that of flufenamic acid, whereas their melti @
differ by 73.2 K. Introducing two methyl groups into the NsP C

(i.e., mefenamic acid) increases the crystal lattice energy ’\@mol'l
and the melting point by 45.3 K. Probably, electron_ déno ittents (like
methyl groups) increase the total molecular elect\‘ ity and, as a

consequence, lead to increased sublimation &g Q melting point.
The opposite effect is observed for electron agcéptos'substituents (such as
—CF3; and —ClI), as it is seen for fluf d takfenamic acids.

A good correlation between th mation enthalpies and the melting
points of the studied compounds is“ebserved (Figure 9). Therefore, the

AHZY value for this cla ubstances can be estimated using the
following correlation equati

AHZE @in 7.4)+(0.11+0.01)-T, 1)
R ;

=1.19;n=5

%e fenamate analogs have been recently synthesized by Lopez-
jias and Matzger [50] and their propensity to polymorphism has been
studied (Table 4). We estimate the sublimation enthalpies of the most
stable polymorphs of new compounds using the correlation equation (1).
Since the melting temperatures of compounds 1-4 are found to be within
the range of the fenamates melting points (Tm), the AH szugbs(calc.) values
are reliable.
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Figure 9. Dependence of sublimation en versuS melting points of compounds
studied.

Considering the experi @?‘ sublimation enthalpies for fenamates
(Table 3) and the AH%&) values for fenamate analogs (Table 4), the
ities‘are

served: if there is a —CHs-group at the ortho-

following regula
positiorkof % rboxylated phenyl ring, the crystal lattice energy of

the com eases together with the increase in the volume of the
bstitut the meta-position (compound 3 (128.0) ~ TFA (128.4) <

C 1 (130.6) < MFA (132.6)). However, if the ortho-position of

e poncarboxylated phenyl ring is unsubstituted, the opposite relationship

is observed: N-PA (126.0) > compound 2 (125.0) = compound 4 (125.5) >
FFA (121.2). It should be also noted that crystals of TFA (form 1) and
compound 1 (form 1) are found to be isostructural. Hence, the minor

difference in lattice energies between those substances should be mainly
due to the halogen interactions.

_ ) Q\
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Table 4. Molecular structures, melting temperatures (Tm) and
calculated sublimation enthalpies (AH 2%

sub

CJ ‘
Molecular structure Tm, K 298
u uctu m AH ) (calc.), Q
kJ-mol?!
Compound 1 (form 1) HO o cH 490.2 130.6
3
NH Br \
L 2

Compound 2 (form 1) HO o H 440.5 .
f NH i cl
Compound 3 (form I) HOE ;0

Compound 4 (form I)
& ) “l’ Br

24, The e of Substitutions and Packing Arrangements

(calc.)) for fenamate analogs

na s Conformation

The main conformational variations in the fenamate molecules can be
described by using the angle between the phenyl rings (o) (Figure 7). The
@ o angle should be considered as an integral parameter, the value of which
in the crystal is under the influence of two effects, namely supramolecular
O surroundings as well as the chemical nature and the position of
substitutions in the noncarboxylated phenyl ring of the molecule. In order
to separate and estimate those effects we propose the following scheme,
shown in Figure 10.
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Relaxed conformation

"y \(\O‘

N-PA
a’opt
Substitutions Total effect \

L 2
HO_ _O HO_ _O \
NH ~ Packing N X
| —R > —R
= =
o

R
a‘opl
Relaxed conformation X-ray conformation

Figure 10. Schematic illustration of di ects responsible for conformation of
fenamate molecules in the crystal.

As a molecule is releam a crystal, it adopts the conformation
that corresponds to the@ pr of its conformational energy. Therefore,

HO (o]
=

the influence of the conformational state of the fenamate
molecules ca stimated by considering the difference between the o
le

angles & relaxed molecule (a(?pt) and the same molecule with X-
@ («). The influence of substitutions on the fenamate
I

on can be deduced based on the difference between the a:pt
of the particular molecule and the angle between the phenyl rings in

the fully relaxed molecule of N-phenylanthranilic acid (a(ﬁ,{PA ).

Geometric optimization of the isolated fenamate molecules was carried

O out using the GAUSSIANO9 program at the B3LYP/6-311 + + G(d,p) level
of theory [51]. The X-ray conformation of a fenamate molecule was used

as the starting point of the optimization procedure. For optimized

geometry, we calculated vibrational frequencies analytically to ensure that
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it was the true local minimun (no imaginary frequencies). The results are
shown in Table 5.

Table 5. Angles between least-squares planes of phenyl rings of
fenamate molecules in the crystal and after optimization procedure at
the B3LYP/6-311 + + G(d,p) level of theory

a afpt °
N-PA
mol. A 52.9 446
mol. B 72.6 446
NFA? 8.8 2.4
MFA
form | 62.4 54.75
form Il 77.8 80.2
form 111 80.3 80.2
FFA
form | 51.2 45.3
form Il 50.8 45.3
form 111 41.8 41.0
TFA 2.9 5.6 .
form | 72.7 OV 2.3 25.8
form Il 445 . -6.8 6.7
form 111
2.2 6.7
3 6.7
10.2 6.7
. 125 6.7
51.3 6.8 6.7
70.4 6.5 25.8

of

the

R
amt_

N-PA

Dot

parameter

was calculated by using

8n case
A 2-(phenylamino)nicotinic acid as the unsubstituted analog (see Figure 3b).

O For more convenient analysis, the results of calculations are presented

N-PA

. . R R . .
in Figure 11 as a plot of @ — gy, versus Qg — oy . The diagram is

divided into five separate sectors, according to the values of the respective
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R R N—-PA . . .
=y and oy — &y, contributions. The dashed lines correspond to

—-PA -
the @ — aopt = aopt aopt condition.

R
oo
opt
40 —
v m -
1 R |
30
. Q
20_ "’// Q\
1 TFA IV ¢
eB -
. 10 4 oA \
A :F\N]FA,'(« e T
Tera 1 TFA 11 -
FEA LIS | 7 A M )
[ B n\: T i R _ N-PA
10 10 A 40 opt opt
MFAIL
. I
qod  TTAL
Figure 11. Relationship be@i—aopt and aopt ac',\:); PA for fenamates.
Most of olinds are located in sectors Il and I11. This indicates
that both, t King and the substitution effects contribute to the
mole ry. The conformation of molecules situated in sector Il is

determined by the substitutions. For forms Il and 111 of MFA, the

oRpt values are close to zero, suggesting that polymorphs Il and Il

contain relatively low-energy molecular conformations. It is interesting to
note that conformations of the TFA molecules in form IV are mainly
dependent on supramolecular surroundings. However, in forms I, 11l and V
of TFA, the packing influence on molecular conformations is less
prominent. The conformation of TFA in form Il may be seen as a result of
the competition between the packing and substitution effects. In forms |
and Il of FFA and NFA, the relaxed molecular conformations are close to

N2

4



Fenamate Crystals and Cocrystals 339

those for N-phenylanthranilic acid and 2-(phenylamino)nicotinic acid,
respectively, indicating that substitution has only a modest influence on the

R N-PA . . .
molecule geometry. The only case when Qg — @y is negative is

observed for form Il of FFA. It might be reasonable to assume that the
electron withdrawing of the —CFs group from the FFA molecule may
decrease the repulsion between the hydrogen atoms in the conjunct phenyl
rings, which makes a relatively flat conformation more favorable than that

of N-phenylanthranilic acid. Q
L 2

3. STRUCTURAL AND PHYSICOCHEMICA‘L P %ES
OF FENAMATE COCRYSTALS WITH 4% '\ DINE

3.1. Materials OQ

3.1.1. Compounds and Solvents

All the fenamates, 4,4'-bipyriding and solvents (>99% purity) were
available commercially and used without further purification. Before
cocrystallization experi @he substances were characterized by X-
ray powder diffracti XRPD) and compared with the XRPD patterns
calculated based@ single crystal structure data. Mefenamic acid and
tolfenamic identified as form | (ref. codes XYANAC and

KAX experimental XRPD pattern of flufenamic acid was
nd(to be im well agreement with form | (FPAMCAL1L).

.1.27 Crystallization Procedure
The fenamates and 4,4’-bipyridine in a (2:1) molar ratio were dissolved
in a small amount of solvent and stirred at room temperature. The crystals
were obtained by slow evaporation of saturated solutions. For N-
phenylanthranilic acid, mefenamic acid and tolfenamic acid crystallization,
acetone was used. In case of niflumic and flufenamic acids, diffraction
quality crystals were obtained from methanol solution.
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3.1.3. Solvent-Drop Grinding
Solvent-drop grinding experiments were performed using a Fritsch
planetary micro mill, model Pulverisette 7. The experiments were carried

*
out with the fenamates and 4,4’-bipyridine in a (2:1) molar ratio and a few \QO

drops of solvent (methanol or acetone) added with a micropipette.

3.2. Crystal Structures of the Cocrystals

‘ 2
Crystallographic data are summarized in Table 6, andth NQ
units of the cocrystals are shown in Figure 12.

*

Figure 12. Molecular units in (a) [N-PA + BP]; (b) [NFA + BP]; (c) [TFA + BP]; (d)
[MFA + BP]; (e) [FFA + BP]. Displacement ellipsoids are shown at 50% probability.
For [FFA + BP], all —CF; groups are rotationally disordered over three positions.



Table 6. Crystallographic data for the fenamates cocrystals .

[N-PA + BP] [NFA + BP] [TFA + BP] [FFA + BP]
CCDC 1017637 1017636 1017633 1017634
Chemical formula 2(C13H11NO2)* 2(C13HgF3N202)* | 2(C14H12CINO 2(C14H10FsNO2)+

C1oHsN2 C1oHsN2 CioHsN® Ci1oHsN2
Crystal system Triclinic Monoclinic iclinic Triclinic
Space group Pi C2lc Pi
alA 7.7606(5) 26.000(4) 7.3302(4) 9.8384(11)
b/A 9.7575(6) 6.7394(10) 8.6992(5) 10.3962(11)
c/A 20.0638(12) 19.854(3) 13.6719(8) 25.015(3)
al® 98.2930(10) 90,00my 106.276(1) 84.632(2)
pl° 92.4230(10) 99.368(1) 81.353(2)
yl° 104.5940(10) 98.738(1) 71.679(2)
Unit cell volume/A3 1450.01(16) 1624.6(7) 807.55(8) 2398.3(5)
Temperature/K 183(2) 183(2) 183(2) 153(2)
No. of formula units per unit cell, Z 2 2 1 3
Absorption coefficient, g/mm* 0.088 122 0.249 0.086 0.122
No. of reflections measured 13319 13525 8341 19730
No. of independent reflections 3523 3508 3878 8504
Rint 0.0384 0.0216 0.0151 0.0421
No. of variables 288 281 293 751
Final R1 values (I > 24(1)) 0.0423 0.0493 0.0406 0.0583
Final wR(F?) values (all data) 0.1084 0.1115 0.1086 0.1137 0.1669
Goodness of fit on F? 1.017 1.031 1.142 1.050 1.019
Largest diff. peak & hole 0.143/-0.185 0.357/-0.299 0.230/-0.235 0.237/-0.210 0.419/-0.535
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In the [N-PA + BP] structure, the 4,4'-bipyridine molecules occupy
general positions, while in [MFA + BP], [NFA + BP] and [TFA + BP]
they possess crystallographically imposed symmetry. As for specific case
of [FFA + BP], one independent BP molecule occupies general position
and another lies on inversion centre resulting in 1.5 crystallographically
unique BP fragments. In each structure, fenamate and BP molecules
connected by O-H---N hydrogen bonds involving API carboxylic acid and
pyridine N atoms of BP to form a hetero-trimer unit (Figure 12). In
addition, BP forms C-H---O contacts with the neighbouring
molecules.

In spite of similar organization of the cocrystals asymm
BP molecule shows considerable conformational varigti

molecule.

orientation relative to the anthranilic fragment of \
The angles between the least-squares planes o Py 1dine rings of BP ()

and the angles between the fenamate anth % fragment and the
‘thy

hydrogen-bonded pyridine ring of ocrystals (Figure 13) are

summarized in Table 7.

@)

(b)

Figure 13. llustration of different dihedral angles in the cocrystals: (a) the dihedral
angle in BP molecule (B); (b) the dihedral angle between the anthranilic fragment of
fenamate and the hydrogen-bonded pyridine ring of BP (6).

N2

4
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Table 7. The dihedral angle in BP molecules, B, and the angle between
the fenamate anthranilic fragment and the BP hydrogen-bonded
pyridine ring, 0

Cocrystal B,° 0,°

[N-PA + BP] 14.83(6) 23.80(5), 39.43(4)

[NFA + BP] 26.65(3) 23.39(3)

[TFA + BP] 0.0 24.6(1)

[MFA + BP] 0.0 5.07(7)

[FFA + BP]

Molecule A 0.0 30.86(9)

Molecule B 0.0 31.78(9)

Molecule C 0.9(1) 32.33(9)

It has been reported that the most of tw@n t cocrystals with

BP contain the planar conformation of the m , Which is a relatively
higher-energy state. [52] A simi d 0 observed for fenamate
cocrystals with BP. The molecul nformation of BP is considerably

[NFA + BP]. It should be hat conformational diversity of the API
molecule in [FFA + BP] y a minor effect on BP conformation. In

all other cases th les hold planar conformation. In contrast to f3,
angle 0, v’\-/@ raCterizes orientation of the fenamate anthranilic
e

twisted from planarity only @o structures, namely [N-PA + BP] and

fragmerﬁ hydrogen-bonded pyridine ring of BP, is considerably
reat &0 or all the cocrystals.
st value of angle 6 is observed in [MFA + BP]. Probably, it is a
nsgquence of the x...xm interactions between BP and the neighboring
cules of mefenamic acid. For the rest of the cocrystals, the 6 value
varies within a ca. 20° range, and it does not correlate with the BP
conformation. It is evident that both angles (B and 0) reflect the influence
of supramolecular surroundings on the BP orientation in a cocrystal. It is
difficult, however, to highlight the influence of certain factors on the
mentioned angles.
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3.3. Conformational Analysis and Crystal Packing Similarity

Considering a diversity of polymorphic forms and a variety of
conformational states of fenamates, it would be interesting to compare
molecular conformations of fenamates in the cocrystals with BP and
different polymorphs, the known cocrystals and solvates (Table 8).

Table 8. Selected torsion angle, 11, and the dihedral angle betwee
planes of phenyl rings, a, of the fenamate molecules in différe
crystal forms?

11,° o’ rmsd ®
[N-PA + BP] -139.5(A"); | 479 (A"); 1017637
-69.8 (B) 70.1 (B")
N-PA -136.6 (A); - | 52.9 (A); 'A); QQQBTY02
70.5 (B) 72.6 081(B'B)
[NFA + BP] -154.4 { 1017636
NFA -176.3 0.250
[NFA + Nicotinamide] 2.072 EXAQEA
[TFA + BP] 69.9 1017633
TFA form I 72.7 0.101 KAXXAIO1
TFA form IT 445 0.905 KAXXAI
TFA form III 543 (A); | 0.756(A); KAXXAIO2
53.5(B) 1.840(B)
TFA fow 1V, -1159 (A); - | 61.5(A); | 0.674(A); KAXXAIO3
125.9 (B); 63.8 (B); | 0.624(B);

\ -134.1 58.1(C) | 0.699(C)
FA\form 125.1 76.9 0.445 KAXXAI04

(50% of
occupancy)

A + Nicotinamide] 133.7 46.9 1.807 EXAQIE
[MFA + BP] 77.2 79.3 1017635
MFA form I -119.9 62.4 1.787 XYANAC
MFA form IT 68.2 77.8 0.121 XYANACO02

(55% of
O occupancy)
MFA form IIT -80.2 80.3 1.813 XYANACO03
[MFA + DMF] -75.6 75.3 1.788 ZAZGAK
[MFA + Nicotinamide] 137.1 504 0.664 EXAQOK
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T1,° o,° rmsd Ref. code/
CCDC
[FFA + BP] 155.3(A"); 40.8(A"); 1017634

148.3 (B'); | 43.2(B");
-44.1 (C" 47.2(C")

FFA form I -130.1 53.0 1.128(A"); FPAMCAL1
1.488(B");
1.252(C")

FFA form II 141.3 50.8 0.427(A"); FPAMCAL17
0.326(B");

0.384(C")
[FFA + Nicotinamide] | 135.4 548 0.537(A");
0.346(B");

[FFA + Theophylline]® 37.3 478

[FFA + 2-pyridone]® 54.4

0.290(C")
aMolecules corresponding to a co:gstal argjindicated by stroke (). ® Ref[13].

The conformation e fenamate molecules can be described
in terms of the m arying torsion angle, t1, (Figure 1) and the
quares planes of phenyl rings, o (Figure 7). For

angle betwee
quantitati e@r on of conformations, we used rmsd parameter, which
is the -square deviation of all non-hydrogen atom positions in
@I s, calculated in Mercury [53]. The overlay of conformations
enamate molecules in different crystal forms is shown in Figure 14.
e results shown in Table 8 reveal that conformations of the fenamate
molecules in the cocrystals with BP are similar to those in different
polymorphs of pure fenamates. Moreover, for [N-PA + BP], both
asymmetric molecules of N-PA show almost identical conformations to the
ones in the pure compound. In [NFA + BP], the conformation of NFA is in

good agreement with the known form of NFA, while the alternative
conformer is observed in the nicotinamide cocrystal (EXAQEA).

t

2.095(C")
FFA form III 8.7 43.0 1.538(A"); FPA
1.487(B");
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Fi eQ/erlay of the fenamate molecules conformations in different crystal forms
in Table 8: () N-PA; (b) NFA; (c) TFA; (d) MFA; (e) FFA.

For the [TFA + BP] cocrystals, the conformation of the API molecule

@ corresponds to form | of TFA. In case of [MFA + BP], the rmsd parameter

A indicates a large similarity between molecular conformation in the
cocrystal and form 1l of pure MFA.
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The [FFA + BP] structure is interesting as it contains three
crystallographically independent molecules with distinct conformations.
According to Cruz-Cabeza and Bernstein [54], a new conformation is
considered to be a new conformer only if it corresponds to distinct energy
minima of the gas-phase potential energy surface. Therefore, the
asymmetric unit of [FFA + BP] contains two different conformers of FFA
molecule, where one of the conformers adopts two conformations (Table 8,
Figure 14e). It should be noted that similar phenomenon was found only in

metastable polymorphic forms 1V, VI, VIII of pure FFA [55]‘Ta©

shows a comparison of the FFA conformations in the cocryst N‘ e
most stable polymorphs I-111 and the known cocrystals. The €@nf ion

of the molecules A’ and B’, which are two confesmatio the first
conformer, is comparable to that in FFA form er. the second
conformer (molecule C’) corresponds to the i@ modynamically
stable form Il of FFA. Figure 15 shows thg digtributions of the torsion

angle, 11, and the dihedral angle, o, i
Apparently, t; values are buted” into two tight regions
corresponding to two energy mini of the potential energy surface.
Molecules A’ and B’ belon e high-angle region, while the molecule
C' is located in the low4angl n.
Conformation s clearly shows that the fenamate
conformation r;@wﬂuenced significantly by cocrystal formation. It

might bé re e%o assume that a similar trend may be observed in the

wierystal forms of FFA.

polymorphic forms were compared using the Crystal Packing

packi \1 ent of the API molecules in the cocrystals. In order to
%@u ption, the crystal structures of the fenamate cocrystals and

1o

arity module [56] implemented in Mercury [53]. Figure 16a shows
the results of the Crystal Packing Similarity analysis between [N-PA + BP]
and the only known form of pure N-PA (QQQBTY02). The crystal
structures overlay 20 molecules with rmsd, of 0.377 A. Therefore, a
considerable similarity in large clusters of molecules between those two
structures is observed. Comparison of the crystal structures of [TFA + BP]
and TFA form | (KAXXAIO1) resulted in a 20 molecule overlay with
rmsd, of 0.426 A (Figure 17a). For [MFA + BP] (Figure 18a,b), the best
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results were obtained in MFA form Il (XYANACO02) (n = 16, rmsd, =
0.703) and DMF solvate (ZAZGAK) (n = 13, rmsd, = 0.670). However,
for [NFA + BP] and [FFA + BP], the Crystal Packing Similarity search
has not revealed clusters of molecules with n > 10 and rmsd, < 1. In case
of [FFA + BP], crystal structures of all currently established polymorphic
forms were considered. Therefore, the packing arrangement of the NFA
and FFA molecules in the cocrystals with BP is unique, and it is not seen
in any of the APIs polymorphs.

5 -

Occurrence

[FFA+BP] mol. C’
Occurrence

40

|FFA+RP] mol, A"
[EFA1BP] mol. B

_ _ IFFA+BP]mol.

kY 40 50

@ Dihedral angle, o,

I ! I ! I ! I
60 80 100 120 140 160 180
Torsion angle, T,°

Figure 15. Distributions of the torsion angle, 11, and the dihedral angle, «, in all known
crystal forms of FFA. Conformations of A’, B’ and C’' molecules in [FFA + BP] are

indicated by dash lines.
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- . 4
(a) (b) R Q

Figure 16. (a) Overlay of the [N-PA + BP] crystal structure and the on xn
of N-PA (n=20, rmsd, = 0.377); (b) molecular packing projection for [N-RA + BP].
Hydrogen atoms are omitted. *
© {;(Q”
(\ -
: AR ge
=
3)

Figure 17. (a) %[TFA + BP] crystal structure and form | of TFA (n=20,
rmsd, = 0426 I€cular packing projection for [TFA + BP]. Hydrogen atoms are
omitted

ystal Packing Similarity analysis indicates clearly that the

cking arrangement of the [N-PA + BP], [TFA + BP] and [MFA + BP]

stals consists of discrete fragments of the crystal structures of initial

@ APIs connected to each other by BP molecules (Figures 16b, 17b, 18c). In
A [MFA + BP], the basis of the cocrystal structure is MFA form I, which is
thermodynamically less stable than form | under ambient conditions. The

O fragments are segregated so that there are clear regions with interactions

between APl and BP and regions where only APl or BP molecules
interact.
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rmsd, = 0.703); (b) Overla A + BP] crystal structure and DMF solvate of
MFA (n=13, rmsd, = : (C) molecular packing projection for [MFA + BP].
Hydrogen atoms ar

It shoul@u ed out that the [FFA + BP] crystal structure consists
of disti ating fragments, which contain either FFA or BP
ure 19a). This packing arrangement is essentially similar to
-PA + BP], [TFA + BP] and [MFA + BP]. Based on the packing
iarity analysis described above, it might be reasonable to assume that
the packing arrangement of the FFA molecules in the cocrystal also
corresponds to a stable or metastable configuration of molecules in a
crystal of the pure compound. However, the Crystal Packing Similarity
search does not show any satisfactory match between the cocrystal
structure and the known crystal forms of FFA. Considering the highly
polymorphic nature of FFA we speculate that the [FFA + BP] structure
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contains fragments of new polymorphic form of FFA stabilized by the BP
molecules due to weak van der Waals interactions.

of the FFA molecules

Fragment of new packing arrangement Q\

0 Figure 19. Molecular packing projection for (a) [FFA + BP]; (b) [NFA + BP].
Hydrogen atoms are omitted.
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The [NFA + BP] structure is found to be different compared to the
other fenamate cocrystals. In this structure the APl and BP molecules are
distributed uniformly in the bulk of the crystal, although the discrete
fragments of the crystal structures of the components are not seen (Figure
19b). In addition, the Crystal Packing Similarity search does not show any
satisfactory match between the cocrystal structure and the known NFA
crystal forms. In order to highlight the difference between the [NFA + BP]
crystal structure and the other fenamate cocrystals, the CLP (Coulomb-
London—Pauli) calculations were carried out [57]. The calculatign resul
are summarized in Table 9. For [FFA + BP], the calculation N t
performed due to complex disorder of CF3 group.

*
Table 9. Sums of the intermolecular interactio V@J mol™)
between the different types of mole ated using
the CLP methog
A

API-API W’ [BP-BP Total?
[N-PA + BP] -59.4 -14.0 ~1175
(50.6%) (11.9%)
[MFA + BP] —61.0 57.7 -10.2 -128.9
(44.8%) (7.9%)
[TFA + BP] —43.0 ~14.6 -122.3
\ (35.2%) (11.9%)
[NFA + BP] -58.7 —65.6 -1.0 ~125.3
. (46.9%) (52.4%) (0.8%)

to the calculated energy change for formation of one mole of [API +
rom two moles of API and one mole of BP separated in the gas phase.

aThe to
]cr

[N-PA + BP], [MFA + BP] and [TFA + BP], the API-API
interactions provide the largest contribution to the lattice energy (= 50%),
while the BP-BP interactions comprise ca. 8 - 12% of the total energy.
This energy distribution reflects the alternation of the API and the BP
molecular fragments in a crystal lattice of the cocrystals. The energy
distribution of the intermolecular interactions for [NFA + BP] is
substantially different compared to the other cocrystals. In this case, the
API-BP interactions provide the largest contribution to the lattice energy.
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In addition, API-API and API-BP interactions comprise more than 99% of
the total energy, while the BP molecules do not seem to interact with each
other.

It turns out that the packing fragment segregation phenomenon in a
cocrystal is observed not only in fenamates. As an example, we used a BP
cocrystal with Carbamazepine (XAQQUC). Carbamazepine (CBZ) is an
important drug in treatment of epilepsy and trigeminal neuralgia, which is
famous for its ability to form solvates [58-61], cocrystals [62-67] and
polymorphs [68-71]. The Crystal Packing Similarity analysis of the

+ BP] cocrystal shows a close resemblance in large clusters of S
between this structure and form 1ll of pure CBZ (CBMZPNO1){(n=12,
rmsd, = 0.684), DMSO solvate (UNEY1V) (n=12, rmsd, acetone
solvate (CRBMZAO01) (n=12, rmsd, = 0.370). \

3.4. Thermal Analysis 0 :

The thermal data for all the rystals and pure components are
represented in Table 10. Wi recently reported that the increase in the
melting temperature of crystals with different APIs is accompanied
by an increase in t r@ temperature of the corresponding pure APIs
[52]. Figure 20 showssthe melting temperature of the fenamate cocrystals

with BR as@ n of the melting points of the corresponding pure
fenam \ emperature range considered, the increase in T of the
cr@ ccompanied by an increase in the melting temperature of the
¥ It indicates that the intermolecular interactions, which are
respansible for the thermal stability of the pure API crystals, are partially
conserved in the fenamate cocrystal.
This fact is consistent with the Crystal Packing Similarity analysis. The
average value of fusion heat for most of the cocrystals is found to be ca 81
kJ mol=, while [NFA + BP] is an exception. The increase in AHzs in this

case is probably caused by the difference in the energy distribution of the
intermolecular interactions for [NFA + BP] compared to the other
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cocrystals. The melting temperature of this cocrystal, however, is
consistent with the general correlation.

*
Table 10. Thermophysical data for the fenamate cocrystals, pure APIs O
and 4,4'-bipyridine

Tm, °C (onset) AHrs, k] molt AStus, I moltKt
[N-PA + BP] 1457+03 83.0+0.9 198.1 4
[NFA + BP] 153.8+0.3 96.1+1.1 225.1
[TFA + BP] 157.0+£0.3 77.1+£0.7 201.2
[MFA + BP] 1635+03 83.1+0.9 1792
[FFA + BP] 1280+03 846+05
N-PA 186.6 £ 0.3 39.7+£0.5
NFA 2029+0.3 36.5+£04
TFA (form ) 212.1+£0.2 41.0+04
MFA (form I1) 230.4+0.2
FFA (form 1) 133.9+0.2
4,4'-bipyridine 111.8+0.2
525 -
5004 @
2 i AO
= a5 %
& I
-
o

" FFA

T T T T T T T v T T 1
400 425 450 475 500 525

T (API), K

Figure 20. Plot of melting temperature of the fenamate co-crystals with BP vs the
melting points of the corresponding pure fenamates.
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3.5. Solution Calorimetry

Solution enthalpies were measured by using an ampoule-type
isoperibolic calorimeter with a titanium reaction vessel volume of 50 cm?.

The enthalpy of formation, AH] (AB), of a cocrystal with (1:1)

stoichiometry can be calculated as [72]:

AHT (AB) = AH, (A)g + AH, (B) , —AHJ, (AB);,

where AH.(A)g and AH_,,(B), are the solution heat val

sol

sol

in a solution containing B and for solid B in a soluti

in a similar manner with a proper account of the

N2

. &@

aining A,
respectively. For [API + BP] (2:1), the formation I% alculated
& oichiometry.

All experiments were conducted at 298.15 K @
solvent as the cocrystals dissolve well with a

The results of solution calorimetr i

of formation for the cocrystals are

Table 11. Solution e t@
r@, AH 2%8 4t 298 K (kJ mol)

AH 298

sol 1

was chosen as a
Aeridothermic heat effect.

nts*and calculated enthalpies

arized in Table 11.

and calculated enthalpies

APl +BP]) | AHZP(API)gs | AHEP(BP)r, | AHP®([API +BP])

14 18.8+0.2 258+0.1 -5.6+1.7

77.7+0.2 23.6 £0.1 27.7+0.1 -46+04

75.1+0.3 27.4 0.3 16.4+0.1 -3.9+0.6
(2:1)

[MFA+BP] | 73.4+0.1 282+04 17.1+0.3 02+0.8
(2:1)

[FFA + BP] 68.7+0.2 23.1+0.1 142+0.2 -8.4+05
(2:1)
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Table 11 shows that the enthalpies of formation of the cocrystals are
small. Moreover, for [MFA + BP], the AH 7°® value is of the same order

of magnitude as the experimental error. It should be noted that enthalpy of
formation is an integral parameter which indicates the difference between
the crystal lattice energy of a cocrystal and individual components at
certain stoichiometry. Therefore, for [MFA + BP], almost all
intermolecular interactions (including hydrogen bonds) present in the

crystals of pure components are energetically comparable to those i
cocrystal. As mentioned above, the basis of the [MFA + Blﬂ crystal

structure is form Il of MFA, which is found to be ca 3. |

stable than form | [43]. Considering the difference in crys %ergy
between MFA polymorphs, the formation enthalp P] from
MFA form Il as the starting polymorph is ca -7.0\S ol%. For [N-
PA + BP] and [TFA + BP], which also contai % ters of molecules
of initial API, the enthalpies of formation are <8.6 4 k mol*and -3.9 +
0.6 kJ mol, respectively. In thi t ing energy gain for the
cocrystals is mainly caused by w n der Waals API-BP and BP-BP
interactions as the energy of API-ARJ intermolecular interactions inside
the clusters should be com to that of the pure APIs. The formation
enthalpy of the [NFA ystal is close to that of [N-PA + BP] u
[TFA + BP]. Ho ding to CLP calculations, the packing energy
gain in [NF istexpected to be the result of the API-BP and API-
API int@rﬂ , and the latter should be energetically comparable to those

e

in the rystal. The [FFA + BP] cocrystal shows the largest value
T

A “However, the formation enthalpy of [FFA + BP] from the most

epglodynamically stable FFA form I1I, which is ca 2.7 kJ mol™* more

stable than form I, is calculated to be ca -3.0 + 0.6 kJ mol?* [43]. This
estimate does not exceed the average AH 2% value for the fenamate
cocrystals and equals ca -5.2 kJ mol™. It was established above that the
packing arrangement of [FFA + BP] is essentially similar to that in [N-PA

+ BP], [TFA + BP] and [MFA + BP]. However, the [FFA + BP] structure
does not contain any known fragments of the crystal forms of the pure
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compound. Therefore, the increase in the crystal lattice energy of the
cocrystal compared to initial components may be caused by the API-BP,

BP-BP interactions as well as additional interactions between the API

molecules.
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terns of the [FFA + BP] co-crystals obtained from 12 different
ulated from single crystal structure data; (2) acetone; (3) acetonitrile;
; (5) dioxane; (6) DMSO; (7) ethyl formate; (8) ethyl acetate; (9)

@ 3.6. Screening for [FFA + BP] Polymorphs

Considering the high propensity of FFA to polymorphism, it might be
possible to assume that the [FFA + BP] cocrystal may also be polymorphic
[73, 74]. Polymorphism of 4,4'-bipyridine cocrystals with a (1:1) and (2:1)
molar ratio has been reported previously [52,75-77]. Screening for [FFA +
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BP] polymorphs was performed by a solution cocrystallization of FFA and
BP in (2:1) molar ratio using 12 different solvents at room temperature.
For the experiment, a wide range of the most frequently used organic
solvents for polymorph screening was taken [78]: acetone, acetonitrile,
chloroform, dioxane, DMSO, ethyl formate, ethyl acetate, ethanol,
isopropyl alcohol, methanol, tetrahydrofuran, toluene. All dry samples
were analyzed by XRPD. The results indicate clearly that in all cases
cocrystallization of FFA and BP leads to formation of only one structure
(Figure 21). Therefore, the previously unseen packing arrangemeng o

molecules in the cocrystal is found to be quite stable. A considera e
in the structure stabilization is probably played by weak vagl de als

interactions between the FFA and BP molecules. ¢ 6

This work was supported b owship of President of Russian
Federation (SP- 678.2016.4).
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