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CChhaapptteerr  II  

General Introduction 

In recent years, crystals have been the subject of intense research stemmed 

from their tremendous applications in various industries like electronic, photonic and 

fiber optic communications, etc. The crystals can also be used as semiconductors, 

superconductors, transducers, polarizers, radiation detectors, magnetic garnets, 

ultrasonic amplifiers, non-linear optics, solid state lasers, piezo-electric, 

photosensitive, electro-optic and acousto-optic devices.1-5 Fig 1.1 gives us a picture of 

increasing demand and growing interest in the design and development of crystals.6 

Crystal growth, being an interdisciplinary subject, covers physics, chemical 

engineering, material science, mineralogy, metallurgy, crystallography, etc. However, 

it is always difficult to synthesize good quality dislocation free single crystals than 

poly-crystalline material; thus an extra effort is required in preparing single crystals 

having outstanding applications in various industries. 

 
 

Fig 1.1. Year wise entries of crystals to the Cambridge Crystallographic Data Centre. 

 
The physical properties of the solids are obscured and complicated due to the   

presence of grain boundaries. But pure single crystals are anisotropic having uniform 

composition and absence of grain boundaries between the grains, thereby eliminating 

the complications in physical properties. In order to achieve better performance from 
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the molecular devices, good quality dislocation free single crystals are required and 

thus the growth of single crystals and their use towards device fabrication have gained 

tremendous impetus for both in academic and applied research.  

1.1. Single crystals  

The periodic atomic, molecular/ionic arrays, with repeated distances are 

known as single crystals. In single crystals, the crystal lattice of the entire sample is 

continuous with unbroken edges and no grain boundaries.7  

1.2. Crystal systems 

A crystal system is a set of point groups wherein the point groups and their 

corresponding space groups are assigned to a lattice system.8 There are 32 point 

groups in three dimensions and most of them belong to only one lattice system. In 

such cases, both the lattice system and crystal system have same name. There are five 

point groups assigned to rhombohedral and hexagonal lattice systems exhibiting 

three-fold rotational symmetry and thus are assigned to trigonal crystal system.  

1.3. Bravais lattices 

Bravais lattices, referred to as space lattices, describe the geometric 

arrangements of the lattice points and translational symmetry of the crystals. In three 

dimensions, there are 14 Bravais lattices9-12 that describe the translational symmetry. 

All recognized crystalline materials, except quasi-crystals, are assigned these 

descriptions. The designations are primitive (P), body-centered (I), face-centered (F), 

face-centered in one of the faces (C) and rhombohedral (R). For example, a 

monoclinic structure with space group P21/c belongs to primitive Bravais lattice. 

1.4. Thermodynamic Aspects of Crystallization  

The fundamental condition for crystallization of a stable solid phase from a 

metastable fluid (starting) phase is due to deviation from thermodynamic equilibrium. 

Fig 1.2 depicts the free energy (G) versus temperature (T), of two phases in contact 

with each other in the neighborhood of first-order phase transition. Their difference, 

i.e.,  Sf GGG −=∆ is the driving force or growth affinity of crystallization. This free 

energy change ( G∆ ) can be related to super cooled melts, supersaturated vapors and 

supersaturated solutions. These relations are briefly described below: 
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Fig 1.2. Dependence of the free energies ( fG  and SG ) on the temperature (T). 

 

a) Supercooled Melt: The free energy change for a supercooled melt for the 

temperature difference ( T∆ ) can be written as,  
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where H∆ is the enthalpy released when 1 mol of solid crystallizes and eT  is the 

melting point. When T∆  is large or H∆  is small, then H∆  in Eq (1) can be corrected 

to allow for the difference in specific heats of the solid and the liquid. This results in 

the inclusion of an additional term 2T∆ .13 Values of T∆  rarely exceeds 10 K. Values 

of eTH /∆ usually falls between 10 to 100 JK-1mol-1 and values of T∆  are typically 

1K, thus G∆  becomes 100 J/mol, and RTG <∆ . 

b) Supersaturated Solutions: The free energy change for a supersaturated 

solution can be written as, 
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where n  is number of ions formed by one molecule of the solute in solution, R  is the 

universal gas constant, T  is the absolute temperature and c∆  is the concentration of 
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solute exceeding the equilibrium concentration ( ec ). The relative supersaturation can 

be expressed as: 

)3(/ ecc∆=σ  

The values of σ  are basically less than 0.1. If H∆  is the enthalpy of solution, Eq (1) 

is used to describe the growth of crystals from a solution cooled below its saturation 

temperature. The supercooling was ascertained for the growth of single crystals of 

quartz under hydrothermal conditions.14 

c) Supersaturated Vapour: The free energy change for a supersaturated 

vapor can be written as, 
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where ePPP −=∆ , P  is actual partial pressure and eP  is  equilibrium pressure of the 

vapours. If H∆ is considered as the enthalpy of vaporization, then Eq (1) expresses 

G∆  in terms of cooling of the vapor from its equilibrium temperature. The value of  

1.0/ e <∆ PP  and G∆  is approximately 1 kJ/mol. In the simplest possible free 

energy–spatial position model of a crystal–fluid interface (Fig 1.3), an energy barrier 

IG  separates the crystal from the fluid. Therefore, the transfer rate from the fluid to 

the crystal should be proportional to RTIG
e

−  and the rate from crystal to fluid should 

be proportional to RT)( I GG
e

∆+− . Thus, the net rate of transfer to the crystal should 

depend on )1( RTRTI GG
ee

∆− − , which for RTG∆  reduces to RTG
eG

/)RT( I−∆ . It is always 

very difficult to determine the exact value of IG . This denotes that the activation 

energy for volume diffusion in the fluid phase, i.e., viscous flow in the melt (of the 

order of 5–50 kJ mol-1).15 At the interface of crystal–solution, solvation shells 

form/disintegrate and requires higher activation energies (desolvation or dehydration 

energy), yielding IG  in aqueous solutions of 50–100 kJ mol-1.14 
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Fig 1.3. Free energy as a function of simple model of crystal–fluid interface. 

 
1.5. Methods of crystal growth 

Crystal growth is an art rather than a science. Presently, chemists involved in 

crystal growth have moved from the periphery to the core of material-based 

technology. The various methods used for crystal growth to obtain good quality 

crystals are discussed in this chapter. The growth aspects differ from crystal to crystal 

depending on the physical and chemical properties like melting point, solubility, 

phase change, decomposition, etc. Different crystal growth techniques23 are listed in 

Table 1.1 and these techniques were discussed briefly herein this chapter.  

 

Table 1.1. Different crystal growth techniques. 

Types  Techniques 

Melt growth a. Bridgman method 
b. Czochralski method 
c. Kyropoulous method 
d. Verneuil method 
e. Zone melting method 
f. Strain annealing method 

Vapour growth a. Chemical transport method 
b. Physical transport method 

Solution growth a. Low temperature solution method 
b. High temperature solution method 
c. Hydrothermal method 
d. Gel method 
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1.5.1. Crystal growth from melt 

1.5.1.1. Bridgman method 

The materials with volatile constituents can be used for the growth of single 

crystals using this method. In this method,14, 23 the material used for the growth of 

crystals was taken in a cylindrical container and melted. The container was then 

tapered conically with a point bottom. The temperature of cylindrical container is 

lowered slowly from the hot zone of the furnace in to the cold zone. 

 

Fig 1.4. Schematic representation of Bridgman method. 

 

Crystallization begins at the tip and continues to grow from the first formed nucleus. 

The latent heat of solidification is released through the crucible and the crystal. This 

method is technically simple and can produce crystals of reassigned diameter. Fig 1.4 

shows the schematic diagram of Bridgman experimental setup. 

1.5.1.2. Czochralski method 

The Czochralski15,23 technique can be used to obtain large and dislocation free 

crystals in very short time. The technique is shown schematically in Fig 1.5. In this 

method, the material to be grown is melted by induction heating under controlled 

conditions in a non-reacting container. A seed crystal is fixed to a rod in a desired 

orientation. The seed is lowered into the molten material whose temperature is 

adjusted to allow atoms to attach to the seed at a rate determined by the temperature 

and the cooling effect of the rod and the seed. At first the seed is slightly melted and 
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Fig 1.5. Schematic representation of Czochralski method. 

 

then pulled carefully with simultaneous rotation of the seed rod and crucible to grow 

unstressed single crystals. This method has a number of advantages as stress free 

single crystals can be grown and crystal growth kinetics can also be studied at any 

stage. This method has gained popularity in growing single crystals of germanium, 

silicon, gallium arsenide and gallium phosphide, etc. 

1.5.1.3. Kyropoulos method 

In Kyropoulos14, 24 technique, the crystals with larger diameter can be grown. 

In this method the seed is brought in contact with the melt and raised little bit during 

the growth so that only a part of the seed melts and a short narrow neck is grown. 

Then the vertical motion of the seed is stopped and growth initiated with decreasing 

the power of the melt. The alkali metal halides for optical components can be grown 

using this technique. 

1.5.1.4. Vernuil method 

This method is a commercial method17, 24 of growing crystals of high melting 

point. The powdered material is shaken electrically or mechanically from a hopper 

through the sieve, using a vibrator of low amplitude capacity. The oxy-acetylene or 

oxyhydrogen flame is allowed to impinge on a pedestal where a small pile of partly 

fused alumina quickly builds up. As the pile rises, it moves into the hotter part of the 

flame and the tip gets completely molten. The molten region first increases in size and  
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Fig 1.6. Schematic representation of Vernuil apparatus. 

 

then starts to solidify at the lower end. As the movement of powdered materials 

increases, the solidifying region broadens into a crystal growing in length. Such a 

crystal is called boule. The method has been schematically illustrated in Fig 1.6.  It is 

technically simple and the growth kinetics of crystals can be observed. Single Crystals 

of various shapes like hemi-spheres, plates, discs and cones can be grown by this 

method. Oxide crystals can also be grown by regulating the H2/O2 ratio in the flame. 

A major demerit of this method is that the growing crystals are exposed to a steep 

temperature gradient. 

1.5.1.5. Zone melting method 

This technique18, 22 is mainly used for purification of semiconductors. This 

technique is illustrated in Fig 1.7. The material to be crystallized is in the form of free 

standing rod clamped at one of its end and a small zone of it will be melted by moving 

induction heater. The melt is suspended in the form of drop between the two parts of 

the rod and thus named as float zone melting. This molten zone is then moved through 

the rod over its whole length by the motion of heater. A single crystal can be 

generated as a result of spontaneous nucleation.  
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  Fig 1.7. (a) Schematic diagram of Zone melting furnace and (b) Silicon crystal at the 

beginning of growth process. 

 

1.5.1.6. Strain-Annealing method 

In this method,19,23 the metal rod in the form of fine grain structure is 

subjected to strain at increased temperature. Working and annealing at low 

temperature produce a fine grain structure. In materials having solid-state transitions, 

the strain induced by changing the phase can be used to device crystallization and the 

specimen is annealed alternatively below and above the transition temperature.  

1.5.2. Growth from vapour 

Vapour growth24 techniques were used to grow the crystals that are sublimable 

under ambient conditions.  This method can be used to obtain bulk crystals and 

epitaxial films. This growth method is very costly in terms of deposition of large 

volumes of the materials. This method can be classified as Physical and Chemical 

vapour transport 

a) Physical vapour transport: 

In this method,24 the crystals are grown from its vapour. The vapour diffuses 

from hotter end and undergoes condensation at the colder end leading to the formation 
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of single crystals. This method can be used to obtain bulk crystals. Diamond, silicon 

and other crystals can be grown using this method.  

  b) Chemical vapour transport: 

In this method24 the source and the transporting agent undergoes chemical 

reaction forming gaseous products. This product disperses to colder end where 

reaction is reversed, so that the product decomposes and required crystal is deposited. 

The transporting agent diffuses to hotter zone to react with other charge.  

1.5.3. Growth from solution 

In this technique,23 the chemical components are dissolved in a solvent or flux 

and then allowed to crystallize slowly with decrease in temperature. In this method 

crystals can be synthesized from a solution well below its melting point and perhaps 

even at room temperature. Depending on the solubility of the crystalline materials, 

this method can be classified as low and high temperature solution growth. 

1.5.3.1. High temperature solution growth 

This method is applied to materials with incongruent melting point. Mixed 

crystals of solid solutions can be grown by choosing suitable growth parameters. High 

temperature solution growth of crystals can be classified as: i) Flux method and 

ii) Hydrothermal method. 

i) Flux method: 

It is a high temperature solution growth method21-22 which is used to grow 

variety of single crystals like barium titanate, magnesium oxide, etc. In this method, 

the crystals are grown from molten state (known as flux) at high pressure and 

temperature. The solvent is evaporated and the melt is cooled slowly so that 

crystallization occurs by spontaneous nucleation. Since the process is carried out in 

the sealed or partly sealed platinum crucibles, the growth kinetics cannot be measured 

by this method. The crystals grown are highly transparent and can be used for optical 

experiments without further polishing. Synthesis of very small crystals is the demerit 

of this method.  

ii) Hydrothermal method: 

Hydrothermal method24 is suitable for the growth of materials that are 

practically insoluble in water. Many metals, metal oxides and other compounds show 
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a significant solubility when the pressure and temperature are increased. In this 

method, growth is generally performed in steel autoclaves with silver, gold or Teflon 

coatings. The rate of growth depends on the temperature difference between top and 

bottom of the autoclave, pressure and the amount of mineralizers present. The 

requirement of high pressure cause practical differences. Hence large, high purity, 

dislocation free single crystals can be grown using this method. Quartz crystals are 

grown industrially using this technique. 

1.5.3.2. Low temperature solution growth 

This is one of the ancient methods of growing crystals from solution. The 

growth of crystals may take long time such as weeks to months and even years.  This 

method25-26 is used to grow the single crystals unstable at melting point and also the 

materials undergoing phase transformations below its melting point. Materials soluble 

at ambient temperature to 100 ºC under atmospheric pressure are grown using this 

method. The mechanism of growing crystal from solution is governed by the 

interaction of solvent molecules or ions and the solute, which in turn depends on 

thermodynamic parameters like pressure, temperature and also on the nature of 

solvent. This method allows to grow crystals of different morphology and 

polymorphic for the same materials using different growth conditions and solvents. 

The supersaturation can be achieved by employing the following methods: 

a) Slow cooling of the solution: 

The best way of growing single crystals from solution is the slow cooling of 

the solution. In this method,24-26 growth takes place without secondary nucleation in 

the solution, provided the supersaturation is attained in the metastable zone. The rate 

of cooling may lead to change in the solubility beyond this zone and multi-nucleation 

takes place at the expense of seed crystal. It is mandatory to maintain a temperature 

balance between lowering of temperature and growth rate. Growth at low 

supersaturation point prevents strain and dislocation at the interface. Supersaturation 

may be increased after initial growth to arrive at a reasonable growth rate. 
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b) Slow evaporation method: 

In this method,25-26 the excess of solute is established by using the difference 

between rate of evaporation of solute and the solvent. In this method, the particles of 

the solution that are loosely bound to the components are lost resulting in decrease of  

 

Fig 1.8. Schematic representation of slow evaporation method. 

 

volume of the solution. In most of the cases, the solvent evaporates rapidly resulting 

in supersaturated solution evaporate. Water being non-toxic is allowed to evaporate 

and escape freely to the atmosphere.  This is one of the simplest and oldest methods 

of crystal growth. Fig 1.8 shows the schematically represents the slow evaporation 

method. 

c) The temperature gradient method: 

In this method,24-26 the materials are transported from a hotter region to 

containing solute to cooler region. This results supersaturation of the solution and the 

growth of crystals take place. A slight difference in the temperature of source and 

crystal zones effectively affects the growth rate of crystals. The major advantage of 

this method is that the Crystal grows at fixed temperature and insensitivity to changes 

in temperature provided both the source and growing crystal undergo the same 

change. 

d) Gel method: 

Gel, a two component semi-solid, is rich in liquid and is inert in nature. The 

materials undergoing decomposition before melting is grown in gel medium25-27 by 

counter diffusion of two suitable reactants. Crystals of several millimeter dimensions  
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                   Fig 1.9. Schematic representation of Gel method. 

 

can be grown within 3-4 weeks. This room temperature crystal growth may lead to the 

formation of good quality with lesser defective crystals. The method has been shown 

schematically in Fig 1.9.    

1.6. Metal-Organic Hybrid Complexes 

Metal-organic hybrid networks have been studied intensively over recent 

decades due to their porosity and fascinating magnetic and electronic properties.  

These properties lead to their potential applications in gas absorption, gas storage, 

catalysis and sensors.28-29 Common alternate terms for hybrid materials include 

“coordination polymers”, “metal organic frameworks/networks” and “hybrid 

networks”. Inorganic-organic hybrid materials in which metal coordination 

compounds of finite one-, two-, three-dimensional network structures with metal ions 

as backbones and ligands are called “coordination polymers”.30  

Metal-organic frameworks (MOFs)31 are defined as extended array of metal 

ions or complexes linked by mutifuntional bridging organic ligands. MOFs are 

geometrically well-defined three-dimensional networks with strong bonding (such as 

covalent bonding) within the structure. Metal-organic hybrid networks are crystalline 

materials containing both organic and inorganic moieties as integral parts of the 

network with extensive bonding interactions like covalent, ionic or hydrogen bonds 
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throughout the entire material. The hybrid concept falls into a category where the 

interface between their components is increased compared to a mixture and the 

interaction is at a molecular or atomic level. Structure property relationship activity is 

the key characteristic factor for the functional hybrid materials. Inorganic-organic 

hybrid compounds can be divided into two categories. First is metal-organic 

framework (MOF), wherein an organic component is covalently bonded to basically a 

metal centre and second one is organically templated inorganic materials which have 

no or very weak interactions (like hydrogen bonding, etc.) between inorganic and 

organic components.  

1.6.1. Methods of synthesis of metal-organic hybrid complexes 

There are a number of methods employed for the synthesis of metal-organic 

hybrid complexes that attracted the scientist across the world. Some of the popular 

methods used for the synthesis of hybrid complexes are discussed below:  

1.6.1.1 Conventional method 

This method32 involves heating of the mixture containing metal salt and 

organic linker in a solvent. The complexes thus prepared are filtered and washed 

properly using suitable solvents. The complexes prepared using conventional methods 

are often found to be thermally unstable and may even react with the solvents used. 

This results  in the cleavage of bonds as well as formation of metal sites or cavities for 

guest species like gases to access the pores formed within their structure. Moreover 

the conventional methods are time consuming.  

1.6.1.2. Solvothermal method 

Solvothermal synthesis33-34 of metal-organic hybrid complexes is performed in 

an autoclave in aqueous/non-aqueous precursor solution. In this method, the 

temperature is usually maintained above critical point of the solvent under high 

pressure. Solvothermal synthesis allows controlling the size, shape and also the 

crystalline nature of the hybrid complexes. The characteristic features of the 

synthesized complexes can be altered by changing the temperature, reaction time, 

surfactants and precursor type.  In this method the organic linkers and the metal salts 

are heated in aqueous/non-aqueous solvents at high pressure and temperature. The 

method is schematically represented in Fig 1.10. 
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Fig 1.10. Schematic representation of Solvothermal method. 

 

1.6.1.3. Hydrothermal method 

In this method, the aqueous suspension of the reaction mixture is loaded in 

Teflon vessel, sealed and placed in the automated oven/microwave unit. The reaction 

mixture is heated for the appropriate time at the set temperature. After the reaction is 

complete, the vessel is left for hours to cool at room temperature.  

 
Fig 1.11. Schematic representation of Hydrothermal method. 

 
Then it is filtered and after repeated washing with de-ionised water and other solvents 

the compound is isolated and used for physicochemical characterization and also the 

potential applications is explored. The molecular rotations and fast heating of liquid is 

induced by coupling the oscillating electric field coupled with dipole moment of the 

molecules present in the medium.35-36 The potential applications of this method is 

faster crystallization, phase selectivity,37-38 narrow particle size distribution39 and 

facile control of morphology.40-41 Commercial microwave can also be used to provide 

adjustable power outputs and enable fiber optic pressure- temperature control.42 
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  1.6.1.4. Sonochemical Method 

Sonochemical methods can achieve reduction faster crystallization and 

significantly smaller particles than those obtained from the conventional solvothermal 

synthesis.43-44 As shown in Fig1.12, the reaction mixture for the given metal-organic 

hybrid complexes is introduced to a Pyrex reactor fitted with a sonicator bar. The 

power output can be adjusted without external cooling. The formation and collapse of 

bubbles in the solution after sonication (acoustic cavitations), produces very high 

temperatures of around 5000 K and pressures of about 1,000 bar.45-46 This results in 

increased heating and cooling rates thereby producing fine crystallites.46 High-quality 

metal-organic hybrid crystals were obtained within 30 minutes by sonochemical 

synthesis using 1-methyl-2-pyrrolidone as the solvent.47  

 

Fig 1.12. Schematic representation of Sonochemical method. 

 

1.6.1.5. Electrochemical Method  

In electrochemical synthesis, metal ions are continuously supplied through 

anodic dissolution. The source metal ions react with the organic linker molecules and 

also with a conducting salt present in the medium. The deposition of metal on the 

cathode is avoided using protic solvents.48 The electrochemical route can be used to 

obtain higher solids contents compared to normal batch reactions.46  
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Fig 1.13. Schematic representation of the Electrochemical method. 

 

1.6.1.6. Mechanochemical Method 

This method involves intramolecular breakage of bonds followed by chemical 

transformations in solvent free conditions at room temperature.49 Hybrid complexes in 

good yield can be obtained in very short time, i.e., in 10-60 mins. Metal oxides were 

often preferred over metal salts as a starting material to obtain water as the only side 

product.46  Kitagawa et al.  has reported the critical role of moisture in the synthesis of 

pillared type hybrid complexes using this method.50  This method can be enhanced by  

increasing small amount of solvents which increases rate of mobility of the 

reactants.51-52 

 

Fig 1.14. Schematic representation of Mechanochemical method. 

 

1.6.2. Applications of metal-organic hybrid complexes 

Metal-organic hybrid complexes have shown potential applications in gas 

adsorption, gas separation, and catalysis.53-59 In the past few decades, remarkable 

progress have been observed in the design, synthesis and characterization of hybrid 

complexes stemmed from their fascinating chemical and structural diversity and also 
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due to their huge potential applications. The intense research efforts towards the 

industrial applications are mainly attributed to the unique structural properties like 

robustness, high chemical and thermal stabilities. 

1.6.2.1. Biomedical applications 

Metal-organic hybrid complexes are termed as 'hybrid route' for drug delivery 

due to its flexible skeleton provided by tunable pore volume and functional organic 

groups. The pore size is tailored to increase storage capacity and release time for 

specific drug molecules. To consider hybrid complexes as a potential drug carrier, it 

should have efficient drug loading and drug delivery capacity with controlled release 

of the drug, and also matrix degradation in the body. MIL-100 and MIL-1013 

exhibited a very high drug storage capacity, up to an unprecedented 1.4 g of Ibuprofen 

per gram of porous solid and have shown efficient as well as controlled drug release 

under physiological conditions within 3 to 6 days.60-62 

1.6.2.2. Chemical Sensors 

The performance and use of chemical sensors are optimized considering the 

various elements like selectivity, sensitivity, material stability, response time and 

reusability. MOFs/hybrid with luminescent properties along with shape/size selective 

sorption properties are considered as good sensing devices.63-68 The organic 

linkers/ligands present in the framework show ready luminescence following UV-Vis 

excitation.67 The potential selection of hybrid materials for specific analytes is 

substantial but not developed enough to adsorb atoms/molecules smaller than the 

aperture size.65 The open metal sites plays crucial role in molecular recognition owing 

to their ability to impart highly specific and selective molecular transport, 

transformations and storage.69 

1.6.2.3 Catalysis 

Meal-organic hybrid complexes can be used as potential catalysts stemmed 

from their tunable porosity with large surface area, diverse coordination geometries, 

polytopic linkers, ancillary ligands and diversity in metal and functional groups. 

Moreover, the metal ion in the hybrid complexes often acts as Lewis acids and 

activates the coordinated organic substrates for subsequent organic transformations 

like the cyanosilylation of aldehydes as well as imines.70 
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1.6.2.4 Gas Separations 

Metal-organic hybrid complexes/MOFs have been found to be used as gas 

separating materials attributed to their tunable pore size, surface area and other 

surface properties. Hybrid complexes have diverse coordination geometries and can 

be used as effective tool in gas separation.  The separation of gases from mixture is 

necessary from environment perspective, e.g., it is necessary to remove CO2 from 

CH4 to avoid environment hazard.71-72 The membrane separation technology is used to 

efficiently and selectively capture CO2 from the mixture. The interaction between the 

polymeric membranes and gases are tuned effectively to increase both selectivity and 

efficiency of gas separations from the stream of gases. 

1.6.2.5. Gas Storage 

MOFs/hybrid complexes have emerged as new promising family of materials 

for the storage of gases attributed to their substantial pore volume and flexible 

geometry.  The capture and storage of CO2 from exhaust flue plays significant role in 

mitigating its effect on climate change. The elimination of CO2 for upgrading natural 

gas or purifications of hydrogen is economically important. MOFs are more 

compatible and economical than other techniques for storing CO2.
73 MOFs are also 

considered for storing H2 gas. Metal centers having high binding energies can bind 

hydrogen gas directly.117  

1.6.3. Water as a reaction medium 

Water shows remarkable properties as reaction media under hydrothermal 

conditions especially at critical point and above 100 oC temperature and above1 atm 

pressure. The chief advantages of using water as reaction medium is that it is polar, 

non-toxic, non-mutagenic, non-flammable, non-carcinogenic and thermodynamically 

stable. Moreover, it acts as a catalyst in the synthesis of useful compounds by tuning 

the pressure and temperature. Water being volatile, can be removed easily from the 

products. The phase diagram of a homogenous substance (Fig 1.15) marks the end for 

the liquid-vapour coexistence curve at the critical temperature cT  and pressure cP . A 

supercritical fluid (SCF)73 is an intermediate phase between a gas and a liquid. The 

density of both the phases become the same at the critical point and thus known as 

supercritical fluid (SCF). 
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Fig 1.15. Phase diagram of water. Adapted from Ref. No 74. 

 

Viscosity and diffusivity symbolizes transport properties and influences the rate of 

mass transfer. In SCF diffusivity of reactants will occur faster than in liquid solvents, 

i.e., solids dissolve and migrate faster in SCFs. Intermediate density, low viscosity 

and high diffusivity of water increases the rate of the reaction. In the compressible 

region, the sharp increase of dielectric constant73 with pressure refers to the area close 

to critical point in which the compressibility is higher than forecasted from ideal gas 

law. This behavior is parallel to the change of density as shown in Fig 1.16.74 Density 

changes continuously and sharply with increasing pressure in compressible region. 

The significant change in solvating power of hydrothermal solvents can be observed 

with change in density. This seems to be advantageous over other solvents. 

 

                Fig 1.16. Variation of dielectric constant of water with temperature and pressure.  
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When the density of water is very high it can behave as non-aqueous fluid in which 

non-polar compounds may also dissolve completely.75  

1.6.4. Thermodynamic aspects of the Hydrothermal Growth of Crystals 

When the process of crystallization takes place from the saturated solutions, 

the number of moles of solute and the free energy is represented as a function of 

temperature, pressure and number of moles: 
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where in  is number of moles of the ith the components and jn is the constant number 

of moles of all the components except the component whose number of moles 

changes. The terms like 2,,2 j
)/( dnnG nTP∂∂  means that P, T and all other mole 

numbers except 2n  were kept constant during differentiation. Such terms are called 

chemical potential, 

)7()/( ii,,i j
µ=∂∂ dnnG nTP  

At constant P and T, Eq (6) becomes: 

)8(...... ii2211, ∑=++=∂ dndndnG TP µµµ  

On integration Eq (8) gives,  

)9(...... ii2211, ∑=++= ndndnG TP µµµ  

On differentiation Eq (9) gives 

)10(iiii, ∑∑ +=∂ dndnG TP µµ   

By equating Eq (8) to Eq (10) yields, 

)11(0ii =∑ µdn  

Eq (11) is considered as the overall equilibrium condition in the system with variable 

number of moles under constant P and T. In a hydrothermal system containing An  

mol of a solid A and partially soluble ( 1An  mol) in Bn  mol of a solvent B. Then the 

free energy of the system corresponds to Eq (9) as follows: 

)12(BB1A1AAA dndndnG µµµ ++=  
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If the process of dissolution of the solid components continues, then the free energy 

dG  becomes, 

)13()()( BB1AA1AAAA µµ ndndnndnndGG +++−=+  

This change in the free energy under constant P and T becomes, 

dndG )( A1A µµ −=  or )14()(/ A1A µµ −=dndG  

If A1A µµ < , then dndG /  is negative and the process occurs on its own. When 

A1A µµ > , the crystallization of the substance from solution takes place and the 

chemical potential decreases and when A1A µµ = , the process reaches the equilibrium 

state. Consequently, the solute changes its phase from higher chemical potential to 

lower chemical potential. The phase transition stops when the chemical potential of 

both the phases becomes equal.76 It is observed that the above considered mechanism 

is realized only when, in the non-equilibrium process, the changes in dG  do not 

depend upon the chemical potential and concentration of other components of the 

solution. However, consideration of the above relationship may help in understanding 

the physico-chemical principles of the hydrothermal process.76 

1.7. Advantages of hydrothermal method: 

Hydrothermal synthesis of single crystals of hybrid complexes offers 

numerous advantages over conventional and other known synthetic methods. The 

costs of instrumentation, precursors and energy are quite less in hydrothermal 

methods compared to many advanced methods. This method is environmentally 

benign and comparatively low reaction temperatures avoid problems like poor 

stoichiometric control and stress-induced defects that are encountered with high 

temperature methods, viz., Bridgeman and Czochralski method. The rate and 

uniformity of nucleation, aging and growth that affects size, aggregation control and 

morphology is possible with this method. This method provides powders with 

controlled morphology and size is lucrative to industries like pigments, materials, 

medical diagnostics, pharmaceuticals, etc. Materials synthesized using hydrothermal 

method exhibit incongruity in point defects compared to materials synthesized by 

high temperature synthetic methods. 



  

Chapter I 

 

23 | P a g e  

 

One of the major advantages of this method is that it can be easily hybridized with 

other methods like electrochemical, microwave, mechano-chemistry, ultrasound, hot-

pressing and optical radiation to enhance reaction kinetics and increased ability for 

making new materials. This is a facile method which does not need catalyst, any seed, 

expensive and harmful surfactants or templates and thus promises for and low-cost, 

largescale production of high-class pure crystals. 

1.8. Brief literature survey 

The "hydrothermal" term is of geologic origin. Hydrothermal growth of 

crystals77 was first reported by Karl Emil von Schafhäutl in 1845 when microscopic 

quartz crystals were grown in pressure cooker.  Robert Bunsen in 1848 reported 

growth of barium and strontium carbonate crystals at 200 °C and 15 atmospheres 

pressure in a   sealed glass tube and aqueous ammonium chloride as a 

solvent.78 Crystals of various minerals were produced using hydrothermal synthesis 

by Henri Hureau de Sénarmont in 1849 and 1851.79-81 Later in 1905, Giorgio Spezia 

reported the growth of macroscopic crystals82 using solutions of sodium silicate, 

natural seed crystals heated in a silver-lined vessel to 320-350 °C (one end present at 

top) and to 165-180 °C (other end at the bottom) 15 mm of new growth was obtained 

over 200-day period. A shortage of natural quartz crystals in the electronics industry 

during World War-II led to commercializing culture of quartz crystals using 

hydrothermal process by A. C. Walker et. al in 195083 The notable contributions have 

also been made by Nacken (1946), Hale (1948), Brown (1951), and Kohman (1955).84  

The history of “hybrid network” started in early 20th century. Werner 

extensively investigated coordination compounds in the early 20th century, and his 

pioneering Work was recognized and he was rewarded with Nobel Prize in Chemistry 

in 1913.85 Coordination compounds with fascinating infinite structures are called 

hybrid networks, a term which appeared in early 1960’s. In 1964, hybrid networks 

were reviewed by Bailar.89 More hybrid networks have been discovered and studied 

by chemists since 1970. The term, “organic-inorganic hybrid materials” appeared in 

the early 1990’s and this term were introduced by Hoskins and Robson in 1990’s.86-93 
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Table 1.2. Development of the hydrothermal method. 

Year  Focus  Remarks  

1850-1940 Mineral synthesis 

Improvement in pressure and 

temperature condition 

 

Lower growth rate 

1940-1970 Phase diagram for natural mineral 

systems 

 

PVT diagrams 

1970-1980 Synthesis of new inorganic materials  

Hydrothermal synthesis 

1980-1990 Variety of new/advanced material 

synthesis 

Supercritical and subcritical 

hydrothermal synthesis 

1990-2018 Synthesis of inorganic-organic hybrid 

materials/ condensed materials/ 

phosphors 

Solvothermal/microwave 

assisted/ionothermal/sonochemica/ 

electrochemical synthesis 

 

The field of crystalline inorganic-organic hybrid materials has developed rapidly 

because of the unique and diverse characteristics and properties of these compounds. 

Since the preparation of zeolite, using “organic templates”, the rewards of typical 

synthetic inorganic chemistry has moved towards the exploration of novel crystalline 

hybrid materials. The discovery of new materials and characterisation remains the 

forefront of synthetic material science. Understanding the crystal architecture of novel 

compounds has contributed greatly to both established and emerging materials for 

applications, for example, optical and magnetic applications. The key idea when 

developing the hybrid materials is to take advantage of the best properties of each 

component that forms the hybrid, trying to decrease or eliminate their drawbacks and 

getting, ideally, a synergistic effect which results in the development of innovative 

materials with new properties. D. Xiao and his group has reported hydrothermal 

synthesis of triclinic crystals of hybrid copper vanadate [{Cu(phen)(H2O)}2V4O12]
94 

space group P  using V2O5, CuCl2 ·  2H2O, phen and water. The hybrid compound 

consists of a novel double-chain ribbon constructed from tetravanadate clusters linked 

through copper–organic complex fragments. Ye Junwei  et. al synthesized helix like 

[Cu(NIPH)(bpy)]95 hydrothermally using Cu (II) acetate, 2,2′-bipyridyl (bpy) and 5-
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nitroisophthalic acid (H2NIPH). Cu atoms are coordinated to NIPH and bpy ligands. 

The complex crystallizes in the space group P2 1/c and shows high thermal stability.  

Magnetic measurements indicated an antiferromagnetic behavior of compound. Mesa 

et al. has reported the synthesis of three-dimensional hybrid complex, 

Ni3(C4H4N2)3(V8O23)
96 under mild hydrothermal condition, at 170 ºC. A UV-visible 

spectrum shows the characteristic bands of the Ni(II) d8 -high-spin cation in a slightly 

distorted octahedral coordination. Magnetic measurements indicate the existence of 

antiferromagnetic interactions. Mehtap et. al has reported  the hydrothermal synthesis 

of  copper based hybrid complex [Cu(4,4′bipyH)3(4,4bipy)][HPW12O40]2.12H2O.97 

Single crystal X-ray diffraction revealed that the novel compound composed of two 

Kegging polyoxoanion connected with Cu complex fragment in 3D through hydrogen 

bonding. Shu Kui Shi et. al has reported hydrothermal synthesis of bisupporting 

Keggin-type complex, {[Cu(phen)2]2[(HBW12O40)]}[CuCl2(phen)]2.2H2O and 

characterized the compound using  elemental analysis, IR spectroscopy, UV/Vis/NIR 

spectroscopy, powder and single crystal X-ray diffraction. The polyoxometalate 

consists of one Keggin-type [HBW12O40]⁻  core and two covalently linked copper(II) 

complex fragments [Cu(phen)2]². The presence of π· · ·π interaction and hydrogen 

bonds within the complex lead to a stable supramolecular structure. Cherni et.al
134 has 

reported the hydrothermal synthesis of monoclinic mixed-ligand copper(II) complex, 

[Cu(C12H8N2)(NO3)2] n 
99 with space group P21/n. The Cu(II) ions are penta-

coordinated giving distorted square-based pyramidal geometry in 

CuO3N2 environment. Kellett et al. reported the synthesis and characterization of a 

square-planar copper(II) complex, [Cu(ph)(o-phen)].2H2O and studied its various 

biological activities.100 Cu(DNBA)2(H2O)2  and Cu(DAT)2(DNBA)2  [3,5-

dinitrobenzoic acid(DNBA)  and 1,5-diaminotetrazole (DAT)] has been synthesized 

and characterized by Zhimin et al. 146 In Cu(DNBA)2(H2O)2, Cu(II) was found to be 

coordinated to a plane tetragon through four Cu(II)  was found to be coordinated to 

oxygen atoms of two DNBA– ions and two H2O molecules while in 

Cu(DAT)2(DNBA)2   two oxygen atoms and two nitrogen atoms from different 

DNBA– ions and DAT ligands. Catalytic properties of the complexes were also 

studied using DSC. The complexes were found to have potential applications as 
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additives in solid rocket propellants.101 Ibragimov et al. has reported the synthesis 

mixed-ligand complex [Cu2(L)2(TEA)2] ·  [Cu(TEA)2] ·  2H2O and a supramolecular 

compound [Ni(TEA)2] ·  2L [ where TEA represents  triethanolamine and L represents 

4-hydroxybenzoic acid]. In [Cu2(L)2(TEA)2], metal atoms have tetragonal 

bipyramidal elongated due to Jahn–Teller effect and octahedral in the complex. 

[Cu(TEA)2].2H2O. The structural units of both the complexes are linked in 2D 

through extensive hydrogen bonds.102 

 From the literature survey it is evident that the hydrothermal synthesis of 

single crystals of metal-organic hybrid complex has become certainly a leading 

synthetic method over the years. This method can lead to the synthesis of hybrid 

materials of high purity with interesting and riveting structural features. The unique 

and riveting behavior of organic ligands under hydrothermal conditions may lead to 

diverse and immensely useful complexes in various fields.  

1.13. Objectives and applications of this research work 

Synthesis of dislocation free single crystals of hybrid materials involves both 

challenges and opportunities. The most important challenge is synthesizing hybrid 

combinations that keep or enhance the best properties of each component while 

eliminating their particular limitations, having the opportunity to develop new 

materials with synergistic behavior. This behavior leads to an improvement in 

performance or to the discovery of new complexes with fascinating properties. 

Therefore the main objectives of this research investigation are as follows: 

• To synthesize dislocation free single crystals of metal-organic hybrid 

complexes using hydrothermal technique and to study the coordination 

behavior of organic ligands under hydrothermal condition. 

• To characterize and study the properties/potential applications of the 

synthesized metal-organic hybrid complexes using various physicochemical 

techniques 

• To compare hydrothermal and conventional method of synthesis of metal 

organic hybrid complexes. 

This present dissertation includes a total of seven chapters including this introductory 

one. The experimental section is discussed under Chapter II wherein details of 
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chemicals and the various physico-chemical techniques used to study the synthesized 

complex were described. The synthesis, structural characterization and properties/ 

potential applications of the synthesized complexes are discussed in Chapters III to 

VI, followed by concluding remarks in chapter VII. 
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