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ABSTRACT 

 Single crystals play an important role in today’s technological 

systems in the fields of communication, transportation, medical, energy, 

information, etc. Safety technologies depend critically on the availability of 

suitable single crystals with tailored properties. Due to potential applications 

of single crystals in modern advancing technology, several research works are 

being carried out to prepare (grow) and characterize new crystals. So, crystal 

growth and characterization has become an important area of research. 

 Metal organic framework (MOF) crystals have received much 

attention of researchers due to their fascinating structures and potential 

applications. Metal succinates are the salts of succinic acid with each of the 

four terminal carbonyl oxygen atoms in the succinate ligand forming 

coordinate bonds with the central metal ion. The interesting aspect of these 

material crystals is in the number of water molecules present and 

consequently the variation in the crystal structure producing variation in the 

number of hydrogen bonds in the crystal.            

 The present thesis work involves the growth and characterization of 

eleven single crystals, viz. pure calcium succinate (CS), pure barium succinate 

(BS), mixed barium-calcium succinate (BCS) with five different ratios (BCS 

28, BCS 46, BCS 55, BCS 64 and BCS 82), glycine doped calcium and 

barium succinates (GCS and GBS) and urea doped calcium and barium 

succinates (UCS and UBS). All the eleven crystals were grown by using the 

simple slow evaporation of solvent method at room temperature. The 

physicochemical properties of the grown crystals were investigated using the 

available standard techniques like X-ray diffraction, AAS, FTIR, EDX and 
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UV-Vis-NIR spectral, SHG efficiency, thermo-gravimetric (TG/DTG), micro 

hardness and dielectric (AC electrical) measurements.    

 The powder XRD, FTIR spectral and thermo-gravimetric 

measurements carried out on the successfully grown (to a considerable size) 

CS single crystal indicate good crystallinity, triclinic crystal system, 

considerable thermal stability (up to 68 °C) and fractional water of hydration 

(2.3 water molecules). The UV–Vis–NIR spectral and SHG efficiency 

measurements indicate that the CS crystal is expected to be useful in photonic 

devices.  

 The BS single crystal has been successfully grown and the single 

crystal XRD, FTIR, and EDX spectral and thermo-gravimetric measurements 

carried out on it indicate good crystallinity, monoclinic crystal system, 

considerable thermal stability (up to 150 °C) and hydrous nature (with one 

water molecule). The BS crystal possesses good optical transmittance (~73 %) 

in the wavelength range of 250 - 1200 nm and an SHG efficiency of 0.67 

times (in KDP unit) and is expected to be useful in photonic devices.   

 Stable and considerably transparent single crystals of BaxCa1-

xC4H4O4 (x = 0.2, 04, 0.5, 0.6 and 0.8) could be grown to a reasonable size. 

Single crystal XRD measurement indicates that the BCS 28, BCS 46 and BCS 

55 crystals belong to the orthorhombic crystal system and the BCS 64 and 

BCS 82 crystals belong to the monoclinic crystal system. The chemical 

compositions could be obtained through FTIR spectral, AAS and thermo-

gravimetric measurements.  BCS 28, BCS 46 and BCS 55 crystals contain 

fractional water molecules whereas BCS 64 and BCS 82 crystals contain no 

water molecule. Mixing CS with BS leads to tuning significantly the thermal 

stability, optical transmittance, window wavelength range, SHG efficiency, 

mechanical properties and AC electrical properties.  The mixed crystals 

grown in the present study are expected to be more useful than their end 
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members in optoelectronic, NLO and electrical device applications.  

Moreover, the present study indicates the possibility of growing single phased 

mixed crystals with the end members being non–isomorphous. 

 The GCS, GBS, UCS and UBS single crystals have been 

successfully grown and the powder XRD measurement made on them indicate 

a good crystalline nature. The FTIR spectral analysis indicates the presence of 

all the functional groups as well as the dopant molecules as per the crystal 

considered. The UV-Vis-NIR spectra obtained show that these crystals have 

lower cut-off wavelengths in the UV region and high transmittance in the 

entire visible and NIR region.  The thermo-gravimetric and micro hardness 

measurements indicate that doping improves significantly the thermal and 

mechanical stabilities. The optical (UV-Vis-NIR spectral and SHG efficiency) 

and AC electrical measurements indicate that doping with glycine and urea 

leads to tuning the optical and dielectric properties of CS and BS crystals 

significantly.  

 Results of micro hardness and AC electrical measurements indicate 

that all the eleven crystals grown exhibit a normal mechanical and dielectric 

behaviour and the crystals belong to the soft material category. The electrical 

conduction in all these crystals could be understood as due to the proton 

transport. The higher dielectric constant values observed indicate that all these 

crystals can be expected to be more useful in capacitor technology. Also, the 

present study indicates that forming hybrid crystals based on CS and BS 

crystals (by mixing CS with BS and doping CS/BS with glycine/urea) leads to 

significant changes in optical, thermal, mechanical and dielectric properties. 

 The details of the research work carried out in the present study are 

presented and discussed in this thesis.  

 



vi 

 

 

ACKNOWLEDGEMENT 

 I wish to record my deep sense of gratitude and profound thanks to 

my research supervisor Dr. X. Sahaya Shajan, Director of Research, Centre 

for Scientific and Applied Research, PSN college of Engineering and 

Technology, Tirunelveli, for his keen interest, inspiring guidance, constant 

encouragement, scholarly advise and motivation to carry out my work during 

all stages, to bring this thesis into fruition. 

 I am extremely indebted to Dr. C. K. Mahadevan, Professor of 

Physics, Centre for Scientific and Applied Research, PSN college of 

Engineering and Technology, Tirunelveli, for his valuable suggestions and 

support during the course of my research work.  I feel happy to thank  

Dr. P. Suyambu, Chairman of the PSN Group of institutions, for giving me 

an opportunity to carry out the research work with institute stipend.  

 I wish to record my thanks to the Principal and all other Professors 

of the research department for their valuable suggestions and support during 

the course of my research work. I credit my thanks to my Doctoral Committee 

Members for their valuable suggestions.  

 I express my hearty thanks to my Dad, Mom, Sisters, Brothers-in-

law and Kids for their constant support and encouragement.  I wish to thank 

my Research Colleagues for their kind help during my research work. 

 I thank GOD, the Almighty for giving me the knowledge and 

strength for the successful completion of this work. Without God I am 

nothing. 

CHRISTY  D S  



vii 

 

 

TABLE OF CONTENTS 

CHAPTER NO.   TITLE         PAGE NO. 

ABSTRACT   iii 

LIST OF TABLES  xii 

LIST OF FIGURES  xiv 

LIST OF SYMBOLS AND ABBREVIATIONS xix 

 

1 INTRODUCTION  1 

1.1 SINGLE CRYSTALS 1 

1.1.1 Organic Single Crystals  1 

1.1.2 Inorganic Single Crystals 2 

1.1.3 Semi-organic Single Crystals 2 

1.2 IMPORTANCE OF HYBRID CRYSTALS  4 

1.2.1   Hybrid Crystals 4 

1.2.1.1 Mixed Crystals 4 

1.2.1.2 Doped Crystals 5     

1.3 METAL CARBOXYLATES 6 

1.3.1   Metal - Succinate Crystals 7 

1.4 SOME MIXED CRYSTALS 9 

1.5 SOME DOPED CRYSTALS 12 

1.6 PRESENT WORK 15 

 

2 MATERIALS AND METHODS 17                                

2.1 INTRODUCTION   17 

2.2 MATERIALS USED IN THE PRESENT 

INVESTIGATION    18 



viii 

 

CHAPTER NO.   TITLE         PAGE NO. 

2.3 CRYSTAL GROWTH METHOD ADOPTED  

IN THE PRESENT INVESTIGATION 18 

2.4 GROWTH OF CALCIUM SUCCINATE  

SINGLE CRYSTALS 20 

2.5 GROWTH OF CALCIUM SUCCINATE  

SINGLE CRYSTALS 21 

2.6 GROWTH OF BARIUM - CALCIUM  

SUCCINATE MIXED CRYSTALS 22 

2.7 GROWTH OF GLYCINE AND UREA  

DOPED CS AND BS CRYSTALS 23 

2.8 CHARACTERIZATION TECHNIQUES  

USED IN THE PRESENT INVESTIGATION  25 

2.8.1 Structural characterization  25 

2.8.1.1 Single crystal X-ray Diffraction  25 

2.8.1.2 Powder X-ray Diffraction 26 

2.8.1.3 Fourier Transform Infrared  

Spectral Analysis   27 

2.8.2 Optical Measurements         27 

2.8.2.1 UV-Vis-NIR Spectral Measurement  27 

2.8.2.2 Powder Second Harmonic 

Generaion Efficiency Measurement 28 

2.8.3 Thermogravimetric and Differential  

Thermal Analyses   29 

2.8.4 Electrical Measurements 30 

2.8.5 Micro Hardness Measurement  31 

2.8.6 Atomic Absorption Spectroscopy   32 

2.8.7 Energy Dispersive X-ray Spectral Analysis  33 

 



ix 

 

CHAPTER NO.   TITLE         PAGE NO. 

3 GROWTH AND PHYSICO - CHEMICAL 

CHARACTERIZATION OF CALCIUM  

SUCCINATE SINGLE CRYSTALS    34                                 

3.1 CALCIUM SUCCINATE CRYSTAL GROWTH   34 

3.2 POWDER X-RAY DIFFRACTION  

MEASUREMENT    35 

3.3 FOURIER TRANSFORM INFRARED  

ANALYSIS  37 

3.4 THERMOGRAVIMETRIC AND  

DIFFERENTIAL  

THERMOGRAVIMETRIC ANALYSES 38 

3.5 MICRO HARDNESS MEASUREMENT 40 

3.6 UV - VIS - NIR SPECTRAL ANALYSIS  42 

3.7 SECOND HARMONIC GENERATION  

EFFICIENCY MEASUREMENT  43 

3.8 DIELECTRIC MEASUREMENT   44 

3.9 CONCLUSION   48 

 

4 GROWTH AND CHARACTERIZATION  

OF BARIUM SUCCINATE SINGLE CRYSTALS 49  

4.1 GROWTH OF BARIUM SUCCINATE  

SINGLE CRYSTALS    49 

4.2 ENERGY DISPERSIVE X-RAY SPECTRAL 

ANALYSIS   50  

4.3 FOURIER TRANSFORM INFRARED  

ANALYSIS  51 

4.4 POWDER X-RAY DIFFRACTION  

MEASUREMENT    53 



x 

 

CHAPTER NO.   TITLE         PAGE NO. 

4.5 SINGLE CRYSTAL X-RAY  

DIFFRACTION ANALYSIS  54 

4.6 UV - VIS - NIR SPECTRAL ANALYSIS 55 

4.7 POWDER SECOND HARMONIC  

GENERATION EFFICIENCY MEASUREMENT 56  

4.8 THERMAL ANALYSIS   56 

4.9 HARDNESS MEASUREMENT  58 

4.10 DIELECTRIC MEASUREMENT   60 

4.11 CONCLUSION   63 

 

5 GROWTH AND CHARACTERIZATION OF  

NEW SEMI-ORGANIC BARIUM CALCIUM 

SUCCINATE SINGLE CRYSTALS 65                                 

5.1 GROWTH OF BARIUM SUCCINATE  

SINGLE CRYSTALS    65 

5.2 ENERGY DISPERSIVE X-RAY  

SPECTRAL ANALYSIS  67  

5.3 FOURIER TRANSFORM INFRARED  

ANALYSIS  67 

5.4 SINGLE CRYSTAL X-RAY  

DIFFRACTION ANALYSIS  69 

5.5 UV - VIS - NIR SPECTRAL ANALYSIS 70 

5.6 POWDER SECOND HARMONIC  

GENERATION EFFICIENCY MEASUREMENT 72 

5.7 THERMOGRAVIMETRIC AND DIFFERENTIAL 

THERMOGRAVIMETRIC ANALYSES 73 

5.8 MECHANICAL PROPERTY - HARDNESS  

 MEASUREMENT  76 



xi 

 

CHAPTER NO.   TITLE         PAGE NO. 

5.9 DIELECTRIC MEASUREMENT   78 

5.10 CONCLUSION   83 

 

6 GROWTH AND CHARACTERIZATION OF  

GLYCINE AND UREA DOPED BARIUM AND 

CALCIUM SUCCINATE SINGLE CRYSTALS 85                                 

6.1 GROWTH OF GLYCINE AND UREA  

DOPED BARIUM AND CALCIUM  

SUCCINATE SINGLE CRYSTALS    85 

6.2 X-RAY DIFFRACTION ANALYSIS 86  

6.3 FOURIER TRANSFORM INFRARED ANALYSIS 88 

6.4 UV - VIS - NIR SPECTRAL ANALYSIS 91 

6.5 POWDER SECOND HARMONIC  

GENERATION EFFICIENCY MEASUREMENT 92 

6.6 THERMAL ANALYSIS 93 

6.7 MICRO HARDNESS MEASUREMENT  96 

6.8 DIELECTRIC MEASUREMENT   98 

6.9 CONCLUSION   102 

 

7 SUMMARY, CONCLUSION AND FUTURE WORK   103  

7.1 SUMMARY AND CONCLUSION     103 

7.2 FUTURE WORK 106 

 

 REFERENCES   108 

 

 LIST OF PUBLICATIONS 117 

 

 



xii 

 

 

LIST OF TABLES 

TABLE NO. TITLE PAGE NO. 

   

3.1 The lattice parameters obtained for the CS 

crystal estimated from PXRD data are 

compared with those available in the literature  36 

3.2 Vibrational frequencies and their assignments 

for the CS crystal 38 

4.1 Variation of    The obtained atomic and weight 

percentages of the elements 51 

4.2 Vibrational frequencies (wavenumbers) and 

their assignments for the BS crystal 52 

4.3 Lattice parameters for the BS crystal estimated 

through SXRD analysis compared to that 

available in ICDD file 54 

5.1 Results obtained through atomic absorption 

spectral analysis  67 

5.2 Vibrational frequencies and their assignments 

for the BCS crystals grown 69 

5.3 Lattice parameters obtained through SXRD 

analysis for the mixed BCS crystals 70 

5.4 Cut off wavelengths and optical transmittance 

observed for the grown mixed crystals 71 

5.5 Results of thermogravimetric analyses 75 

5.6 Work hardening coefficient observed for the 

present growth was compared with their end 

members 77 



xiii 

 

TABLE NO. TITLE PAGE NO. 

   

6.1 (a) Vibrational frequencies and their assignments 

for the GCS and UCs crystals compared with 

that for the CS crystal 89 

6.1 (b) Vibrational frequencies and their assignments 

for the GBS and UBS crystals compared with 

that for the BS crystal 90 

6.2 Decomposition temperature ranges and weight 

losses observed for the pure CS, GCS, UCS, 

Pure BS, GBS and UBS crystals grown 94 

 

 

 

 

 

 

 

 

 

 



xiv 

 

 

LIST OF FIGURES 

FIGURE NO. TITLE PAGE NO. 

   

2.1 The molecular structure of CS  20 

2.2 The molecular structure of BS 21 

2.3 The molecular structure of BCS 22 

2.4 The expected chemical reaction for the 

formation of GCS crystal  23 

2.5 The expected chemical reaction for the 

formation of UCS crystal 24 

2.6 The expected chemical reaction for the 

formation of GBS crystal 24 

2.7 The expected chemical reaction for the 

formation of UBS crystal 24 

3.1 Photograph of the pure CS single crystals 

grown 34 

3.2 The PXRD pattern observed for the CS 

crystal 35 

3.3 The FTIR spectrum observed for the CS 

crystal 37 

3.4 The TG/DTG curves observed for the CS 

crystal 40 

3.5(a) Variation of hardness number (Hv) as a 

function of load P for the grown CS crystal 41 

3.5(b) Variation of log P with log d for the grown 

CS crystal 42 

3.6 The UV-Vis-NIR transmittance spectrum 

observed for the CS crystal 43 



xv 

 

FIGURE NO. TITLE PAGE NO. 

   

3.7(a) Variation of dielectric constant (ɛr) as a 

function of frequency and temperature for the 

grown CS crystal 44 

3.7(b) Variation of dielectric loss factors (tan δ) as a 

function of frequency and temperature for the 

grown CS crystal 46 

3.7(c) Variation of AC electrical conductivity (σac) 

as a function of frequency and temperature 

for the grown CS crystal 47 

4.1 Photographs of the pure BS single crystals 

grown 49 

4.2 The EDX spectrum observed for the BS 

crystal grown 50 

4.3 The FTIR spectrum observed for the BS 

crystal 51 

4.4 The PXRD pattern observed for the BS 

crystal compared to that available in the 

ICDD file 53 

4.5 The UV-Vis-NIR transmittance spectrum 

observed for the BS crystal grown  55 

4.6 The TG and DTG curves observed for the BS 

crystal grown 57 

4.7(a) Variation of hardness number (Hv) as a 

function of load P for the grown BS crystal 59 

4.7(b) Variation of log P with log d for the grown 

BS crystal 59 



xvi 

 

FIGURE NO. TITLE PAGE NO. 

   

4.8(a) Variation of dielectric constant (ɛr) as a 

function of frequency and temperature for the 

grown BS crystal 61 

4.8(b) Variation of dielectric loss factors (tan δ) as a 

function of frequency and temperature for the 

grown BS crystal 62 

4.8(c) Variation of AC electrical conductivity (σac) 

as a function of frequency and temperature 

for the grown BS crystal 63 

5.1 Photographs of the BaxCa1-xC4H4O4 single 

crystals grown 66 

5.2 FTIR spectrum of the mixed BCS crystal 68 

5.3 The UV-Vis-NIR transmittance spectra 

observed for the BCS crystals 71 

5.4 Powder SHG efficiencies observed for the 

grown mixed BCS crystals compared to that 

of the end member crystals (CS and BS) 72 

5.5 The TG and DTG curves observed for the 

mixed BCS crystals 74 

5.6(a) Variation of hardness number (Hv) as a 

function of load P for the grown BCS crystals 76 

5.6(b) Variation of log P with log d for the grown 

BCS crystals 77 

5.7(a) Variation of dielectric constant (ɛr),  dielectric 

loss factors (tan δ) and  AC electrical 

conductivity (σac) as a function of frequency 

and temperature observed for the grown BCS 

28 crystal 78 



xvii 

 

FIGURE NO. TITLE PAGE NO. 

   

5.7(b) Variation of dielectric constant (ɛr),  dielectric 

loss factors (tan δ) and  AC electrical 

conductivity (σac) as a function of frequency 

and temperature observed for the grown BCS 

46 crystal 79 

5.7(c) Variation of dielectric constant (ɛr),  dielectric 

loss factors (tan δ) and  AC electrical 

conductivity (σac) as a function of frequency 

and temperature observed for the grown BCS 

55 crystal 80 

5.7(d) Variation of dielectric constant (ɛr),  dielectric 

loss factors (tan δ) and  AC electrical 

conductivity (σac) as a function of frequency 

and temperature observed for the grown BCS 

64 crystal 81 

5.7(e) Variation of dielectric constant (ɛr),  dielectric 

loss factors (tan δ) and  AC electrical 

conductivity (σac) as a function of frequency 

and temperature observed for the grown BCS 

82 crystal 82 

6.1 Photographs of the doped GBS, UBS, GCS 

and UCS single crystals  86 

6.2(a) The PXRD patterns observed for the GCS and 

UCS crystals compared with that of the CS 

crystal  87 

6.2(b) The PXRD patterns observed for the GBS and 

UBS crystals compared with that of the BS 

crystal 87 



xviii 

 

FIGURE NO. TITLE PAGE NO. 

   

6.3(a) FTIR spectra observed for the GCS and UCS 

crystals compared with that for the CS crystal 88 

6.3(b) FTIR spectra observed for the GBS and UBS 

crystals compared with that for the BS crystal 90 

6.4 UV-Vis-NIR spectra observed for the GCS, 

UCS, GBS and UBS  crystals along with that 

for the CS and BS crystals  91 

6.5 The SHG efficiencies observed for  GCS, 

UCS, GBS and UBS  crystals compared to 

that for CS and BS crystals 93 

6.6 The TG - DTG curves observed for the  GCS, 

UCS, GBS and UBS  crystals  95 

6.7 Results of micro hardness measurement:  

(a) and (c) – The hardness behavior and  

(b) and (d) -  Plots between log P and log d    97 

6.8(a) Variation of dielectric constant (ɛr) as a 

function of frequency and temperature for the  

GCS, UCS, GBS and UBS  crystals 98 

6.8(b) Variation of dielectric loss factors (tan δ) as a 

function of frequency and temperature for the  

GCS, UCS, GBS and UBS  crystals 100 

6.8(c) Variation of AC electrical conductivity (σac) 

as a function of frequency and temperature 

for the  GCS, UCS, GBS and UBS  crystals 101 

 

 



xix 

 

 

LIST OF SYMBOLS AND ABBREVIATIONS 

AC - Alternating Current 

AAS - Atomic Absorption Spectroscopy 

ATR - Attenuated Total Reflectance 

BCS - Barium Calcium Succinate 

BS - Barium Succinate 

CS - Calcium Succinate 

EDX - Energy Dispersive X-ray Absorption 

FTIR  - Fourier Transform Infrared 

GBS - Glycine Doped Barium Succinate 

GCS - Glycine Doped Calcium Succinate 

JCPDS - Joint Committee on Powder Diffraction Standards 

n - Mayer’s Index or Work Hardening Coefficient 

MOF - Metal Organic Framework 

NLO - Nonlinear Optics 

KDP - Potassium Di-hydrogen Phosphate 

PXRD - Powder X-ray Diffraction 

SHG   - Second Harmonic Generation 

SXRD - Single Crystal X-ray Diffraction 

TG/DTG - Thermo-Gravimetry/Differential Thermogram 

UBS - Urea Doped Barium Succinate 

UCS - Urea Doped Calcium Succinate 

XRD - X-ray Diffraction 

 



1 

 

 

CHAPTER 1 

INTRODUCTION  

 

1.1 SINGLE CRYSTALS  

 Single crystals are the pillars of modern technology.  It is well 

known that industries, science and technology hardly make any progress 

without the development of new material crystals of enhanced performance.  

So, the researchers are now more concerned to discover new materials for the 

purpose of academic and industrial uses.  The single crystals were prepared 

primarily based on the availability and nature of the starting materials and 

their physico-chemical properties.  Crystal growth process involves phase 

change from an isotropic (vapour, melt and solution) phase and takes place 

only when the system is supersaturated.  The basic research and technological 

applications need large single crystals produced greatly from liquid to solid 

method is of great interest of research because it provides fundamental case 

studies generating theory and technology, applicable to all of solution crystal 

growth, including new aqueous growth systems and high temperature solution 

growth Bordui (1987); Chernov et al. ; Prosser (1982). 

1.1.1 Organic Single Crystals  

 The organic material crystals have good optical properties 

compared to inorganic material crystals, but their use is impeded by their poor 

mechanical and thermal properties and low laser damage threshold Jiang & 

Fang (1999). Some of the advantages of the organic over inorganic material 

crystals are listed below. 



2 

 

 High optical damage threshold 

 Fast response time 

 Architectural flexibility 

 Large nonlinear figure of merit  

1.1.2 Inorganic Single Crystals  

 The inorganic material crystals have excellent mechanical and 

thermal properties but possess relatively modest optical properties due to lack 

of extended–electron delocalization Ramajothi et al. (2004). 

1.1.3 Semi-organic Crystals  

 In spite of many advantages, organic material crystals have not got 

a dominate position in the market for practical application due to some of the 

draw backs like: 

 Moderate environmental stability  

 Low mechanical strength 

 Limited temperature range of operation 

 In view of these problems, a new class of materials has been 

developed from organic and inorganic complexes called semi–organic 

material crystals Ariponnammal et al. (2005); Jiang & Fang (1999).  

 Semi-organic crystals are the class of materials which contain 

organic and inorganic parts in them. These crystals combine the good optical 

properties and chemical flexibility of organics with high mechanical strength 

and excellent thermal properties of inorganic materials. Some of the 
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advantages of the semi-organic material crystals are listed below 

Chithambaram & Krishnan (2014).  

 Large damage threshold 

 Wide transparency 

 Less deliquescence 

 Excellent NLO coefficient 

 Low angular sensitivity 

 Exceptional mechanical properties   

 The semi-organic materials are further classified into three types. 

 Organic-inorganic Salts 

 The organic part and the inorganic part combine together to form a 

salt. The well known amino acid based crystals come under this category. 

 Organometallic Materials 

 These are complex materials in which a metal acts as the inorganic 

part and combines with the organic ligands. In organometallic complexes the 

metal atom is directly bonded with the carbon atom of the organic ligand.   

 Metal-organic Materials 

 These are a class of materials in which the metal is coordinated to 

organic ligands through donor atoms like sulphur, nitrogen that is present in 

the ligand and not through the carbon atom.  
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1.2 IMPORTANCE OF HYBRID CRYSTALS  

 The important question is how to tune or stimulate the physical 

(optical, mechanical, electrical, magnetic, etc.) properties of crystals.  Also, 

for many applications, it is highly desired to be able to control and alter the 

properties and functionalities of material crystals with greater flexibility and 

possibility.  One of the useful approaches is to prepare hybrid material 

crystals that have properties different from that of single component material 

crystals.   

1.2.1 Hybrid Crystals  

 Hybrid material crystals include doped and mixed material crystals.  

Doping is a widely applied process in materials science that involves 

incorporation of atoms or ions of appropriate elements into host lattices to 

yield hybrid materials.  When the added/mixed ion behaves in the same way 

as the lattice ion can be described by the term ‘mixed crystal’.   

1.2.1.1 Mixed Crystals  

 An impurity/added ion goes to substitutional position or interstitial 

position is determined by the ionic radius of the impurity ion and electronic 

configuration of the lattice ion. A wide range of solubility may be possible 

when the impurity/added ion behaves in the same way as the lattice ion.  This 

effect can be described by the term ‘mixed crystal’.  The grown mixed 

crystals (solid solutions) can be described by three different kinds.  These are 

substitutional, interstitial and defect solid solutions Hladik (1972).   

 In substitutional solid solutions, some of the normal lattice sites in 

the solvent crystal are occupied by solute atoms, and the structure of the 

solvent remains unchanged. Interstitial solid solutions are formed when the 
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solute atoms occupy positions in the interstices of the crystal lattice of the 

solvent. Solid solutions CaF2-YF3 provide examples of crystals containing 

interstitial ions. In defect solid solutions, some sites in the lattice of one of the 

component remain vacant. Defect solid solutions are formed typically in 

chemical compounds of transition elements, as well as, sulphides, selenides 

and some oxides.  The formation of mixed crystal requires that: 

i) The structures of the two crystals should be of similar type 

ii) The bonds in the two crystals should be of similar type 

iii) The radii of the substituent atoms should not differ by more 

than about 15 % from that of the smaller one 

iv) The difference between their lattice parameters should be less 

than 6 %. 

 A mixed crystal has physical properties analogous to those of the 

pure (end member) crystals. The composition of the mixed crystal varies from 

system to system.  The properties of the grown mixed crystals change in a 

linear or nearly linear manner.  If the property of the grown mixed crystal 

changes when we change the composition, then we have achieved a tailor-

made crystal with a desired value for a given physical property. In a few 

properties, the composition dependence is highly nonlinear and, in some 

cases, the magnitude of the physical property for the mixed crystal even 

exceeds the values for the end numbers. In such a case, it is as if we have a 

new crystal in the family.   

1.2.1.2 Doped Crystals  

 We have to distinguish between impurities and additives. The 

former are naturally present in the growth environment and are unwanted, the 

latter are deliberately added in order to control nucleation, improve crystal 
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quality, increase the size, change the crystal habit, etc.  Factors such as 

impurity level, mixing regime, vessel design and cooling profile can have a 

major impact on the size, number and shape of crystals produced.  Doping in 

materials with selective ions offers an effective approach to tune or stimulate 

their physical and chemical properties which is necessary for technological 

applications. 

  The effect of impurities is due to the adsorption and not to 

incorporation, even if they can be captured by the growing crystal. This is 

proved by the formation of natural crystals in under saturated solutions, to 

which suitable impurities are added.  Impurities can act in different ways. 

When they interact with solute or solvent, they can have strong influences on 

solubility and consequently on supersatuarion and kinetic effects.  

1.3 METAL CARBOXYLATES  

 The carboxylic acids have attracted many researchers in the metal 

carboxylate frame works because their high acidity allows de-protonation 

easily in the metal-carboxylate bond formation.  Also metal carboxylate 

induces ample research activity owed to their extensive utilization and the 

variety of bonding modes they exhibit.  The detailed description of the 

synthesis, bonding modes, properties and usefulness of many metal 

carboxylates and their derivatives has been given by Mehrotra & Bohra 

(1983). Also it provides the efficient pathway to couple the magnetic centres 

either ferro- or antiferro-magnetically, the coupling constant being influenced 

by the structural aspects Colacio et al. (1999).   

 The novel adsorption properties and antimicrobial properties of 

metal carboxylates have also been reported Geraghty et al. (2000).  Metal-

organic frame works first reported, by Robson and others in the early 1990s, 

typically consisted of single metal ions connected by simple tetrahedral and 
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rod shaped ligands such as tetracyanophenylmethane or 4,4-bipyridine and 

had little or no practical applicability.  The synthesis of complex frameworks 

were done by the replacement of single metal ions with metal clusters or by 

varied organic linkers has since led to increasingly synthesis of complex 

framework crystals Hoskins & Robson (1989). The many carboxylate crystals 

such as oxalates, tartrates, malonates, malates, formates, phthalates, etc. have 

been reported by many investigators  Julius et al. (2004); Kumar et al. (2002); 

Varghese Mathew et al. (2010); A Moses Ezhil Raj et al. (2008); Sahaya 

Shajan & Mahadevan (2005); Senthil & Ramasamy (2010).  Until now, only 

limited reports on the synthesis and characterization of semi-organic succinate 

crystals are available in the literature.   

 Succinic acid is a dicarboxylic acid, the next higher resemblance of 

malonic acid.  It has the molecular formula C4H6O4.  It was first purified from 

amber by Georgius Agricola in 1546 and hence is known as Amber acid.  

Zeikus et al. (1999)  found that succinic acid was used in agricultural, food 

and pharmaceutical industries. Succinate ligands bridged with metal-organic 

coordination polymers three dimensionally for fabrication are found by some 

investigators Ang et al. (2004); Forster et al. (2004); Yaghi et al. (1995).    

Fei et al. (2013) suggested that the succinate anion offers the possibility of 

different modes of coordination towards different metal ions.  And it is used 

for designing compounds with desired magnetic properties. 

1.3.1 Metal–succinate crystals  

 The crystal structure of calcium succinate trihydrate was reported 

by Anastas Karpides et al. (1980).  Calcium succinate trihydrate was also 

called as diaqua succinate calcium(II) monohydrate.  It crystallized in triclinic 

system with space group P1 and number of atoms in the unit cell (Z) is 2 and 

density of the crystal is 1.61 gcm
-1

 Karipides & Reed (1980).                       
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But, M Mathew et al. (1994) reported the crystal structure of calcium 

succinate monohydrate which crystallized in monoclinic system with C2/c 

space group and number of atoms in the unit cell (Z) is 8.  Recently Binitha & 

Pradyumnan (2014) has successfully grown calcium succinate trihydrate by 

gel aided solution growth technique. They also discuss the dielectric and 

thermal decomposition properties.  

 Pan et al. (2007) have investigated the growth and properties of 

novel NLO crystal, zinc succinate, grown by the slow evaporation method.  

Zinc succinate crystallizes in monoclinic system with space group C2.  The 

second harmonic output intensity of zinc succinate was found to be 6.5 times 

as large as KDP. LOGANAYAKILZ (2013) investigated the growth kinetics, 

optical and dielectric properties of zinc succinate crystals.   

 Binitha & Pradyumnan (2013) reported the structural, thermal and 

electrical properties of copper succinate dihydrate single crystals grown by 

controlled diffusion in silica gel medium.  It crystallizes in the triclinic system 

with P1 space group.  Surface feature of the crystal was studied by optical 

microscopy, scanning electron microscopy and also atomic force microscopy.  

 The growth and thermal stability of the barium succinate crystal 

was described by Binitha & Pradyumnan (2014).  The absence of any peak in 

thermogram reveals that the compound is stable below 648 K from DSC 

analysis.  The crystal structure of barium succinate is tetragonal.  The low 

dielectric loss at higher frequency of the sample indicates that the crystal 

possesses lesser number of electrically active defects. 

 Binitha & Pradyumnan (2014) have reported the spectroscopic and 

dielectric properties of strontium succinate crystals.  The crystals have 

monoclinic structure with space group P21/c.  The FTIR spectral analysis 

indicated that the grown crystal was anhydrous in nature. 
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 The nonlinear optical (NLO) properties of the lead succinate single 

crystals have been investigated by Dhanya et al. (2011).  They have reported 

a novel polymorph of lead succinate with different coordination and 

stereochemical alignment in comparison with the earlier reported ones.   The 

unit cell dimensions are also different for the reported structure.  The SHG 

efficiency of lead succinate crystal is found to be 3.5 times as large as KDP. 

 Paramasivam & Raja (2012) found a new NLO crystal l-proline 

succinate grown by the slow evaporation solution grown technique.  It 

crystallizes in monoclinic crystal system.  The crystal is thermally stable up to 

160 °C. 

 The crystal structure of ammonium hydrogen succinate at 80 and 

20 K was determined by Kashino et al. (1998). Also, they clarified the 

structural change at 170 K (second order phase transition). It crystallizes in 

triclinic system with P1 space group.  

 O'Connor & Maslen (1966) have reported the crystal structure of 

Cu(II) succinate dihydrate.  It crystallizes in triclinic system with space group 

P1.  The number of molecules in the unit cell (Z) is 2.  The density of the 

crystal is 1.95 gcm
-3

.  

1.4    SOME MIXED CRYSTALS 

 The physical properties of semi-organic mixed crystals are 

analogous to those of the pure (or end member) crystals.  But the properties of 

the mixed crystals depend on the composition of the system.  In some cases, 

depending on the composition, the mixed crystals have exceeded the 

properties of end members.  At that circumstance, we have achieved a new 

crystalline material for useful applications. 
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 In this way, Levchenko et al. (2010) have reported the creation of 

new semi-organic water soluble NLO crystals.  Therefore, particular 

consideration has been given not only for the possibility of changing their 

functional characteristic significantly but also chance to create new properties 

not known for the pure crystal.  In the past few decades, optical and technical 

applications of borate crystals have been focused for research. Arivuselvi & 

Kumar (2016) investigated the growth of NLO active barium calcium borate 

crystals.  The calculated band gap for this crystal was greater than the other 

reported borate crystals.  It shows non-polar dielectric effect in nature. 

 C Justin Raj et al. (2008) reported the novel nonlinear optical 

potassium boro malate monohydrate single crystal.  It was grown by a 

modified SR method with a growth rate of 1 mm per day.  The crystal belongs 

to monoclinic system with space group P21.  This crystal was considered to be 

suitable for SHG and optoelectronic device applications due to its high 

transparency, NLO property, low dielectric loss and thermal stabilities. 

Khyzhun et al. (2015) described the growth, structure and optical properties 

of Tl4HgBr6 single crystals.  It crystallizes in the non-centrosymmetric space 

group P4nc.  It was considered to be suitable for optoelectronic devices 

working at ambient conditions because, the crystal reveals low hygroscopic 

nature confirmed by XPS analysis. 

 Yaqin Liu et al. (2016) determined the structure and properties of 

NLO crystal Li(H2O)4B(OH)4.2H2O.  It was synthesized by the hydrothermal 

method and its structure was determined by single crystal X-ray diffraction 

analysis. The powder second harmonic generation (SHG) measurement 

revealed that the SHG efficiency was 0.8 times that of KDP.  Kosmyna et al. 

(2017) described the hardness and fracture toughness of the Ca9Y(VO4)7-

x(PO4)x novel mixed crystals.  It crystallizes in a centrosymmetric space 

group.  Lower concentration of defects and micro inclusions of this crystal 
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makes it useful in AlGaAs diode pumped laser hosts. Isaenko et al. (2016)  

have reported the crystal structure and optical properties of SrPb3Br8 crystal.  

It crystallizes in the orthorhombic system.  Results of XPS measurement 

indicate that the crystal surfaces possess highly hygroscopic nature. 

 El-Fadl & Nashaat (2017) investigated the structural and spectral 

characterizations of potassium and ammonium zinc sulfate hydrate single 

crystals.  The thermal stability of the grown crystal was 330 K.  It crystallizes 

in the monoclinic crystal system. These crystals merit important consideration 

because of their growth with high purity and suitable crystal size and they 

could be the potential candidates for optoelectronic applications.  

Bharthasarathi et al. (2010) have reported the thermal and optical properties 

of dipotassium boro maleate crystals. The crystal belongs to the orthorhombic 

system with non-centrosymmetric space group.  It is thermally stable up to 

273 °C and SHG efficiency is 1.5 times that of KDP. 

 Thebo et al. (2010) have reported the crystal structure of copper(II) 

complex of succinate and 2,2–bipyridyl.  The crystal structure is monoclinic 

with space group P21/n.  The X-ray diffraction study shows that this complex 

is dimeric.  Each copper atom has an octahedral co-ordination environment. 

Zheng & Lin (2000) have investigated the crystal structure of disodium 

disuccinato cuperate octahydrate. The crystal structure is monoclinic with 

P21/c as the space group. 

 Horiai et al. (2016) have reported the (CexYb1-x)2Si2O7 single 

crystal grown by the micro pulling down method.  It is to be used as efficient 

infrared scintillator for medical applications. The infrared emission of the 

grown crystal is detected within the human window, application of this 

material in the dose monitors used. Manonmani et al. (2007) have described 

the growth of a new mixed crystal by combining NaCl and CaCl2.2H2O.  The 
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crystal comes under the soft material category and is an ionic conductor.  It 

can be used for fabricating solid state batteries. 

 Manonmani et al. (2008) have reported the growth and 

characterization of two new potassium compound crystals.  The crystals were 

grown by the slow evaporation method.  K3.611Ca0.389Cl 4.389.1.177H2O is one 

among them which is found to be an ionic conductor and is expected to be 

useful in the fabrication of solid state batteries. The other one (formed by 

combining KCl and BaCl2.2H2O) is a dielectric crystal. Kunkemöller et al. 

(2016) explained the magnetic anisotropy of SrRuO3 single crystals.  Crystals 

with a mass of up to 3 g could be obtained.  The residual resistivity ratio and 

the small coercive field as well as chemical analysis denote the high purity of 

the crystals. Small size crystals also exhibit complex twinning with six 

possible domain orientations. 

 Tomov et al. (2016) have investigated the ferroelectric and 

magnetic properties of Pb3.3Mn4.8Ni1.1Ti0.56O15.3 single crystals.  At room 

temperature the structure is non-centrosymmetric with the hexagonal space 

group P63/cm.  It is a multiferroic system exhibiting strong coupling between 

magnetic and ferroelectric degrees of freedom.  It has the potential 

applicability in devices where the data could be written electrically and 

magnetically in red.  Also the layered structure of this crystal gives rise to 

magnetic anisotropy.  Raman spectra also confirmed the phase transition of 

this crystal.   

1.5      SOME DOPED CRYSTALS 

 Many researchers are currently involved in the growth of new NLO 

crystals due to their exploring behaviour, finding many applications.  In 

particular crystal based devices require good quality semi-organic crystals, 

this is because they have interesting spectroscopic properties.  The property of 
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semi-organic crystal is enhanced by adding suitable dopants like amino acids 

or other NLO materials so that it will become suitable for laser and optical 

fiber applications.  The inclusion of a small concentration of dopant can 

occupy the interstitial positions which may tune the physical properties 

specifically resulting in the enhancement of optical, dielectric and 

piezoelectric properties Sinha et al. (2012); Bhandari et al. (2014).   

 Sometimes doping of single crystals exhibits positive second 

harmonic generation property in the centro-symmetric space group due to the 

possible surface effects or local non-centrosymmetric aspect caused by 

defects Fleck & Petrosyan (2010); Petrosyan (2009).  

 The physico-chemical properties of crystal in solid state depend on 

the defect present in the crystal lattice.  The defects could be produced by two 

methods Krishnan et al. (2017), namely:  

i) Natural/normal method (by doping) 

ii) Radiation (X-ray or -radiation) induced effect 

 These defects create new localized energy levels and dipole 

transition that occur between these new levels.  Thus the small concentration 

of the impurity (dopant) into the crystal lattice helps to detect the typical 

changes possible in the optical studies Krishnan et al. (2017).  The physical 

and chemical properties of semi-organic crystals have altered and improved 

by doping NLO crystals. 

 Amino acid crystals have been probably used in optical 

communication, photonics, optical computing, electro-optic modulation, 

optical image processing and many more applications.  In particular,  

–glycine (simplest form of amino acid) crystallizes in a non-centrosymmetric 

space group and hence it possesses NLO and piezoelectric properties   
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Moolya et al. (2005); Baran & Ratajczak (2005); Srinivasan (2008).  Amino 

acids contain amino and carboxylic acid functional groups and hence they 

form several compounds in combination with semi-organic reagents 

Thilakavathi et al. (2016). 

 In this way, Vimala et al. (2016) have prepared –glycine doped 

with zinc sulfate and measured and reported its mechanical and optical 

properties. It was noticed that the crystals had significant changes while 

doping –glycine.  Ray et al. (2017) reported the enhanced properties of dye 

doped sodium acid phthalate crystal.  It was grown by the slow evaporation 

technique.  The crystal morphology was not changed by doping.  But the 

dielectric and piezoelectric properties were enhanced due to doping.  Also the 

ferroelectric properties of the doped crystal were improved which was 

confirmed by P-E loops. 

 Thilakavathi et al. (2016) have investigated the characteristic 

properties of l-threonine doped thiourea single crystals.  The different 

concentrations of dopant augment the NLO property and quality of the 

crystal.  The mechanical properties were enhanced by doping.  The molecular 

orbital coefficient and the nature of bonding in the VO
2+

 doped potassium 

succinate-succinic acid single crystals were discussed by                      

Krishnan et al. (2017).  The bonding between dopant and the crystal was 

confirmed by molecular orbital coefficient data.   

 Cerium doped l-histidine hydrochloride monohydrate single 

crystals for optical applications was investigated by Rajyalakshmi et al. 

(2017).  Good crystalline perfection of the doped crystals was confirmed by 

high resolution X-ray diffraction.  The dopant incorporated into the crystal 

lattice was confirmed by EDAX analysis.  The SHG efficiency is 3.7 times 

greater than that of KDP.  The grown crystal was found to be helpful in 
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making bright luminescent materials through photoluminescence studies.  

Ganesh et al. (2016) have reported the effect of Co
2+

 doping with ADP 

crystals.  The purpose of doping (better candidate for opto electric 

applications) was achieved; it was confirmed by photoluminescence, 

dielectric and mechanical studies.  Also the quality of the doped crystal was 

enriched. 

 Theras et al. (2016) studied the properties of lithium sulphate doped 

l-threonine single crystals.  The diamagnetic behaviour was changed into 

ferromagnetic due to doping as evident from the VSM measurement.  Also, it 

was found that the crystal may possess anti-cancerous activity due to 

substantial cytotoxic effect in the crystal.  The properties of Mn doped and 

undoped glycinium oxalate single crystals were investigated by Revathi & 

Rajendran (2016). The second harmonic generation efficiency and 

fluorescence studies show that the doped crystal is more advantageous than 

the undoped crystal. 

 The doping has been done to mixed crystals also.  The Ni doped 

strontium-barium niobate crystals have been reported by Matyjasek et al. 

(2012). The doping promotes the switching process in the optical applications.  

Wenpeng Liu & Zhang (2017) examined the growth and spectral properties of 

Pr
3+

 doped Y3Al5O12 (Pr:YAG) crystal. It is an excellent candidate for all 

solid state visible laser material and can be used for blue LED because it 

shows high absorption cross–sections in the violet to blue region.  

1.6     PRESENT WORK  

 In the recent decades, the metal carboxylate crystals have been 

grown by many research groups because of their potential applications.  A 

literature survey shows that reports on the growth and characterization of 

semi–organic single crystals like calcium succinate and barium succinate are 
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scanty.  The present thesis work was focused on the growth of some semi-

organic succinate crystals. 

 The main objectives of the present work are given below: 

 To grow good quality semi–organic single crystals, viz. 

calcium succinate (CS), barium succinate (BS) and mixed 

barium calcium succinate (BCS) with good morphological 

perfection 

 To characterize the grown crystals chemically, structurally, 

optically and electrically by using  suitable standard methods 

and also to determine the SHG efficiency of the grown 

crystals 

 To study the effect of doping on the physico-chemical 

properties of the above crystals 

 The present thesis reports the synthesis and growth of some semi–

organic succinate single crystals and characterization techniques involved are 

explained in the second chapter.   

 The third, fourth, fifth and sixth chapters describe the 

physicochemical properties of the grown semi–organic calcium succinate, 

barium succinate, mixed barium-calcium succinate and glycine/urea doped 

barium/calcium succinate single crystals. 

 The seventh chapter gives the summary of all the results reported 

with conclusion along with the required future work. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

 This chapter emphasizes the synthesis procedures, growth methods 

and techniques that are involved in the present study to prepare and 

characterise the crystals.  

2.1 INTRODUCTION 

 In modern scientific technology, single crystals play a very 

important role.  It is not possible to think without crystals in the world.  It 

printed its foot into all the fields.  Also the methods of crystal growth are wide 

and the selection of crystal growth method depends on the material, 

application and the required size. 

 Syntheses of metal succinates have been reported by many 

researchers, but less attention was paid to grow single crystals and to study 

their properties, mechanism of crystallization, etc.  But it is required to have 

the knowledge of crystal structure, physical and chemical properties, and 

application possibility of these crystals. In the present investigation, we have 

prepared (grown) the proposed single crystals and characterized them 

structurally, chemically, thermally, optically and electrically using the 

available standard methods. So, the methods of crystal growth employed and 

the characterization techniques used for the growth and characterization of the 

proposed single crystals find the central part of the present investigation. 
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 In this investigation, we have adopted the slow evaporation solution 

growth method among all other methods for the growth of single crystals.  This 

is because, after undergoing so many experimental analyses, the process of 

solution growth is now found to yield good quality, well-shaped and bulk single 

crystals for a variety of applications.  Organometallic material crystals can be 

considered as a link between the organic and inorganic molecular crystals. 

Carboxylic acid can act as an essential ligand to generate organometallic crystals.   

 Crystallization and characterization of metal succinates find an 

important place due to their wide use in science and technology.  In particular, 

alkaline earth group calcium and barium succinate crystals have been grown 

by the slow evaporation solution growth methods. 

2.2 MATERIALS USED IN THE PRESENT INVESTIGATION 

 For the growth of calcium succinate (CS) single crystals, the 

commercially available high purity succinic acid (HIMEDIA 99 %) and 

calcium carbonate (MERCK 98 %) with deionized water were used.  For the 

growth of barium succinate (BS) single crystals, succinic acid and barium 

carbonate (RANKEM 97 %) were used as the precursor materials.  For the 

growth of barium-calcium succinate (BCS) single crystals, succinic acid, 

barium carbonate and calcium carbonate were used as the precursors. For the 

growth of glycine and urea doped CS and BS single crystals, commercially 

available glycine and urea were used as the dopant materials. 

2.3 CRYSTAL GROWTH METHOD ADOPTED IN THE 

PRESENT INVESTIGATION  

 Growth of single crystals from solution is a widely used technique 

in the technologically important crystals production.  Also, in addition to the 

other factors, the interaction of ions or molecules of the solvent and solute 
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depends on the thermo-dynamical parameters such as temperature, pressure 

and concentration of the solution of the substance.    

 The solution growth technique is also helpful to grow crystals of 

the same substance with different forms (morphological).  It is very important 

that this growth process can be used in laboratory as well as in industry for 

many applications.  If a crystal of high purity is desired the solution growth 

method is more appropriate.  Also the growth apparatus is relatively simple 

and more economical.   

 The crystal growth techniques, in general, can be broadly classified as: 
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2.4 GROWTH OF CALCIUM SUCCINATE SINGLE 

CRYSTALS  

 For the synthesis of CS crystal, high purity calcium carbonate and 

succinic acid were dissolved in 1:3 molar ratio in deionized water (of 

resistivity 18.2 MΩcm).  The solution was stirred for 5 to 6 hours using a 

magnetic stirrer.  After continuous stirring, the solution became clear and 

transparent. It was then filtered using a Whatman filter paper and kept in a 

beaker, covered tightly with a perforated sheet.  The expected chemical 

reaction is: 

 324444643 COHOHCaCOHC CaCO   

 The slow evaporation was allowed to take place at ambient 

temperature (32 °C) in a dust free atmosphere.  Small crystals appeared after 

one week and grew larger in about 20 – 25 days.  The synthesized crystals 

were purified by the repeated re-crystallization process.  The molecular 

structure of CS is shown in Figure 2.1. 

 

Figure 2.1 The molecular structure of CS 
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2.5 GROWTH OF BARIUM SUCCINATE SINGLE CRYSTALS  

 For the synthesis of BS crystal, high purity barium carbonate and 

succinic acid were dissolved in 1:6 molar ratio in deionized water (of 

resistivity 18.2 MΩcm).  First succinic acid was dissolved in water and the 

solution was continuously stirred for a period of 1 hour.  After that barium 

carbonate was dissolved in water in a separate beaker.  The solutions of 

succinic acid and barium carbonate were mixed together and the resulting 

solution was stirred for about 3 hours to get a homogenous mixture.  The 

expected reaction is given as: 

 324444643 COHOHBaCOHC BaCO 
 

 

Figure 2.2 The molecular structure of BS 

 The solution was filtered then to remove solid impurities in the 

mother solution using a Whatman filter paper and the beaker was covered 

tightly with a perforated sheet.  The solution in the beaker was left for slow 

evaporation.  The seeds were obtained and the seed crystal was kept in the 

solution for 25 days.  Crystals of reasonable size were harvested. The 

molecular structure of BS is shown in Figure 2.2. 
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2.6 GROWTH OF BARIUM-CALCIUM SUCCINATE MIXED 

CRYSTALS  

 The BCS crystals were also synthesized by using deionized water 

as the solvent.  High quality succinic acid, barium carbonate and calcium 

carbonate were mixed in the required ratios as per the following equation.The 

molecular structure of BCS is shown in Figure 2.3. 

32444x1x464x13x3 COHOHCCaBaOHC)(CaCO)(BaCO  

  

 

Figure 2.3 The molecular structure of BCS 

 For the synthesis of BCS mixed crystals, solutions were prepared 

by allowing succinic acid to react with barium and calcium carbonates with  

x = 0.2, 0.4, 0.5, 0.6 and 0.8.  The solutions were prepared in separate beakers 

in the mentioned ratios and stirred continuously to ensure the homogeneity 

and clarity without any precipitate.  

 The above solutions were filtered and taken in glass beakers 

covered with perforated sheets.  The products of barium-calcium succinates 

were expected to form in the form of crystals.  Good quality crystals were 

formed and harvested in about 30 days.   The mixed crystals in the present 
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study will be represented as BCS 28, BCS 46, BCS 55, BCS 64 and BCS 82 

respectively for the compositions with x = 0.2, 0.4, 0.5, 0.6 and  0.8. 

2.7 GROWTH OF GLYCINE AND UREA DOPED CS AND BS 

CRYSTALS  

 For the preparation of doped crystals, first the CS and BS crystals 

were synthesized as discussed in Sections 2.2 and 2.3 respectively.  Then 

these crystals were taken in separate beakers and dissolved in deionized water 

of resistivity 18.2 MΩcm.  Glycine and urea were taken in 0.1 M 

concentration, poured into the solution of separate beakers and mixed well.  

Each solution was stirred continuously for 3 hours to have homogeneity and 

clarity without any precipitate.  Then the solution was filtered and kept in 

another glass beaker, covered tightly to allow slow evaporation.   

 The reasonable size glycine and urea doped CS crystals (here after 

named as GCS and UCS crystals) were obtained after a period of 25 days.  

The expected chemical reactions for the formation of GCS and UCS crystals 

are shown in Figures 2.4 and 2.5 respectively. 

 

Figure 2.4  The expected chemical reaction for the formation of GCS 

crystal 
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Figure 2.5  The expected chemical reaction for the formation of UCS 

crystal 

 The glycine and urea doped BS crystals were obtained after a 

period of within 20 – 25 days. The glycine and urea doped BS crystals will be 

represented as GBS and UBS respectively. The expected chemical reactions 

for the formation of GBS and UBS crystals are shown in Figures 2.6 and 2.7 

respectively. 

 

Figure 2.6  The expected chemical reaction for the formation of GBS 

crystal 

 

 

Figure 2.7  The expected chemical reaction for the formation of UBS 

crystal 
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2.8 CHARACTERIZATION TECHNIQUES USED IN THE 

PRESENT INVESTIGATION  

 The physicochemical properties and usage of the grown crystals 

were studied and understood by the following characterization techniques. 

2.8.1 Structural Characterization 

 We discuss in this Section the X-ray diffraction (XRD) (both single 

crystal and powder) and Fourier transform infrared (FTIR) spectral techniques 

used in the present investigation. 

2.8.1.1 Single Crystal X-ray Diffraction  

 The detailed information, viz. lattice system, unit cell parameters, 

space group, crystal and molecular structure, bond lengths, bond angles, 

thermal parameters, etc. about the crystal can be got by the non-destructive 

analytical technique named as single crystal X-ray diffraction (SXRD) 

analysis. Monochromatic X-rays, automatic single crystal X-ray 

diffractometer, single crystal sample and required software are used for this 

analysis.   

 By heating the filament in the cathode ray tube, electrons are 

generated.  On applying sufficient electrical potential (voltage), the electrons 

are accelerated towards the target.  Thus the electron got sufficient energy to 

dislodge the target material inner shell electrons, the characteristic X-rays are 

produced.  The X-rays produced is filtered and monochromated and the 

collimated rays are directed towards the sample in the case of a single crystal.  

The diffracted X-rays are detected by the detector and processed using the 

software. 
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 In the present investigation, SXRD data were collected and the 

lattice parameters determined for all the pure (un-doped) and mixed crystals 

grown (CS, BS and 5 BCS crystals) by using a Bruker single crystal KAPPA 

APEXII CCD diffractometer with MoKα radiation (λ = 0.71073 Ǻ) available 

in the Department of Chemistry, IIT Madras, Tamil Nadu. 

2.8.1.2  Powder X-ray Diffraction 

 X-ray powder diffraction (PXRD) patterns were recorded for all the 

eleven crystals grown in the present study by using a PANanalytical X’Pert 

PRO Powder X’celerator Diffractometer with CuKα radiation (λ=1.5401 Ǻ) 

available in the Department of Physics, Manonmanium Sundaranar 

University, Tirunelveli, Tamil Nadu.  The sample was scanned for a 2θ range 

of 10 – 80 ° with a scan step time of 3.1750 second and step size of 0.0170 ° 

at room temperature.  

 The crystallinity of the crystals grown in the present investigation 

was understood by powder X-ray diffraction analysis.  It is the basic 

analytical technique providing the information of unit cell dimensions and 

identification of powdered crystalline material.  When X-rays are passed to 

the sample, they are scattered by electrons of atoms present in the material 

along its original direction.  The scattered waves constructively interfered due 

to Bragg’s law satisfaction.  The sample was scanned through all possible 

direction of lattices because of random orientation of the molecule in the 

material. 

 The resulting trace describes the set of peaks with 2θ angle on the 

X-axis and percentage intensity on the Y-axis.  The structure of the crystal 

and their lattice parameters can be examined by this trace. 
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2.8.1.3 Fourier Transform Infrared Spectral Analysis 

 It is one of the widely used analysis for the purpose to identify the 

functional groups present in the grown crystal.  In this analysis, light radiation 

from the suitable infrared (IR) source passes through the Fourier transform 

applied interferometer.  The IR radiation interacts with the sample and 

produces an interference pattern and then it is analyzed mathematically using 

the Fourier transformation which gives a plot of individual intensity versus 

frequency Young (1989); Booth (1992).   

 The data in digital form and calculation of the Fourier transform 

take few seconds and constitutes the spectrum can be acquired in short time 

even in a few milliseconds.   

 The JASCO FT/IR-4100 spectrometer available at Centre for 

Scientific and Applied Research (C-SAR), PSNCET, Tirunelveli, Tamil Nadu 

was used for recording the spectra for all the crystals grown in the present 

study in the wave number region 400 – 4000 cm
-1

 by the KBr pellet method 

and 550 – 4000 cm
-1

 by the ATR method with a resolution of 2 cm
-1

. 

2.8.2 Optical Measurements 

2.8.2.1 UV-Vis-NIR Spectral Measurement 

 The UV (200 – 400 nm) – Vis (400 – 800 nm) – NIR (800 – 1200 

nm) of the spectrophotometer radiation was allowed to pass through the 

sample.  The instrument consists of a light source, a sample holder, 

monochromator to separate the different wavelengths of light and detector.  

The light sources were tungsten (350 – 1200 nm) and deuterium (200 – 375 

nm) filament lamps.   
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 A spectrophotometer was designed to have a double beam 

(instrument) model.  One beam is used as the reference and other beam passes 

through the sample.  The reference beam intensity is taken as percentage 

absorbance or 100 percentage transmission.  The displayed measurement in 

the instrument is the ratio of the two beam intensities.  

 In the present investigation transmission measurement was carried 

out to study the absorption or emission of radiation associated with changes in 

the spatial distribution of electrons in atoms and molecules.  In this study the 

spectrum was recorded in terms of the wavelength (nm) along X-axis and 

percentage of transmission along Y-axis. 

 To understand the optical quality of all the grown crystals, in the 

present investigation, a SHIMADZU UV-2600 UV-Vis-NIR spectrometer 

available at Centre for Scientific and Applied Research (C-SAR), PSNCET, 

Tirunelveli, Tamil Nadu was used in the wavelength range of 220 – 1200 nm 

at room temperature with the scan speed 240 nm per minute and slit width 2 

nm. The as-grown crystals were directly used as the samples for this spectral 

measurement. 

2.8.2.2  Powder second harmonic generation efficiency measurement 

 The study of nonlinear optics grasps the future photonics 

technology due to the modification of input field in phase, frequency, etc. It 

can be modified by the interaction of intense electromagnetic fields with 

materials.  The laser technology requires optical frequency conversion, optical 

signal processing and image processing, etc. The commonly used nonlinear 

optical (NLO) effects include second harmonic generation, optical sum and 

difference of frequency i.e., frequency doubling, etc. It requires non-

centrosymmetric crystal structure.   
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If the crystal is to be a good candidate for practical applications, it should 

exhibit high second harmonic generation (SHG) efficiency.  For the SHG 

measurement, the input Q-switched Nd:YAG laser beam with energy 1 

mJ/pulse of 1064 nm wavelength was allowed to fall on the crystal in powder 

form packed in a micro capillary tube of diameter 1 mm.  The detector and 

oscilloscope set measured the intensity of light.  It was compared with KDP 

or Urea at the other end taken as reference. The second harmonic generation 

efficiency was estimated in the present study for all the crystals grown by 

using the equipment available at the Inorganic and Physical Chemistry 

Department, Indian Institute of Science, Bangalore. 

2.8.3 Thermo-gravimetric and Differential Thermal Analyses 

 Thermal studies measure the properties of the material when it is 

subjected to continuous heating, increase in temperature and different 

atmosphere like vacuum or gas. Also both thermo-gravimetric and differential 

thermal analyses are widely used together because any one of the study will 

not provide sufficient information for studying the physicochemical changes 

in the sample during heating. 

 Thermo-gravimetric (TG) analysis gives the information about the 

thermal stability and various stages of decomposition of the sample while 

increasing the temperature.  In this analysis, a thermo-balance is used to find 

the mass changes occurring over the temperature range and the data can be 

presented as a plot of mass loss against temperature.  Derivative thermo-

gravimetric (DTG) analysis is a plot of the rate of change of mass with respect 

to time against the temperature.  

 The TG and DTG analyses were performed by a PERKIN ELMER 

DIAMOND TG/DTA analyzer in nitrogen atmosphere with a heating rate of 

10 °C/min in the temperature range of 35 – 750 °C.  The instrument available 
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at Sophisticated Test and Instrumentation Centre (STIC), Cochin University, 

Kerala was used in the present investigation. 

2.8.4 Electrical Measurements 

 The knowledge of dielectric properties of the crystal is very 

important because it is essential for device applications and fabrication of 

instruments like radar, capacitor, etc. Chełkowski (1980); Zheludev (2012).  

These studies help us to understand the behavior of the sample (crystal) at 

different temperatures and with different frequencies of the applied electric 

field. 

 In order to understand the dielectric behaviour of the crystal, 

electrical measurements are carried out using a cell having two identical 

electrodes applied to opposite faces of the crystal kept in a sample holder.  

The opposite faces touching the electrodes are coated with silver or graphite 

paste to have good ohmic contact with the electrodes. 

 In the present investigation, the dielectric measurements were 

carried out at various temperatures with different frequencies varying from 

100 to 200 kHz by the conventional parallel plate capacitor method using a 

HIOKI IM 33523 LCR meter available in the Centre for Scientific and 

Applied Research (C-SAR), PSN college of Engineering and Technology, 

Tirunelveli, Tamil Nadu. 

 The temperature range was considered to be less than the 

decomposition temperature obtained from the TG curve.  The observations 

were made while cooling the sample and the temperature was maintained to 

an accuracy of ±0.01 °C. The dielectric constant (εr) and AC electrical 

conductivity (σac) were determined from the measured dielectric loss (tan δ) 

and capacitance (c) values by using the relations Priya & Mahadevan (2009): 
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 Dielectric constant: 

  

 AC electrical conductivity: 

  

2.8.5 Micro Hardness Measurement 

 The hardness of the material can be measured on a microscopic 

scale by micro – indentation hardness testing.  The material has to be 

impressed on various loads by a diamond indenter and the impression length 

is measured for each test load and used to calculate the hardness.  These 

measured hardness values are used to identify the material category (soft or 

hard). The impression length is measured accurately by an optical microscope 

and computer. The hardness number is measured as the fraction of applied 

load to the surface area of indentation.   

 In order to understand the mechanical behaviour of the grown 

crystals, Vicker’s micro – indentations have been made on the selected 

surface (with large area) of the crystal.  It was a square based pyramid whose 

opposite sides met at the apex at an angle of 136 °.  The diamond indenter 

pressed the surface of the material (crystal) at different loads and the size of 

the impression was measured for every load using a microscope.  The 

Vicker’s hardness number (Hv) was calculated using the following formula. 

 Hardness number Hv: 
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 Here, ‘P’ is the applied load and ‘d’ is the average diagonal of the 

indentation.  In the present investigation, the micro hardness measurement 

was carried out using a SHIMADZU HMV - 2T micro hardness tester 

available at ACIC, St. Joseph’s College, Tiruchirappalli, Tamil Nadu at room 

temperature. 

 The load–hardness variation can be interpreted using Mayer’s 

relation. 

 Mayer’s relation: 

  

 Here, ‘P’ is the applied load, ‘d’ is the average diagonal length of 

the indentation, ‘k1’ is a constant and ‘n’ is the work hardening coefficient or 

Mayer’s constant.  It (n) is caused by dislocation present in the crystal.  The 

‘n’ value was estimated by the best fitted slope of the log P vs log d plot.   

 According to Hanneman (1941) and Onitsch (1947), ‘n’ lies 

between 1 to 1.6 for hard materials and above 1.6 for soft materials.  From the 

observed measurements three important effects, namely, anisotropy effect, 

indentation size effect (ISE) and reverse indentation size effect (RISE) can be 

understood.  ISE refers to decrease in hardness with increasing applied load 

whereas hardness increasing with increasing applied load represents RISE. 

2.8.6 Atomic Absorption Spectroscopy 

 Atomic absorption spectroscopic (AAS) measurement determines 

the presence of metals in a given material quantitatively with high accuracy.  

It is an important study to prove the presence of metals in the synthesized 

mixed crystal.   
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 In the present investigation, the atomic absorption spectroscopic 

measurement was carried out for the mixed crystals grown using a 

SHIMADZU (AA-6300) spectrometer available in the Instrument Facility 

Centre, Ayya Nadar Janaki Ammal College, Sivakasi, Tamil Nadu.  The 

wavelengths of light used for the analysis are: 

 Calcium (Ca)  : 422.7 nm 

 Barium (Ba)  : 545.5 nm 

2.8.7 Energy Dispersive X-ray Spectral Analysis 

 Energy dispersive X-ray absorption spectroscopic (EDX) 

measurement examines the presence of higher atomic number elements in a 

material both qualitatively and quantitatively. In the present study, we have 

carried out the EDX measurement to determine both qualitatively and 

quantitatively the elements present in the BS crystal (as an example) using a 

Jeol model JED 2300 equipment.   
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CHAPTER 3 

GROWTH AND PHYSICOCHEMICAL 

CHARACTERIZATION OF CALCIUM SUCCINATE 

SINGLE CRYSTALS 

 

 In this chapter, we report the growth of calcium succinate single 

crystals by the slow evaporation method and present here the structural, 

chemical, thermal, optical, mechanical and dielectric properties. 

3.1 CALCIUM SUCCINATE CRYSTAL GROWTH 

 Calcium succinate single crystals grown by the slow evaporation 

method, as discussed in Section 2.4, were harvested in a period of 25 days and 

the photograph of a grown crystal is shown in Figure 3.1(a).  The crystal has 

well defined rectangular shape of dimension 10×10×2 mm
3
.   

      

Figure 3.1 Photographs of the pure CS single crystals grown 
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 For convenience, the calcium succinate crystals are named as CS.  

After successive recrystallization process, colourless and transparent CS 

single crystals stable in normal atmosphere were obtained.  The photograph of 

a grown crystal after recrystallization is shown in Figure 3.1(b).  

3.2 POWDER X-RAY DIFFRACTION MEASUREMENT 

 Finely ground powdered sample of CS crystal was subjected to 

PXRD analysis.  The indexed powder XRD pattern observed in the present 

study is shown in Figure 3.2. This is nearly in agreement with that reported in 

the literature (JCPDS Card No: 51-2302).   

 

Figure 3.2 The PXRD pattern observed for the CS crystal 
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 The sharp peaks observed indicate the crystalline nature of the 

grown crystal. The PXRD data were indexed using a software package (Cell 

Refinement) and the lattice parameters were determined.  

 The lattice parameters obtained are compared with those available 

in the literature in Table 3.1. It is found that the lattice system is triclinic and 

the lattice parameters are nearly in agreement with those reported. 

Table 3.1 The lattice parameters obtained for the CS crystal estimated 

from PXRD data are compared with those available in the 

literature 

Lattice 

parameters 

Present 

work 
JCPDS file 

Literature 

Binitha & Pradyumnan 

(2014) 

A (Å) 6.636(4) 6.666(1) 6.6487 

B (Å) 7.866(2) 7.883(1) 7.8515 

C (Å) 9.420(8) 9.416(2) 9.3715 

 (
O
) 71.9(2)  71.71(10)  71.750  

 (
O
) 89.1(2)  88.91(10)  88.902  

 (
O
) 68.4(2)  68.49(1)  68.482  

Volume (Å
3
) 432(1) 434.49 - 

System Triclinic Triclinic Triclinic 
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3.3 FOURIER TRANSFORM INFRARED SPECTRAL 

ANALYSIS 

 

Figure 3.3 The FTIR spectrum observed for the CS crystal 

 The recorded Fourier transform infrared (FTIR) spectrum for the CS 

crystal is shown in Figure 3.3.  The peak observed at wave number 3469 cm
-1

 

corresponds to the stretching of H-bonded O-H group indicating the presence 

of water molecules. Stretchings of C-H group occur at wave numbers 2927 and 

1430 cm
-1

.  Peaks at wave numbers 1671 and 1526 cm
-1

 correspond to 

stretchings of COO
-
 group.  The absorption bands occurring at wave numbers 

1312, 1211 and 1175 cm
-1

 correspond to stretchings of C-O group.  

 Stretching of -C-H group is observed at wave number 654 cm
-1

.  

Peak observed at 959 cm
-1

 describes the central C-C stretching vibration.  

Peak observed at 840 cm
-1

 reveals the interaction with metal ion confirming 
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the presence of calcium coordination with oxygen. The observed frequencies 

and their assignments are listed in Table 3.2.  FTIR spectral analysis thus 

confirms the presence of all the functional groups of calcium succinate along 

with water of hydration.  The observed frequencies and their assignments are 

listed in Table 3.2. 

Table 3.2  Vibrational frequencies and their assignments for the CS 

crystal  

Wave number (cm
-1

) Assignment 

3469 O-H stretching of water molecule 

2927 Symmetric stretching of C-H group 

1671 
Stretching of COO

-
 group 

1526 

1430 Symmetric C-H stretching of CH2 group 

1312 Stretching of C-O group 

1211 Stretching of C-O group 

1175 Stretching of C-O group 

959 Stretching of central C-C vibration 

840 Stretching of Ca-O 

   

3.4 THERMOGRAVIMETRIC AND DIFFERENTIAL 

THERMOGRAVIMETRIC ANALYSES 

 The thermogravimetric and differential thermogravimetric (TG & 

DTG) analyses were carried out for the grown CS crystal.  The CS crystal was 

taken in powder form placed in a platinum crucible in nitrogen atmosphere 

with a heating rate of 10 °C/min in the temperature range of 40 – 700 °C.  The 

obtained TG and DTG curves are shown in Figure 3.4.   
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 It is found that the crystal is stable below 68 °C without any loss of 

weight.  The first major weight loss (Stage I) is observed in two immediate 

steps between 68.65 and 218.6 °C which can be attributed to the liberation of 

water and a possible carbonaceous residue (acrolein) molecules leading to the 

formation of calcium carbonate.  A calculation indicates the liberation of 2.3 

water molecules and one acrolein molecule. This is slightly different from that 

(3 water molecules) reported by the earlier authors Binitha & Pradyumnan 

(2014).   

 This may be due to the difference in the crystal growth methods 

adopted.  Similar results have been reported earlier (Manonmani et al. (2007); 

Manonmani et al. (2007); Manonmani et al. (2008); Muthupoongodi et al. 

(2015) for K3BaCl5.2H2O, K3CaCl5.2H2O, Na3CaCl3.2H2O and 

Sr(HCOO)2.2H2O crystals.  These crystals are expected to be more useful 

optically and electrically as they have fractional water molecules in the 

crystal.  The second major weight loss (Stage II) occurs in the temperature 

range of 463 – 509.15 °C which can be attributed to the liberation of CO2 

leading to the formation of calcium oxide.   

 The third major weight loss (Stage III) occurring in the temperature 

range of 641.24 – 711 °C can be attributed to the liberation of O2 leading to 

Ca metal formation.  The above three decompositions can be represented by 

the following equations: 
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Figure 3.4 The TG/DTG curves observed for the CS crystal 

Stage 1 :                                      (3.1) 

Stage 2 :              (3.2) 

Stage 3 :                                                               (3.3) 

 The DTG curve confirms this.  Absence of any peak in DTG before 

the decomposition of calcium succinate crystal confirms that the crystal has 

not melted before decomposition. 

3.5 MICRO HARDNESS MEASUREMENT 

 The hardness measurement was carried out on the grown crystal 

using micro–indentation, hardness tester, and microscopic scale. It was done 

to identify the material category. The large area surface of the crystal was 

impressed with various loads by a diamond indenter and the micro hardness 
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value was taken as the average of the several impressions made.  The test was 

carried with an indentation time of 5 s.  The hardness behaviour observed in 

the present study is shown in Figure 3.5(a).  

 

Figure 3.5(a) Variation of hardness number (Hv) as a function of load 

(P) for the grown CS crystal 

 The Hv value is found to increase with the increase in load.  The 

Meyer’s law is expressed as: 

 ndKP 1                                                                  (3.4) 

 Here, K1 is a constant and n is the work – hardening coefficient 

(Meyer index).  The n value is estimated to be 3.86 from the slope of the best 

fitted plot between log P and log d (shown in Figure 3.5(b)). According to 

Onitsch and Hanneman the n value comes out to be 1.0 – 1.6 for hard 

materials and more than 1.6 for soft ones Onitsch (1956). Thus, the crystal 
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under our study belongs to the soft material category. Moreover, the 

experimental results obtained in the present study follow the normal 

indentation size effect trend Muthupoongodi et al. (2015).   

 

Figure 3.5 (b) Variation of log P with log d for the grown CS crystal  

3.6 UV-VIS-NIR SPECTRAL ANALYSIS  

 For a crystal the transparency plays an important role.  UV-Vis-

NIR spectrum was recorded for 2 mm thickness of CS crystal in the 

wavelength range 200 – 1100 nm.   

 The optical transmittance spectrum observed for the CS crystal in 

the present study is shown in Figure 3.6.  It can be seen that the grown crystal 

has good optical transmission (up to 65 %) with a lower cut off at 240 nm.  

This shows that the grown crystal can be used in opto–electronic and NLO 

applications. 
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Figure 3.6 The UV-Vis-NIR transmittance spectrum observed for the 

CS crystal 

3.7 SECOND HARMONIC GENERATION EFFICIENCY 

MEASUREMENT 

 Second harmonic generation (SHG) efficiency measurement for the 

CS crystal was performed by using the Kurtz and Perry powder method.  A 

laser beam with 1 mJ/pulse of 1064 nm wavelength was made to fall on the 

powder sample.  The second harmonic signal of 82 mV was obtained for CS 

while the output of reference material (KDP) was 94 mV for the same input. 

 The SHG efficiency observed is 0.87 times that of KDP which 

proves the importance of this crystal in photonic devices.  The space group 

reported Binitha & Pradyumnan (2014) for the CS crystal is Pī 

(centrosymmetric).  Also, the earlier authors have reported that, out of three 

water molecules in the crystal, two are coordinated to the main structure and 

one is lattice water.  In addition, the coordination environment shows that the 
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crystal structure consists of a compact three–dimensional polymeric array 

through Ca – carboxylate interactions.  Moreover, the TGA/DTG 

measurement made in the present study indicates only 2.3 water molecules.  

This may be due to the loss of lattice water by 0.7 H2O.  So, the observed 

SHG efficiency can be attributed to the deviation in the center of inversion 

symmetry due to the polymeric array structure and loss of lattice water.  

3.8 DIELECTRIC MEASUREMENT 

 AC electrical measurements were carried out to determine the 

dielectric behaviour of the grown CS crystal.  A CS crystal of 2 mm thickness 

was considered as the sample for the measurement. The opposite surfaces 

(with large area) of the sample was coated with silver paste to make it a 

parallel plate capacitor.  

 

Figure 3.7(a) Variation of dielectric constant (εr) as a function of            

frequency and temperature for the grown CS crystal 
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 The measurements were carried out between 30 and 60 °C by 

varying the frequency from 100 to 200 kHz.  The temperature range chosen 

was less than the decomposition temperature determined from the TGA curve.  

The capacitance (C) and dielectric loss factor (tan δ) were measured.  The 

variations of dielectric constant, dielectric loss factor and AC electrical 

conductivity respectively with frequency at different temperatures are shown 

in Figures 3.7 (a), (b) and (c). 

 All the three dielectric parameters, viz. r, tan  and ac values 

increase with the increase in temperature.  Also, r and tan  values decrease 

whereas ac value increases with the increase in frequency. These results 

indicate that the crystal under our study exhibits a normal dielectric 

behaviour.  Moreover, the lower tan  values observed indicate that the 

quality of the crystal grown is good. 

 Electronic, ionic, orientational and space charge polarizations are 

the major contributions to polarization in a crystal.  The contributions from 

electronic and ionic polarizations are due to the electronic and ionic 

displacements respectively under an applied electric field.  The contribution 

from orientational polarization is due to the alignment of permanent dipoles 

under the action of applied field.  The contribution from space charge 

polarization depends on the purity and perfection of crystals.  The 

imperfection and impurities create potential barriers which limit the transport 

of charge carriers and hence increase the dielectric constant.  The space 

charge contribution in a dielectric crystal at lower temperature and higher 

frequency is normally small and often negligible.  As CS is a hydrogen 

bonded dielectric crystal, large amount of proton transport (leading to ionic 

polarization) is expected.  Also, increase in temperature leads to the 

possibility of weakening the hydrogen bonding system due to rotation of the 

hydroxyl ions in water molecules.  This leads to the generation of vacant 
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hydrogen bonds (L-defects) at higher temperature.  These features explain the 

normal dielectric behaviour exhibited by the CS crystal considered in the 

present study. 

 

Figure 3.7(b) Variation of dielectric loss factors (tan δ) as a function of 

frequency and temperature for the grown CS crystal 

 The r values observed in the present study (crystal grown by the 

slow evaporation of solvent method) for the CS crystal are significantly less 

when compared to those observed by the earlier authors Binitha & 

Pradyumnan (2014) (crystal grown by the gel method).  However, we do not 

compare the dielectric behavior with that observed earlier as the earlier 

measurement seems to be doubtful and not proper.  They have reported that 

the crystal is thermally stable up to 75 C only without any mass loss as per 

their thermo-gravimetric measurements.  But, they have made the dielectric 
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measurements up to 110 C.  Beyond 75 C, the crystal cannot have all the 3 

water molecules and hence the material of the crystal will get modified. 

 

Figure 3.7(c) Variation of AC electrical conductivity (σac) as a function 

of frequency and temperature for the grown CS crystal 

 Electrical conductivity of hydrogen bonded crystals has been 

previously understood as due to the proton transport within the framework of 

hydrogen bonds Muthupoongodi et al. (2015); Kavitha & Mahadevan (2013) 

& Meena & Mahadevan (2008).  Also, the proton transport depends on the 

generation of vacant hydrogen bonds.  The electrical conduction in CS can 

also be considered to be protonic.  It can be mainly due to the water molecules 

and succinate ions.  The increase of conductivity with the increase in 

temperature observed can be understood as due to the temperature 
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dependence of the proton transport.  Also, the conductivity increases 

smoothly through the considered range of temperature.   

3.9 CONCLUSION 

 Single crystals of calcium succinate have been grown successfully 

by the free evaporation method and characterized chemically, structurally, 

thermally, optically, mechanically and electrically.  PXRD analysis indicates 

good crystallinity and triclinic crystal system with space group Pī.   

 FTIR spectral analysis confirms the presence of all the functional 

groups.  Thermo-gravimetric analysis indicates the presence of 2.3 water 

molecules and thermal stability up to 68 °C.  The grown crystal is found to 

have good optical transmittance (up to 65 %) with a lower cut off at 240 nm.  

Also, it has an SHG efficiency of 0.87 (in KDP unit) which could be 

explained as due to the deviation in the centre of inversion symmetry created 

by the polymeric array structure and loss of 0.7 lattice water.   

 Micro hardness measurement indicates that the material belongs to 

the soft material category. The dielectric measurement indicates a normal 

dielectric behavior.   Both the dielectric constant and dielectric loss factor are 

inversely proportional to frequency.  The low dielectric loss factor with high 

frequency of CS crystal suggests that it posses good quality with lesser 

defects. 
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CHAPTER 4 

GROWTH AND CHARACTERIZATION OF BARIUM 

SUCCINATE SINGLE CRYSTALS 

 

 In this chapter, we report the growth of single crystals (by the slow 

evaporation method) and various properties like structural, chemical, optical, 

mechanical, thermal and dielectric of barium succinate. 

4.1 GROWTH OF BARIUM SUCCINATE SINGLE CRYSTALS  

 Barium succinate single crystals were grown in gel medium for the 

first time and characterised by Binitha & Pradyumnan (2014).  The crystals 

obtained by them are only up to a maximum size of 3×2×0.2 mm
3
.  In order to 

improve the crystal size, we have attempted to grow barium succinate single 

crystals by the slow evaporation of solvent method and characterized.  

  

Figure 4.1   Photographs of the pure BS single crystals grown 
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 Barium succinate single crystals grown, as discussed in Section 2.5, 

were harvested in a period of 25 days and a photograph of the as-grown 

sample crystal is shown in Figure 4.1(a). A photograph of the grown crystal 

after recrystallization is shown in Figure 4.1(b). 

4.2 ENERGY DISPERSIVE X-RAY SPECTRAL ANALYSIS    

 The energy dispersive X-ray (EDX) spectrum recorded for the 

grown BS crystal is shown in Figure 4.2.  

 

Figure 4.2 The EDX spectrum observed for the BS crystal grown 

 The EDX spectral analysis carried out has given the atomic and 

weight percentages of the elements (Ba, C and O) present in the grown BS 

crystal which are provided in Table 4.1. 

 The result obtained indicates the presence of barium, oxygen and 

carbon in proper amounts in the BS crystal confirming the expected chemical 

composition in the crystal grown. 
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Table 4.1 The obtained atomic and weight percentages of the elements 

Element Weight % Atomic % 

C 55.27 51.63 

O 12.85 14.25 

Ba 31.88 34.12 

Total 100 100 

  

4.3 FOURIER TRANSFORM INFRARED SPECTRAL 

ANALYSIS 

 Fourier transform infrared (FTIR) spectrum of the grown BS crystal 

was recorded by the ATR method and the functional groups were identified 

and the material of the grown crystal was confirmed.  

 

Figure 4.3 The FTIR spectrum observed for the BS crystal 
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 The observed FTIR spectrum is shown in Figure 4.3.  The observed 

wavenumbers and their vibrational assignments are listed in Table 4.2. 

 The peak positioned at 3566 cm
-1

 corresponds to the stretching of 

H-bonded O-H group indicating the presence of water molecule in the BS 

crystal grown.  The earlier authors Binitha & Pradyumnan (2014) show no 

significant peak related to the presence of water molecule in the BS crystal 

grown by the gel method. This indicates that the BS crystal grown by the slow 

evaporation method is hydrated. Stretching and in-plane bending of C-H 

group occur at wave numbers 2929 and 1419 cm
-1

 respectively. The peaks 

observed at wave numbers 1705 and 1552 cm
-1

 respectively are due to the 

symmetric and asymmetric stretching of COO
-
 group. 

Table 4.2  Vibrational frequencies (wavenumbers) and their 

assignments for the BS crystal 

Wavenumber (cm
-1

) Assignment 

3566 H bonded O-H group 

2929 Symmetric stretching of  C-H 

1705 Symmetric stretching of COO
-
 

1552 Asymmetric stretching of COO
-
 

1419 In plane bending of  C-H 

1246 Twisting mode of  (CH2) 

1205 In plane bending of  C-O-H 

919 Symmetric stretching of  C-C 

648 Stretching of  Metal-O group 

592 Stretching of  Metal-O group 

 

 The peaks observed at wave numbers 1246 and 1205 cm
-1

 

correspond respectively to stretching of C-O group and in-plane bending of 

C-O-H. The peak observed at wave number 919 cm
-1

 corresponds to the 

symmetric stretching of C-C group. The peaks observed below 648 and  
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592 cm
-1

 reveal the coordinate interaction with metal ion confirming the 

presence of barium coordinating with oxygen. The FTIR spectral analysis 

thus confirms the presence of all functional groups of barium succinate along 

with water of hydration. 

4.4 POWDER X-RAY DIFFRACTION MEASUREMENT  

 

Figure 4.4 The PXRD pattern observed for the BS crystal compared to 

that available in the ICDD file 
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 The powder X-ray diffraction (PXRD) pattern observed in the 

present study is shown in Figure 4.4.  Appearance of sharp and strong peaks 

confirms the good crystallinity of the grown crystal.  The prominent well-

resolved Bragg peaks observed at specific 2θ values reveal the high perfection 

of the grown crystal. 

 From the PXRD pattern observed, it is understood that the crystal 

structure changes significantly which may be due to the presence of water 

molecule.  This material change may be due to the precursors as well as the 

method of crystal growth used.  

4.5 SINGLE CRYSTAL X-RAY DIFFRACTION ANALYSIS 

Table 4.3  Lattice parameters for the BS crystal estimated through 

SXRD analysis compared to that available in ICDD file 

Lattice parameter 
From ICDD 

(card no:050-2415) 

Observed in the 

present study 

a (Å) 7.60 5.20 

b (Å) 7.60 9.02 

c (Å) 10.29 5.60 

 (
o
) 90 90 

 (
o
) 90 91.16 

 (
o
) 90 90 

Volume (Å
3
) 594 263 

Lattice system Tetragonal Monoclinic P 

 

 Single crystal X-ray diffraction (SXRD) analysis was carried out on 

the BS crystal grown.  The lattice parameters obtained are given and 

compared with that available in the ICDD file in Table 4.3.  In the present 
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investigation, it is observed that the BS single crystal belongs to the 

monoclinic crystal system.  This indicates that the structure of the crystal 

grown in the present study (monoclinic) is different from that reported by the 

earlier authors (tetragonal) (Binitha & Pradyumnan (2014) and ICDD file. 

 The variation of lattice parameters when compared to reported are 

due to the presence of water molecules and the change of precursors.  The 

variation in the crystal structure may be due to the variation of number of 

hydrogen bonds in the crystal, hence the number of water molecules varied.                      

4.6 UV-Vis-NIR SPECTRAL ANALYSIS 

 

Figure 4.5 The UV-Vis-NIR transmittance spectrum observed for the 

BS crystal grown 
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 The optoelectronic device needs the single crystal with good optical 

transmittance and wide range of transmission window.  The UV-Vis-NIR 

transmittance spectrum for the BS single crystal (shown in Figure 4.5) was 

recorded by using a 3 mm thick crystal in the wavelength range of 200 – 1200 

nm. It is found that the transmittance increases from 10 – 73 % in the 

wavelength range 220 – 250 nm.  The crystal exhibits high transmittance in 

the wavelength range of 250 – 1200 nm which is a fundamental requirement 

for the nonlinear optical materials.   

4.7 POWDER SECOND HARMONIC GENERATION 

EFFICIENCY MEASUREMENT 

 The Kurtz and Perry powder technique was used to test the second 

harmonic generation (SHG) efficiency of the grown BS crystal.  KDP was 

used as the reference material. The SHG efficiency observed for the BS 

crystal is 0.67 times that of KDP.  No comparison can be made with earlier 

reports Binitha & Pradyumnan (2014) as the earlier authors found 

centrosymmetric crystal structure for the BS crystals grown by them.  

 The presence of water molecule in the BS crystal grown in the 

present study, confirmed by the thermo-gravimetric (see Section 4.8) and 

FTIR analyses, has changed the crystal structure in a way for the BS crystal to 

exhibit SHG efficiency.  The observed SHG efficiency can be attributed to the 

π electron cloud movement from donor to acceptor molecules and the 

presence of water molecule in the centre of inversion symmetry or the local 

non – centro symmetry caused by defects Kolanthai et al. (2015).  

4.8 THERMAL ANALYSIS 

 Detailed information regarding the phase transition, water of 

crystallization and different decomposition stages are given by the thermo-

gravimetric (TG) and differential thermo-gram (DTG) analyses. The TG and 
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DTG curves observed for the BS crystal grown in the present study are shown 

in Figure 4.6.  From these curves, it is found that the grown crystal is 

thermally stable up to 150 °C.  Also, these curves indicate that there is no 

structural change at higher temperatures independent of mass change in the 

BS crystal.  Above 150 °C the BS crystal exhibits two stages of 

decomposition.  The first stage is found to be sharper than the second stage.          

 

Figure 4.6 The TG and DTG curves observed for the BS crystal grown 

 The first decomposition stage corresponds to a maximum weight 

loss of 92 % occurring in the temperature range of 150 – 206 °C.  This leads 

to the formation of barium oxide with the liberation of water, a possible 

carbonaceous residue (acrolein) and carbon di-oxide molecules. The 

corresponding DTG peak is observed at 239 °C.  A BS crystal heated directly 

started degrading at about 160 °C confirming the above chemical change. 
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 In the second decomposition stage, the weight loss starts from 475 

to 611 °C.  The corresponding DTG peak is observed at 595 °C.  In this stage, 

oxygen is liberated leading to the formation of trace amount of barium metal.  

4.9 HARDNESS MEASUREMENT 

 Mechanical properties of crystals play an important role for 

practical applications because they are connected with the structure and 

physical and chemical properties.  To study the mechanical properties, among 

the various experimental tools, hardness testing is frequently used. Because, 

this technique has also become increasingly important for industries involved 

with micro machines, microelectronics and magnetic recording Sangwal et al. 

(2003).  In the present study, Vickers’s microhardness or hardness number 

(Hv) for loads of different magnitudes such as 25, 50 and 100 g were 

determined at room temperature.  At least two indentations were produced on 

the large area surface of the sample crystal for a particular load.  The 

dimensions of both diagonals of an indentation were measured and the 

average diagonal ‘d’ was calculated from all diagonals measured for a 

particular load P.  The hardness numbers obtained for the grown crystal are 

shown in Figure 4.7(a). The hardness number is found to increase with the 

increasing load which indicates that the hydrous BS crystal grown in the 

present study can be considered as useful for device applications. The value 

of Hv is found to increase as load increases.  

 Plot between log P and log d was drawn (shown in Figure 4.7(b)) 

and found to be nearly linear obeying the Meyer’s law which is expressed as: 

P = k1d
n
, where k1 is a constant and n is the work hardening coefficient 

(Meyer’s index).  According to Onitsch and Hanneman, ‘n’ should lie 

between 1 – 1.6 for hard materials and is greater than 1.6 for soft materials 

Onitsch (1956).  The ‘n’ value (the slope of the best fitted plot between log P 

and log d) observed in the present study is 5.86 which suggests that the grown 

hydrous BS crystal belongs to the soft material category.  
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Figure 4.7(a) Variation of hardness number (Hv) as a function of load 

(P) for the grown BS crystal 

 

Figure 4.7 (b) Variation of log P with log d for the grown BS crystal 
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4.10 DIELECTRIC MEASUREMENT  

 The dielectric measurement was carried out at various temperatures 

and with different frequencies on the grown BS crystal along the direction 

normal to the large area surface and used to determine the dielectric 

parameters, viz. dielectric constant, dielectric loss factor and AC electrical 

conductivity. The variations of dielectric constant (εr), dielectric loss factor 

(tan δ) and AC electrical conductivity (σac) with frequency of the applied field 

and temperatures are shown in Figures 4.8 (a), 4.8 (b) and 4.8 (c) respectively.  

 All the three dielectric parameters considered are found to increase 

with the increase in temperature.  Also, when the frequency increases, the  εr 

and tan δ values decrease whereas the σac value increases.  This is a normal 

dielectric behaviour of a polar dielectric material.  

 It is a known fact that at low frequencies the dipoles follow the 

applied field whereas at high frequencies they do not.  Dielectric constant of a 

material is due to the electronic, ionic, polar and space charge polarizations.  

At low frequencies space charge polarization is more predominant and hence 

dielectric constant increases abnormally.   

 As the frequency increases, space charge cannot sustain and 

comply with the external field and hence polarization decreases, giving rise to 

diminishing values of dielectric constant.  The low values of dielectric 

constant at high frequencies are important for the materials in the construction 

of photonic devices. 
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Figure 4.8(a) Variation of dielectric constant (εr) as a function of            

frequency and temperature for the grown BS crystal 

 The dielectric loss (or dissipation factor) is associated with 

imperfections in the crystal such as impurities, micro structural defects, 

porosity, micro cracks and random crystallite orientation.  The dielectric loss 

decreases with the increasing frequency and increases with the increasing 

temperature.  It accounts for good chemical homogeneity of the grown crystal 

with lesser defects and this parameter is important for materials in the 

fabrication of photonic and electro optic devices.  An essential property of 

NLO material is its ability to support an electrostatic field while dissipating 

minimal energy (the lower dielectric loss) in the form of heat Sun et al. 

(2011).  The tan δ values observed for the hydrous BS crystal grown in the 

present study are sufficiently small so that the crystal can be expected to be 

useful for photonic and electro optic devices. 
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Figure 4.8(b) Variation of dielectric loss factor (tan δ) as a function of 

frequency and temperature for the grown BS crystal 

 The imperfection and impurities present in a dielectric material are 

expected to create potential barriers which limit the transport of charge 

carriers.  As hydrous BS crystal grown in the present study is a hydrogen 

bonded dielectric crystal, large amount of proton transport (leading to ionic 

polarization) is expected.  Also, there is a possibility of weakening the 

hydrogen bonding system due to rotation of the hydroxyl ions in water 

molecules when the temperature increases. This is expected to generate vacant 

hydrogen bonds (L-defects) at higher temperatures. The electrical 

conductivity of hydrogen bonded crystals can be understood as due to the 

protonic transport within the framework of hydrogen bonds Sun et al. (2011); 

Shkir et al. (2013) & Kavitha & Mahadevan (2013). Moreover, this proton 

transport depends on the creation of L-defects.  The electrical conduction in 

hydrous BS crystal grown in the present study can also be considered as 

protonic which can be mainly due to the water molecules and succinate ions.  
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Moreover, the increase of electrical conductivity with the increase in 

temperature can be explained as due to the temperature dependence of the 

proton transport.   

 

Figure 4.8(c)  Variation of AC electrical conductivity (σac) as a function 

of frequency and temperature for the grown BS crystal 

4.11 CONCLUSION 

 Barium succinate (BS) single crystals were successfully grown by 

the slow evaporation of solvent growth technique with reasonable size.  The 

presence of barium metal ion in the BS crystal was confirmed by energy 

dispersive X-ray spectral analysis.  X-ray diffraction (both PXRD and SXRD) 

analyses indicate good crystallinity and monoclinic crystal system.  FTIR 

spectral and thermo-gravimetric (TG and DTG) analyses indicate the presence 

of all the functional groups and one water molecule and thermal stability up to 
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150 ºC.  The grown crystal possesses good optical transmittance (~73 %) in 

the wavelength range of 250 - 1200 nm and an SHG efficiency of 0.67 times 

(in KDP unit).  Micro hardness measurement indicates that the crystal follows 

normal indentation size effect and is mechanically soft. The AC electrical 

measurement indicates a normal dielectric behaviour and the mechanism of 

electrical conduction could be understood as due to the protonic transport.  

Results of the present study indicate that the BS crystal grown by the solvent 

evaporation method is expected to be useful in photonic and electro optic 

devices 
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CHAPTER 5 

GROWTH AND CHARACERIZATION OF NEW SEMI-

ORGANIC BARIUM-CALCIUM SUCCINATE SINGLE 

CRYSTALS 

 

 Metal–organic framework crystals are more important due to their 

applications. Also hybrid materials or alloys offer a higher degree of 

flexibility for tuning properties and functionalities.  In this chapter we discuss 

the various properties of the mixed barium-calcium succinate single crystals 

grown for the first time. 

5.1 GROWTH OF BARIUM-CALCIUM SUCCINATE SINGLE 

CRYSTALS 

 The barium-calcium succinate (BCS) single crystals (BaxCa1-

xC4H4O4 with x = 0.2, 0.4, 0.5, 0.6 and 0.8) grown by the slow evaporation 

method, as discussed in Section 2.6, were harvested in about 30 days.  

 The mixed crystals grown in the present study will be represented 

as BCS 28, BCS 46, BCS 55, BCS 64 and BCS 82 respectively for the 

compositions with x = 0.2, 0.4, 0.5, 0.6 and 0.8.  Photographs of the grown 

crystals are shown in Figure 5.1.  The grown crystals are found to be stable at 

normal atmospheric condition and considerably transparent.  

 A small amount of white colouration is found to occur with the 

increase in barium content.  Visible defect–free good quality crystals have 

been selected and subjected to various measurements in order to characterize 

them structurally, thermally, chemically, optically, mechanically and 

electrically by the available standard methods.      
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Figure 5.1 Photographs of the BaxCa1-xC4H4O4 single crystals grown 
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BCS 82 

BCS 28 BCS 46 

12×11×2 mm
3
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3
 

18×8×3 mm
3
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3
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3
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5.2 ATOMIC ABSORPTION SPECTRAL ANALYSIS       

 From the atomic absorption spectral (AAS) analysis, the presence 

of calcium and barium metals in the grown mixed BCS crystals were 

confirmed.  The concentration of barium and calcium metals in the mixed 

crystals are given in Table 5.1. The observed Ca and Ba contents indicate that 

when Ca content in the solution used for the crystallization is high (BCS 28 & 

BCS 46), the Ba atom could not replace the Ca atom in a higher level.  

However, when Ca content is equal or less (BCS 55, BCS 64 & BCS 82), the 

Ba atom could replace the Ca atom in a higher level.  For BCS 64 and BCS 82 

crystals, they can be considered as calcium doped barium succinate crystals. 

Table 5.1 Results obtained through atomic absorption spectral analysis 

Crystal 
Metal contents 

Barium Calcium 

BCS 28 0.21 0.79 

BCS 46 0.58 0.42 

BCS 55 0.80 0.20 

BCS 64 0.95 0.05 

BCS 82 0.99 0.01 

 

5.3 FOURIER TRANSFORM INFRARED SPECTRAL 

ANALYSIS 

 The functional groups present in the barium-calcium succinate 

mixed crystals have been confirmed by the Fourier transform infrared (FTIR) 

spectral analysis. The observed FTIR spectra are shown in Figure 5.2. 

Presence of water of hydration in some mixed crystals has also been 

confirmed. 
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Figure 5.2 The FTIR spectra observed for the grown mixed BCS crystals 

 The peaks observed at wave numbers 3472 – 3558 cm
-1

 in the case 

of BCS 28, BCS 46 and BCS 55 (with low intensity) correspond to the 

stretching of H-bonded O-H group indicating the presence of water molecules.   

 Stretching of C–H group occurs at wave numbers 2927 - 2947 and 

at 1411 – 1419 cm
-1

.  Peaks at wave numbers 1688 – 1697 and 1566 – 1571 cm
-1

 

correspond to stretching of COO
-
 group.  The bands occurring at wave 

numbers 1297 – 1315 and 1190 – 1210 cm
-1

 correspond to stretching of C – O 

group and in plane bending of C-H group.  The C-C stretching group occurs 

at wave numbers 890 – 914 cm
-1

. The peaks observed at wave numbers 916 – 

579 cm
-1

 are due to Ca/Ba – O Shajan & Mahadevan (2004).  FTIR spectral 

analysis thus confirms the presence of all the functional groups of barium–

calcium succinate along with water of hydration for CS 28, BCS 46 and BCS 

55 and with no water of hydration for BCS 64 and BCS 82 crystals. The 

assignments of frequencies observed are listed in Table 5.2.  
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Table 5.2  Vibrational frequencies and their assignments for the mixed 

BCS crystals grown     

Stretching frequency (cm
-1

) 
Assignments 

BCS 28 BCS 46 BCS 55 BCS 64 BCS 82 

3546 3546 3558 -- -- 
Stretching of H-bonded O-H group 

3489 3472 3484 -- -- 

2927 2927 2927 2927 2927 C-H stretching 

1696 1688 1696 1696 1697 
Symmetric stretching of COO

-
 

group 

1411 1419 1419 1419 1411 Stretching of C-H group 

1305 1313 1305 1305 1313 Stretching of C-O group 

1199 1199 1207 1199 1207 In plane bending of C-H 

906 890 913 913 914 Symmetric stretching of C-C group 

800 800 800 800 800 
Stretching of metal – oxygen group 

637 637 637 637 637 

 

5.4 SINGLE CRYSTAL X-RAY DIFFRACTION ANALYSIS 

 Barium-calcium succinate mixed crystals have been grown by the 

slow evaporation method for the first time.  So, the crystal lattice (structure) 

and lattice parameters were obtained through single crystal X-ray diffraction 

(SXRD) analysis.  The results obtained are provided in Table 5.3.  The BCS 

28, BCS 46 and BCS 55 crystals belong to the orthorhombic crystal system 

whereas the BCS 64 and BCS 82 crystals belong to the monoclinic crystal 

system.  This result indicates that the mixed crystals grown in the present 

study can be expected to have different number of water molecules (which is 

also confirmed by the FTIR analysis), as well as different number of 

hydrogen bonds leading to different functionalities.  
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Table 5.3  Lattice parameters obtained through SXRD analysis for the 

grown mixed BCS single crystals  

Parameter BCS 28 BCS 46 BCS 55 BCS 64 BCS 82 

a (Å) 8.81 8.67 8.85 5.14 5 .04 

b (Å) 21.25 21.01 21.34 8.91 8.78 

c (Å) 6.56 6.47 6.60 5.57 5.46 

 (
o
) 90 90 90 90 90 

 (
o
) 90 90 90 91.37 91.70 

 (
o
) 90 90 90 90 90 

Volume (Å
3
) 1228 1179 1245 255 242 

Lattice system Orthorhombic  Monoclinic  

 

5.5 UV–Vis–NIR SPECTRAL ANALYSIS 

 The UV-Vis-NIR transmittance spectra observed in the present 

study are shown in Figure 5.3. The optical transmission percentages and 

(lower) cut-off wavelengths observed are provided in Table 5.4.  Efficient 

NLO crystals are expected to possess good optical transparency and lower cut 

off wavelength within 200 – 400 nm Aka et al. (1997).   

 The mixed crystals grown in the present study possess good optical 

transparency and lower cut off wavelength within 236 – 250 nm.  Moreover, 

the transparency is found to be good in the whole wavelength range 

considered beyond the lower cut off wavelength.  The lower cut off 

wavelength is found to increase with the increase in the Ba content.   
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Figure 5.3  The UV-Vis-NIR transmittance spectra observed for the 

grown mixed BCS crystals 

Table 5.4  Cut off wavelengths and optical transmittances observed for 

the grown mixed crystals 

Crystal Cut off wavelength (nm) Optical transmittance (%) 

BCS 28 236 81 

BCS 46 238 78 

BCS 55 244 71 

BCS 64 248 69 

BCS 82 250 68 

 

 Also, the transmittance is found to be maximum for the BCS 28 

crystal and minimum for the BCS 82 crystal.  In the case of CS and BS 

crystals, the transmittance is high but the window wavelength range is low.  

Thus, the mixed crystals grown (BCS 28, BCS 46, BCS 55, BCS 64 and BCS 

82) are found to be more useful than their end members (CS and BS) in 

optoelectronic and NLO applications. 
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5.6 POWDER SECOND HARMONIC GENERATION 

EFFICIENCY MEASUREMENT 

 The nonlinear optical (NLO) properties of single crystals are very 

important for laser and opto electronic applications.  The powder second 

harmonic generation (SHG) efficiency measurement is a tool to understand 

whether the crystals grown in the present study are NLO active or not.  The 

SHG efficiencies observed for the mixed BCS crystals grown in the present 

study are compared to those observed for the end members (CS and BS) in 

Figure 5.4.  It is found that the NLO property has been tuned considerably by 

forming the hybrid materials. Moreover, all the five mixed crystals considered 

exhibit good SHG efficiency. 

 

Figure 5.4 Powder SHG efficiencies observed for the grown mixed BCS 

crystals compared to that of the end member crystals (CS 

and BS) 
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5.7 THERMO GRAVIETRIC AND DIFFERENTIAL 

THERMOGRAVIMETRIC ANALYSES 

 The thermo-gravimetric (TG) and differential thermo-gravimetric 

(DTG) curves observed for the mixed BCS crystals are shown in Figure 5.6.  

The thermo-gravimetric analysis indicates the presence of fractional water 

molecules in BCS 28, BCS 46 and BCS 55 crystals and no water molecule in 

BCS 64 and BCS 82 crystals.  This is in confirmation with the result of FTIR 

spectral analysis.  Crystals with fractional water molecules are expected to be 

more useful.  Fractional water molecules have been reported earlier 

(Manonmani et al. (2007); Manonmani et al. (2007); Manonmani et al. (2008) 

& Muthupoongodi et al. (2015)) for K3BaCl5.2H2O, K3CaCl5.2H2O, 

Na3CaCl5.2H2O and Sr(HCOO)2.2H2O crystals.  

 The chemical compositions observed for the grown mixed crystals 

are provided as the observed molecular formula in Table 5.6. The anhydrous 

nature of BCS 64 and BCS 82 crystals has increased the thermal stability of 

these crystals from a lower (<100 °C) to higher (>150 °C) temperature.  

Moreover, the hydrous mixed crystals (BCS 28, BCS 46 and BCS 55) are 

found to be thermally more stable than the CS crystal (stable up to 68 °C) and 

the anhydrous mixed crystals (BCS 64 and BCS 82) are found to be thermally 

more stable than the BS crystal (stable up to 150 °C).  The small white 

colouration observed for the crystals with higher Ba content can be explained 

as due to the decrease of hydrous nature.  

 The TG curves (see Figure 5.6) of BCS 28, BCS 46 and BCS 55 

crystals show three stages of weight loss similar to that observed for the CS 

crystal.  The first stage corresponds to the loss of water molecules.  The 

second stage can be attributed to the liberation of CO2 leading to the 

formation of calcium– barium oxide.  The third stage can be attributed to the 

liberation of O2 leading to calcium–barium metal formation.      
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Figure 5.5 The TG and DTG curves observed for the grown mixed 

BCS crystals 
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 The TG curves (see Figure 5.5) of BCS 64 and BCS 82 crystals 

show only two stages of weight loss.  The first stage is a major one which can 

be attributed to the liberation of CO2 leading to the formation of calcium–

barium oxide.  The second stage is a gradual one which can be attributed to 

the liberation of O2 leading to calcium–barium metal formation.  The DTG 

curves confirm the above. 

 Table 5.5 Results of thermogravimetric analyses 

Crystal 
No of water 

molecules present 

Thermally stable 

up to (°C) 

Estimated formula 

from AAS  

BCS 28 0.93 91 Ba 0.21Ca 0.79C4H4O4 

BCS 46 0.89 94 Ba 0.58Ca 0.42 C4H4O4 

BCS 55 0.53 84 Ba 0.80Ca 0.20 C4H4O4 

BCS 64 - 157 Ba 0.95Ca 0.05 C4H4O4 

BCS 82 - 175 Ba 0.99Ca 0.01 C4H4O4 

 

 Moreover, the presence of calcium–barium metal after stage III/II 

(after the liberation of O2) decreases when the Ba content increases.  This 

indicates that the Ba metal atom is going out early as in the case of BS crystal.   

BCS 64 and BCS 82 crystals contain 95 and 99 % Ba respectively (see Table 

5.5).  From Figure 5.6, it can be understood that the calcium–barium metal 

(alloy) contents available after stage II are 11 % at 644 °C for BCS 64 crystal 

and 9 % at 605 °C for BCS 82 crystal.  The Ba metal content in the case of BS 

crystal is 1.52 % at 490 °C and Ca metal content in the case of CS crystal is 

19.8 % at 711 °C.  
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5.8 MECHANICAL PROPERTY - HARDNESS MEASUREENT 

 The micro hardness testing for the grown BCS mixed crystals were 

carried out to understand the mechanical properties.  The results obtained 

through micro hardness measurement are shown in Figures 5.6(a) & (b).   

 

Figure 5.6(a) Variation of hardness number (Hv) as a function of load 

(P) for the grown mixed BCS crystals 

 According to Onitsch and Hanneman, the ‘n’ value should be 

within 1 – 1.6 for hard materials and more than 1.6 for soft materials Onitsch 

(1956).  As the ‘n’ values are found to be more than 1.6, the mixed crystals 

grown in the present study can be considered as soft materials.  The CS and 

BS crystals are also found to be soft materials. Thus, the mechanical 

parameters obtained for the mixed crystals grown indicate that these mixed 

crystals have normal mechanical behavior and can be used in devices without 

any mechanical problem.  
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Figure 5.6(b)  Variation of log P with log d for the grown mixed BCS 

crystals 

Table 5.6  Work hardening coefficients observed for the mixed crystals 

compared to those of end members  

Crystal Work hardening coefficient (n) 

CS 3.86 

BCS 28 2.577 

BCS 46 2.144 

BCS 55 3.712 

BCS 64 3.728 

BCS 82 4.985 

BS 5.86 

 

 The hardness number (Hv) is found to increase with the load which 

is considered to be the normal indentation size effect Manonmani et al. 

(2008). The higher hardness value of the crystal indicates that greater stress is 
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required to form dislocation. The log P versus log d plots are found to be 

nearly linear and Meyer’s index (n) values obtained for the grown mixed BCS 

crystals are compared with those for the end members in Table 5.7.   

5.9 DIELECTRIC MEASUREMENTS  

    

 

Figure 5.7(a) Variation of dielectric constant (εr), dielectric loss                            

factor (tan δ) & AC electrical conductivity (σac) as a 

function of frequency and temperature observed for the 

grown BCS 28 single crystal 

 The dielectric measurements were carried out for all the five mixed 

BCS single crystals grown along the direction normal to the large area surface 

at different temperatures and with various frequencies. The AC electrical 
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parameters, viz. dielectric constant, dielectric loss factor and AC electrical 

conductivity obtained are shown in Figures 5.7 (a), (b), (c), (d) & (e). 

   

    

 

Figure 5.7(b) Variation of dielectric constant (εr), dielectric loss                             

factor (tan δ) & AC electrical conductivity (σac) as a 

function of frequency and temperature observed for the 

grown BCS 46 single crystal 

 In hydrogen bonded dielectric crystals like CS & BS large amount 

of proton transport (leading to large ionic polarization) is expected. From that 

the mixed crystals grown in the present study are hydrogen bonded dielectric 

crystals, large amount of proton transport (leading to ionic polarization) is 

expected.  Also, due to increase in temperature, a possibility of weakening the 
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hydrogen bonding system exists which is expected to generate vacant 

hydrogen bonds (L-defects) at higher temperatures.   

   

  

Figure 5.7(c) Variation of dielectric constant (εr), dielectric loss                            

factor (tan δ) & AC electrical conductivity (σac) as a 

function of frequency and temperature observed for the 

grown BCS 55 single crystal 

 So, the electrical conductivity in these hydrogen bonded crystals 

can be understood as due to the protonic transport within the framework of 

hydrogen bonds (Manonmani et al. (2008); Meena & Mahadevan (2008)& 

Kavitha & Mahadevan (2013)).   
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 The increase of electrical conductivity with the increase in 

temperature observed in the present study can be understood as due to the 

temperature dependence of the proton transport.  Moreover, the electrical 

conductivity is found to increase smoothly through the considered range of 

temperature.   

   

 

Figure 5.7(d) Variation of dielectric constant (εr), dielectric loss                            

factor (tan δ) & AC electrical conductivity (σac) as a 

function of frequency and temperature observed for the 

grown BCS 64 single crystal 

 The εr, tan δ and σac values are found to increase with the increase 

in temperature. Also, the εr and tan δ values decrease whereas the σac value 

increases with the increase in frequency.  These results indicate that the mixed 
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crystals under our study exhibit normal dielectric behaviour.  Moreover, the 

lower tan δ values observed indicate that the quality of the mixed crystals 

grown is good.  Also, the tan δ values observed are sufficiently small so that 

the mixed crystals grown in the present study can be expected to be useful for 

photonic and electro optic devices.  

    

 

Figure 5.7(e) Variation of dielectric constant (εr), dielectric loss                            

factor (tan δ) & AC electrical conductivity (σac) as a 

function of frequency and temperature observed for the 

grown BCS 82 single crystal 

 The dielectric constant of a material depends on various 

polarization (electronic, ionic, dipolar and space charge) mechanisms.   
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 As the time required for alignment of polarization direction is 

larger in low–frequency domain, it contributes to higher magnitude of 

dielectric constant; on the other hand, the increased frequency of applied field 

induces the faster alignment of polarization direction which results to 

profoundly lower magnitude of dielectric constant Meena & Mahadevan 

(2008). Potential barriers limiting the transport of charge carriers are expected 

to be created in a dielectric material due to the imperfection and impurities 

present in it.  In ionic crystals, due to the large forbidden energy gap, the 

charge transported by electrons is zero Kavitha & Mahadevan (2014). 

Moreover, the electronic polarizability practically remains constant Priya & 

Mahadevan (2009). It can be seen that the high frequency and low frequency 

permittivities significantly differ and the ionic polarization is found to be very 

large.   

5.10 CONCLUSION 

 In this study, the hybrid barium-calcium succinate single crystals 

were grown successfully. Also, the properties of the mixed crystals have been 

found to be tuned when compared to the single component (end member) 

crystals. Thus the aim of the approach is successfully completed. Stable and 

considerably transparent single crystals of BaxCa1-xC4H4O4 (x = 0.2, 04, 0.5, 

0.6 and 0.8) could be grown to a reasonable size by the solvent evaporation 

solution growth technique.  

 SXRD measurement indicates that the BCS 28, BCS 46 and BCS 

55 crystals belong to the orthorhombic crystal system and the BCS 64 and 

BCS 82 crystals belong to the monoclinic crystal system.  The chemical 

compositions could be obtained through FTIR spectral, AAS and thermo-

gravimetric measurements.  BCS 28, BCS 46 and BCS 55 crystals contain 

fractional water molecules whereas BCS 64 and BCS 82 crystals contain no 

water molecule.   
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 Mixing CS with BS leads to tuning significantly the thermal 

stability, optical transmittance, window wavelength range, SHG efficiency, 

mechanical properties and AC electrical properties.  The mixed crystals 

grown in the present study are expected to be more useful than their end 

members in optoelectronic, NLO and electrical device applications.  

Moreover, the present study indicates the possibility of growing single phased 

mixed crystals with the end members being non–isomorphous. 
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CHAPTER 6 

GROWTH AND CHARACERIZATION OF GLYCINE AND 

UREA DOPED BARIUM AND CALCIUM SUCCINATE 

SINGLE CRYSTALS 

 

 Metal–organic framework crystals doped with selective 

ions/materials offers an effective approach to tune or stimulate their physical 

and chemical properties which is necessary for technological applications.   

 In this regard we have chosen urea and glycine as impurities to 

investigate the physicochemical properties of calcium succinate (CS) and 

barium succinate (BS) single crystals. We report herein the results obtained. 

6.1 GROWTH OF GLYCINE AND UREA DOPED BARIUM 

AND CALCIUM SUCCINATE SINGLE CRYSTALS 

 The glycine/urea doped barium/calcium succinate single crystals 

grown, as discussed in Section 2.7 were harvested in about 20 – 25 days. 

Photograph of the sample crystals grown are shown in Figure 6.1.    
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Figure 6.1 Photograph of the grown GBS, UBS, GCS and UCS single 

crystals 

 The glycine doped barium and calcium succinate crystals grown in 

the present study will be represented as GBS & GCS. And urea doped barium 

and calcium succinate will be represented as UBS & UCS respectively. 

6.2 X-RAY DIFFRACTION ANALYSIS 

 The powder X-ray diffraction (PXRD) patterns observed for the 

GCS and UCS crystals are shown along with that observed for the CS crystal 

in Figure 6.2 (a). The PXRD patterns observed for the GBS and UBS crystals 

are shown along with that observed for the BS crystal in Figure 6.2 (b). The 

sharp peaks observed indicate the crystalline perfection of the grown crystals.  

GBS 

13×9×2 mm
3
 

UBS 

12×4×3 mm
3
 

GCS UCS 

6×6×3 mm
3
 9×8×2 mm

3
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Figure 6.2(a) The PXRD patterns observed for the GCS and UCS 

crystals compared with that of the CS crystal 

 

Figure 6.2(b) The PXRD patterns observed for the GBS and UBS 

crystals compared with that of the BS crystal 
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 The PXRD patterns observed for the doped crystals are found to be 

similar to that of the pure one indicating that doping does not lead to any 

significant lattice distortion in both the cases of CS and BS crystals. Slight 

shift observed in the two-theta values on doping indicates that the dopant 

molecules have entered into the crystal matrices of the CS and BS crystals. 

6.3 FOURIER TRANSFORM INFRARED ANALYSIS  

 One of the important tools in crystal growth and characterization to 

annotate the functional groups and structural reorganization in a material 

crystal is Fourier transform infrared (FTIR) spectral analysis.  The FTIR 

spectra recorded for the CS, GCS and UCS crystals are shown in Figure 6.3 

(a) and those for the BS, GBS and UBS crystals are shown in Figure 6.3 (b).  

The vibrational assignments made are depicted in Tables 6.1 (a) and 6.1 (b).  

 

Figure 6.3(a) FTIR spectra observed for the GCS and UCS crystals 

compared with that for the CS crystal 
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 It is observed that doping leads to slight shifting of peaks occurring 

due to C-O stretching, C-H stretching and Metal-O stretching in the case of 

GCS and UCS crystals. In the case of GBS and UBS crystals also, doping 

leads to slight shifting of peaks occurring due to C-H stretching, COO
-
 

stretching, C-C stretching and Metal-O stretching.  The peaks due to in-plane 

bending of C-H and C-O-H have also been slightly shifted. The spectral 

variation observed in the case of characteristic peaks has confirmed the 

presence of urea and glycine molecules in the doped crystals. The additional 

peaks observed with less intensity occurring due to the functional groups of 

urea (NH2, C-N and N-O) and glycine (N-H, NH3 and N-O) also have 

confirmed the presence of urea molecules in the case of UCS and UBS 

crystals and glycine molecules in the case of GCS and GBS crystals.  

Table 6.1 (a) Vibrational frequencies and their assignments for the GCS 

and UCS crystals compared with that for the CS crystal  

CS  

(cm
-1

) 
Assignment 

GCS  

(cm
-1

) 
Assignment 

UCS  

(cm
-1

) 
Assignment 

--- --- 3558 νs N-H --- --- 

--- --- 3483 νas N-H 3488 ν NH2 

3469 
H bonded  

O-H group 
--- --- --- --- 

2927 νs C-H 2927 νs C-H 2924 ν C-H 

  1706 a COO --- --- 

1671 νs COO
-
 --- --- --- --- 

1526 νs COO
-
 1567 νs COO

-
 --- --- 

  1406 NH3
+
 group 1563 S NH2 

--- --- --- --- 1430 ν C-N 

1312 νs C-O --- --- 1327 ν C-O 

1211 νs C-O 1251 νs C-O 1231 ν C-O 

1175 νs C-O 1182 νs C-O --- --- 

959 β C-H 991 νs N-O 1035 ν N-O 

654 ν Metal-O 615 ν Metal-O 668 ν Metal-O 

νs  - Symmetric stretching; νas -  Asymmetric stretching; β - in plane bending; ρ - rocking;  

δ - deformation; S -  scissoring; ω - wagging / out of plane bending 
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Table 6.1(b) Vibrational frequencies and their assignments for the GBS 

and UBS crystals compared with that for the BS crystal  

BS  

(cm
-1

) 
Assignment 

GBS  

(cm
-1

) 
Assignment 

UBS  

(cm
-1

) 
Assignment 

3565 
H bonded O-

H group 
--- --- --- --- 

2929 νs C-H 2929 νs C-H 2931 νs C-H 

1705 νs COO
-
 1694 νs COO

-
 1694 νs COO

-
 

1552 νas COO
-
 --- --- --- --- 

1419 β  C-H 1415 β  C-H 1415 β  C-H 

--- --- 1309 νs C-N 1309 νs C-N 

1246  --- --- --- --- 

1205 β C-O-H 1200 β C-O-H 1200 β C-O-H 

919 νs C-C 919 νs C-C 915 νs C-C 

--- --- 802 ω N-H 801 ω N-H 

647 ν Metal-O 637 ν Metal-O 637 ν Metal-O 

592 ν Metal-O 545 ν Metal-O --- --- 

νs  - Symmetric stretching; νas -  Asymmetric stretching; β - in plane bending; ρ - rocking;  

δ - deformation; S -  scissoring; ω - wagging / out of plane bending 

 

Figure 6.3(b)  FTIR spectra observed for the GBS and UBS crystals 

compared with that for the BS crystal 
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6.4 UV-Vis-NIR SPECTRAL ANALYSIS 

 The optical absorption (UV-Vis-NIR) spectra for the GCS, UCS, 

GBS and UBS crystals were recorded in the wavelength region ranging from 

200 – 1200 nm and are shown along with those of CS and BS crystals in Figure 

6.4.  The transmission range was used to know the suitability of the crystal for 

optical applications.  It can be noted that urea and glycine doping increases the 

window wavelength range in the case of CS crystal. However, in the case of BS 

crystal, urea and glycine doping decreases the window wavelength range. 

  

Figure 6.4 UV-Vis-NIR spectra observed for the GCS, UCS, GBS and 

UBS crystals along with those for the CS and BS crystals 

 The transparent nature in the UV–visible region is considered to be 

a desired property for the material used for NLO applications.  For optical 

device fabrication, the crystal should be highly transparent over a 

considerable region of wavelength.  The lower cut–off wavelength for the CS 

crystal is found to be ≈240 nm.  It is almost same for the GCS and UCS single 
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crystals. However, the absorption is considerably higher in the lower 

wavelength region for the CS crystal. The lower cut–off wavelength for the 

BS crystal is ≈ 250 nm.  Glycine doping increases the transmission of BS 

crystal considerably in the visible region.  In effect, all these crystals can be 

considered as potential materials for optical device fabrication.   

6.5 POWDER SECOND HARMONIC GENERATION 

EFFICIENCY 

 In order to confirm the SHG efficiency of the grown doped crystals, 

the crystals were subjected to SHG measurement by the Kurtz and Perry 

method. The crystals in powder form were filled in the micro capillary tube 

and placed in the way of laser beam of wavelength 1064 nm. The results 

obtained are shown in Figure 6.5. 

 It is found that glycine doping increases whereas urea doping 

decreases the SHG efficiency of the CS crystal. In the case of BS crystal, both 

glycine and urea doping decreases the SHG efficiency. Higher SHG 

efficiency is normally related with favourable molecular alignment facilitating 

nonlinearity Kolanthai et al. (2015). The SHG property exhibited by the CS 

and BS crystals can be explained as due to the π electron cloud movement 

from the donor to acceptor molecules and the presence of water molecule 

(possibly) in the centre of inversion symmetry or the local non 

centrosymmetry caused by defects. The GCS crystal exhibits maximum SHG 

efficiency which can be attributed to the zwitterionic form of the glycine 

molecules present in it. Moreover, it is expected that the doping concentration 

is more in CS crystal than in BS crystal. This is reflected in the result of SHG 

measurement. So, the present study indicates that CS, BS and GCS crystals 

grown can be considered as suitable for NLO applications. 
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Figure 6.5 The SHG efficiencies observed for GCS, UCS, GBS and 

UBS crystals compared to that for CS and BS crystals   

6.6 THERMAL ANALYSIS 

Thermogravimetric analysis was done by carrying out TG and DTG 

measurements for all the doped crystals grown and the thermal stability was 

determined. The thermo-grams obtained in the present study are shown in 

Figure 6.6. The thermo-grams obtained for the Pure CS and Pure BS crystals 

have already been shown in Chapters 3 and 4 respectively. Weight loss data 

and decomposition temperature ranges obtained are provided in Table 6.2 and 

compared to those for the pure crystals.  The decomposition stages can be 

represented as: 

 

 

Stage - I 

Stage - II Stage - III 

Stage - I Stage - II Stage - III 
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Table 6.2  Decomposition temperature ranges and weight losses 

observed for the Pure CS, GCS, UCS, Pure BS, GBS and 

UBS crystals grown 

Crystal Pure CS GCS UCS 

I Decomposition 

temperature, °C 
68 - 131 90 – 136 104 - 173 

Weight loss % 13 10 19 

II Decomposition 

temperature, °C 
170 – 225 190 – 253 480 – 543 

Weight loss % 32 40 50 

III Decomposition 

temperature, °C 
463 – 531 487 – 558 670 – 700 

Weight loss % 11 15 8 

 

Crystal Pure BS GBS UBS 

I Decomposition 

temperature, °C 
150 - 206 170 - 231 180 - 244 

Weight loss % 92 82 90 

II Decomposition 

temperature, °C 
475 – 611 317 - 378 513 - 520  

Weight loss % 7 12 6 
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Figure 6.6  The TG-DTG curves observed for the GCS, UCS, GBS and 

UBS crystals 

 Results obtained indicate that doping (with urea as well as glycine) 

increases the thermal stability significantly for both the CS (up to 104 °C for 

UCS and 90 °C for GCS compared to 68 °C for Pure CS) and BS (up to 180 

°C for UBS and 170 °C for GBS compared to 150 °C for Pure BS crystals.  

 

  

Stage - I 

Stage - II 

Stage -II 

I 

Stage - I 
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6.7 MICRO HARDNESS ANALYSIS 

 The structural, physical and chemical properties of the crystals play a 

very important role for the applications of crystals.  For application point of 

view the mechanical properties of the crystals are also very important.  

 Among the various methods to study the mechanical property, 

hardness testing is frequently used because industries involve with micro 

machines, microelectronics and magnetic recording. In the present study, micro 

hardness measurement was carried out on the large area surfaces of the doped 

crystals and the Vickers micro hardness number (Hv) was calculated using the 

relation: 

 Hv =1.8544 P/d
2
 (kg/mm

2
)                                                   (6.1) 

where, P is the applied load and d is the diagonal length of the impression. 

Load versus Hv plots obtained for CS, GCS and UCS and BS, GBS and UBS 

are shown in  Figures 6.7 (a) and 6.7 (c) respectively. Results indicate that the 

hardness value increases with the increase in load for all the six crystals 

considered. Higher the hardness values greater is the stress required to form 

dislocation, thus confirming greater crystalline perfection especially for the 

glycine doped CS & urea doped BS. 

The well known Meyer’s relation is stated as: 

 P=K1d
n
,
        

                                                             (6.2) 

where, K1 is the standard hardness value (material constant) and n is the work 

hardening coefficient (Meyer’s index number). The n value can be determined 
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by fitting the hardness data into Meyer’s relation. Plots between log P and log 

d, shown in Figures 6.7 (b) and 6.7 (d), are found to be nearly linear and the n 

value has been determined from the slope of the best fitted straight lines. 

  

  

Figure 6.7 Results of micro hardness measurement: (a) and (c) - The 

hardness behavior, and (b) and (d) Plots between log P and 

log d 

 According to Onitsch, the value of n should lie between 1 to 1.6 for 

hard materials and greater than 1.6 for soft materials. In the present study, all 

the six crystals considered have n values more than 1.6 (see Figures 6.7(b) 

and 6.7(d)) and are found to be soft materials.  The hardness values are found 
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to be more for GCS and UBS crystals when compared to those of CS, UCS, 

BS and GBS crystals. 

6.8 DIELECTRIC ANALYSIS 

 

 

Figure 6.8(a) Variation of dielectric constant (εr) as a function of 

frequency and temperature for the GCS, UCS, GBS and 

UBS crystals 

 To get the knowledge of the electrical properties of the grown 

crystals, we measured the AC electrical parameters such as dielectric 

constant, dielectric los factor and AC electrical conductivity as functions of 

frequency of the applied electric field and temperature of the crystals. 
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 The dielectric constant ( r ) and AC electrical conductivity ( ac ) 

were determined from the measured capacitance (C) and dielectric loss (tan δ) 

values by using the relations Priya & Mahadevan (2009): 

 A

Cd
r

0
                                                              (6.3) 

 
 tan0 rac                                                        (6.4) 

 Here,  (=2f, f is the frequency of the applied field) is the angular 

frequency and 0 is the permittivity of free space, d is the thickness of the 

crystal and A is the area of cross section of crystal face touching the parallel 

electrodes. A and d were measured to an accuracy of ± 0.001 cm using a 

travelling microscope.  Crystals with higher values of dielectric constant are 

considered to be more useful in capacitor technology. 

 The variations of εr, tan δ and σac with frequency and temperature 

observed for the GCS, UCS, GBS and UBS are shown in Figures 6.8(a), 

6.8(b) & 6.8(c) respectively.  The εr and tan δ values decrease whereas the σac 

value increases with increase in frequency of the applied field and all the 

above three values increase with the increase in temperature of the crystal.  

So, the results obtained indicate that the crystals grown in the present study 

exhibit a normal dielectric behaviour. The lower tan δ values observed 

indicate that the quality of the pure as well as doped CS and BS crystals 

grown is good.   

 The higher εr value observed at low frequency can be attributed to 

all the four types of polarizations. Space charge polarization at higher 

frequency and lower temperature is expected to be small and negligible.  

Electronic and ionic polarizations can occur by electronic and ionic 

displacements under an applied electric field.  And ionic polarization is 
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expected to be large.  Moreover, the electronic polarizability practically 

remains constant Priya & Mahadevan (2009). As the crystals considered in 

the present study have higher values of dielectric constant, they can be 

expected to be more useful in capacitor technology. 

  

  

Figure 6.8(b) Variation of dielectric loss factor (tan δ) as a function of 

frequency and temperature for the GCS, UCS, GBS and 

UBS crystals 

 In the present study, it can be seen that the high and low frequency 

εr values significantly differ and the ionic polarization is found to be very 

large.  This is because, increase in temperature leads to the possibility of 

weakening the hydrogen bond due to the rotation of succinate ions.  This is 

expected to generate vacant hydrogen bonds (L-defects) at higher 
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temperature.  So a large amount of proton transport is expected to occur. 

Hence ionic polarization is expected to be large.   

 Electrical conduction in hydrogen bonded dielectric crystals like 

Sr(HCOO)2.2H2O, KH2PO4, NH4H2PO4 and NixZn1-xSO4.7H2O has been 

attributed to the proton transport within the framework of hydrogen bonds 

(Muthupoongodi et al. (2015); Kavitha & Mahadevan (2014) & Meena & 

Mahadevan (2008)).  

  

  

Figure 6.8(c) Variation of AC electrical conductivity (σac) as a function 

of frequency and temperature for the GCS, UCS, GBS 

and UBS crystals 

 The electrical conduction exhibited by the crystals considered in the 

present study can also be attributed to the proton transport and mainly due to 

succinate ions.  It can be seen that the conductivity increases smoothly 
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throughout the temperature range considered. Moreover, the results obtained 

indicate that doping leads to tune the dielectric properties significantly. 

6.9 CONCLUSION 

 Glycine and urea doped CS and BS single crystals have been 

successfully grown by the slow evaporation method and characterized using 

the available standard methods.  The PXRD patterns reveal that the crystals 

have good crystalline nature. The FTIR spectral analysis indicates the 

presence of all the functional groups as well as the dopant molecules as per 

the crystal considered. The UV-Vis-NIR spectra show that the pure and doped 

crystals of CS and BS have lower cut-off wavelengths at nearly 240 and 250 

nm respectively and have higher transmittance in the entire visible and NIR 

region.  The powder second harmonic generation efficiency has been found to 

be 0.87, 1.43 and 0.2 (in KDP unit) for CS, GCS and UCS crystals and 0.66 

and 0.2 (in KDP unit) and inactive for BS, GBS and UBS crystals.  Doping is 

found to increase the thermal stability considerably and tune the mechanical 

and dielectric properties significantly. All the crystals considered exhibit 

normal mechanical behaviour and belong to soft materials category. Results 

of dielectric measurement indicate that all the crystals considered exhibit 

normal dielectric behaviour and good crystalline order.  The higher dielectric 

constant values observed indicate that all these crystals can be expected to be 

more useful in capacitor technology. In effect, the present study indicates that 

doping CS/BS crystals with glycine/urea leads to significant changes in 

optical, thermal, mechanical and dielectric properties.  
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CHAPTER 7 

SUMMARY, CONCLUSION AND FUTURE WORK 

 

7.1 SUMMARY AND CONCLUSION 

 Carboxyl group is very important especially for the 

physicochemical point of view, and metal carboxylates attract significant 

research interest due to their wide range of applications.  Metal carboxylates 

single crystals such as oxalates, tartrates, malonates, malates, etc. have been 

reported. Structures of metal carboxylates belong to metal–organic framework 

structures. Metal-organic coordination materials are well suited for many 

applications.  Succinic acid, a dicarboxylic acid is one among the carboxylic 

acids.  In the present research work, we have investigated the synthesis, 

growth and characterization of some novel semi–organic succinate crystals.  

 The main aim of the work conducted in this study was to grow 

single crystals of some metal succinates and characterize the grown crystals 

by X-ray diffraction, spectral, optical, thermal, mechanical and dielectric 

analyses for the possible biomedical as well as industrial applications.  The 

alkaline earth metal calcium and barium succinate crystals were grown.  The 

reason to choose the alkaline earth metal are nontoxic and biocompatible and 

hence the corresponding metal succinates are suitable for biomedical 

applications. 

 The hybrid materials offer a higher degree of flexibility for tuning 

properties and functionalities.  Hence we planned to grow mixed and doped 

metal succinates crystals. These metal succinate single crystals were grown 
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by the slow evaporation solution growth technique which is an environment 

friendly growth process and a crystal of high purity is desired by this method. 

 The mixed barium-calcium succinate single crystals were grown by 

considering five different ratios, namely, BCS 28, BCS 46, BCS 55, BCS 64 

and BCS 82.  Then the barium and calcium succinates were separately doped 

with organic dopants like urea and glycine.  Totally 11 metal succinate 

crystals were grown and characterized. 

 Metal–organic framework crystals of calcium succinate (CS) were 

grown successfully and powder X-ray diffraction (PXRD) analysis made 

indicates the good crystallinity and triclinic crystal system.  Also the lattice 

parameters were estimated.  The various functional groups present in the 

crystal were confirmed by the Fourier transform infrared (FTIR) analysis.  

The grown CS crystal was found to be thermally stable up to 68 °C and 

hydrated with 2.3 water molecules through TG-DTG analysis. UV-Vis-NIR 

spectral analysis made indicates that the crystal possesses good optical 

transmittance with lower cut off wavelength at 240 nm.  The powder second 

harmonic generation (SHG) efficiency of the CS crystal was found to be 0.87 

times that of KDP.  Micro hardness measurement carried out indicates that the 

CS crystal grown comes under the soft material category and exhibits normal 

mechanical behaviour.  The dielectric measurements made at various 

temperatures and with different frequencies indicate that the CS crystal 

possesses normal dielectric behaviour.  It can be concluded that the CS 

crystals grown by the slow evaporation method are expected to be useful in 

device fabrication. 

 Barium succinate (BS) single crystals were grown by the slow 

evaporation method and characterized. The grown crystals were found to be 

of good size.  The presence of Ba ions in the crystal was confirmed by EDX 

analysis.  The functional groups present in the crystal were confirmed by 
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FTIR analysis.  The PXRD analysis made indicates good crystallinity.  Lattice 

parameters and crystal system were obtained by single crystal X-ray 

diffraction (SXRD) analysis.  Thermal measurement made on the grown BS 

crystal indicates a thermal stability up to 150 °C. Results obtained through 

micro hardness measurement indicate that the BS crystal comes under soft 

material category and exhibits normal mechanical behaviour. UV-Vis-NIR 

spectral analysis made indicates that the BS crystal possesses 74 % 

transmittance and lower cut off wavelength at 250 nm.  The dielectric 

measurements carried out on the grown BS crystal at various temperatures 

and with different frequencies indicate that the BS crystal possesses normal 

dielectric behaviour.  From the present investigation, it can be concluded that 

the BS crystal is expected to be useful in photonic devices. 

 The hybrid metal succinate, barium-calcium succinate (BCS), 

single crystals were grown by using the slow evaporation of solution growth 

technique and characterized. The mixed crystals grown (BCS 28, BCS 46, 

BCS 55, BCS 64 and BCS 82) were found to exhibit significantly tuned 

physicochemical properties when compared to the end member crystals (CS 

and BS). BCS 28, BCS 46 and BCS 55 crystals belong to the orthorhombic 

crystal system whereas BCS 64 and BCS 82 crystals belong to the monoclinic 

crystal system.  Also, BCS 28, BCS 46 and BCS 55 crystals contain fractional 

water molecules whereas BCS 64 and BCS 82 crystals contain no water 

molecules.  The chemical composition of the mixed crystals was confirmed 

by atomic absorption spectroscopic (AAS), FTIR and TG-DTG 

measurements.  The present study indicates that the properties like thermal 

stability, optical transmittance, lower cut-off wavelength, powder SHG 

efficiency, micro hardness and dielectric parameters can be significantly 

tuned by mixing CS with BS.  Also, from the present investigation, it is 

understood that single phased mixed BCS single crystals can be prepared 
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using the molecular isomorphism of the precursors even though the crystal 

lattices of the end members mismatch. 

 The glycine and urea doped CS and BS single crystals were 

successfully grown and characterized.  The crystalline perfection of the GCS, 

UCS, GBS and UBS crystals were confirmed by the PXRD analysis. The 

lattice parameters were obtained through SXRD analysis.  The functional 

groups present in the crystal were confirmed by FTIR analysis.  The UV-Vis-

NIR spectral analysis carried out indicates that the four crystals considered 

have desirable optical transmittance and window wavelength range for 

photonic applications. The GCS, GBS and UCS crystals are found to possess 

SHG efficiency. Micro hardness measurement made indicates that the 

mechanical stability is increased due to doping.  The dielectric measurements 

made indicate that all the four doped crystals considered exhibit normal 

dielectric behaviour.  Hence, it can be concluded that doping with small 

organic molecules like urea and glycine leads to significant changes in 

optical, thermal, mechanical and dielectric properties of CS and BS crystals. 

So, the doped crystals are expected to be more useful than the un-doped CS 

and BS crystals. 

7.2 FUTURE WORK 

 In the present investigation, the metal succinate crystals viz. CS, 

BS, mixed BCS in five different ratios and glycine and urea doped CS and BS 

have been grown and characterized successfully.  But, for the industrial 

purpose, the crystals should be of large size. So, it becomes necessary to grow 

the above mentioned crystals in large size. Methods like seed rotation, seeded 

free evaporation and SR (Sankaranarayanan-Ramasamy) can be attempted for 

this purpose. 
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The CS, BS, all the five BCS and GCS crystals grown in the present study are 

found to exhibit considerable SHG efficiency. In order to find out the 

suitability of the above crystals in laser application, phase matching studies 

should be carried out for the above eight single crystals. Also, studies on the 

possible applications of all the crystals grown in the present study for gas 

storage, separation, catalysis, etc. have to be carried out. 
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