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Abstract

Combinations of an inorganic distorted polyhedron with asymmetric conjugate organic molecules yield the
organometallic compounds. Among them, organic thiocyanate crystals have attracted a great deal of attention for
nonlinear optical device applications. The bimetallic thiocyanates of the type AB(SCN), for example, ZnCd(SCN),,
ZnHg(SCN)4, MnHg(SCN),, and CdHg(SCN), are extremely interesting for optoelectronic applications. This
article highlights present knowledge on growth parameters, physicochemical properties and nonlinear optical
properties of several organometallic thiocyanate crystals. The chemical property and physical stability of these
materials are compared, and the best results based on the review were reported. Information about the parameters,
which are necessary for crystal growth has been summarized.
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1. Introduction

The process of conventional crystal growth fosters several empirical properties that often end up with optimized product
quality, application efficiency, cost-effectiveness, and user-friendliness. The physicochemical and Nonlinear Optical (NLO)
properties are the key parameters in developing the acceptable device grade crystals, and is likely to be used in light-emitting
devices, dosimeter, and photonics, electro-optical devices, semiconductor devices, etc. [1-4]. The research has been focused
on growing the nonlinear photonic crystals with lower UV cutoff, wider transmittance range, larger nonlinearity, higher
damage threshold, moderate thermal and mechanical properties. Pure organic and inorganic materials have been used for
growing crystals to complement each other’s properties. The growth of organic crystals has become the focus of research in
recent times due to the lower cost, faster nonlinear response over a wide range of frequency and higher optical damage
threshold [5-17]. However, they suffer from problems such as volatility, low thermal stability and poor mechanical
properties [1, 18-19].

The organometallic crystals for optoelectronic applications were brought in to practice in the late 1960s to overcome the
physicochemical instabilities of organic crystals. Organometallic materials can be synthesized based on the idea of
combining the inorganic distorted polyhedron with asymmetric conjugate organic molecule [2-3]. These crystals possess
high optical nonlinearity and mechanical flexibility with temporal and thermal stability and excellent transmittance, unlike
individual organic or inorganic crystals. A unique metal-ligand and intra-ligand charge transfer property in organometallic

materials make them a promising candidate for NLO applications [2-3, 19-21].

In organometallic thiocyanate crystals, major nonlinearity arises due to the delocalized m-electrons of metal-ligand

bonds. The diversity in central metal atoms, oxidation sates, size and nature of the ligand are also supportive highlights in
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tailoring materials for the increased NLO properties. An endeavor towards increasing the NLO properties of the crystals
reveal the fact that the Lewis-based adducts of organometallic crystals possess better NLO properties than its parental
thiocyanate (SCN) crystals [1, 22-25].

Recently, Organometallic Thiocyanate (OMT) crystals of the type AB(SNC), with A=Zn, Co, Ni, Cd, and B=Cd, and
Hg satisfied the majority of the requirements for being an efficient NLO crystal, and have attracted attention of the
crystallographers. Infinite two or three-dimensional bridges, which connect A and B atoms of the inorganic compound,
makes the thiocyanate based organometallic crystals more stable. The infinite network implies relatively large polarization,
which causes the invisible nonlinearities in the materials [26-28]. Notably, nucleation and orientation control during the bulk

crystal growth are the key parameters that influence on nonlinear optical efficiency of the crystals.

The ambidentate SNC ion can act as a bidentate binding ligand satisfying the coordination number of the metal. An
insight review of the coordination behavior of the bimetallic complexes which are in the form of AB(SCN),.nH,O reveals
the truth that it is much more complicated. In addition to this as all these compounds are synthesized in water, the
coordination of water molecule with metal ions through O atom is also possible. Further, most of these Structure Type
Crystals (SCN) are found to be crystallized in a centrosymmetric space group, which minimizes their macroscopic properties.
This demerit leads to the basic quest of non-centrosymmetricity in the engineering of organometallic NLO crystals [23, 29-
30]. It is important to mention here that only 11-B metal complexes of Zn, Cd, Hg, and Mn crystallize in the non-
centrosymmetric space group [19]. Furthermore, we restrict our review only to the organometallic thiocyanate crystals which

were exposed as promising materials exhibits excellent NLO and mechanical properties in the literature.

This review provides an account of detailed synthesis and different properties of organometallic thiocyanate crystals.
The growth parameters and certain important properties of these organometallic crystals are discussed with an emphasis on

nonlinear optical properties.

2. Experimental Details

2.1. Synthesis route

Most of the organometallic thiocyanate crystals discussed here were grown in different stoichiometric compositions by
solution growth method, in particular by temperature lowering/slow cooling method and slow evaporation method unless
otherwise specified. Generally, we classified the synthesis and growth of organometallic thiocyanate crystals into two major
types as depicted in Fig. 1. Synthesis and growth of bimetallic thiocyanate, particularly, Manganese Mercury Thiocyanate
(MMTC), Zinc Mercury Thiocyanate (ZMTC), Cadmium Mercury Thiocyanate (CMTC), and Zinc Cadmium Thiocyanate
(ZCTC) etc., follow one folded mechanism unlike the crystals were grown by its derivatives. A common difficulty in the
growth of bulk OMT single crystals is its high solubility in an aqueous medium. However, it can be overcome by the
introduction of different additives viz., Dimethyl Sulphoxide (DMSOQ), Dimethyl Acetamide (DMA), N-Methyl Pyrrolidone
(NMP), and Glycol Monomethyl Ether (GME) that would yield new and efficient NLO materials. The bulk crystals

synthesized in such a way are referred as derivatives of the bimetallic thiocyanate complexes.

Parameters like pH, solubility, metastable zonewidth, induction period and growth rate measurements affect the
growth of the crystals. pH of the supersaturated solution plays an important role in the growth of thiocyanate complex
crystals. It has been found that lower pH values lead to the formation of translucent crystals of smaller size whereas higher
pH values in the range of 2.8 to 3.5 lead to good quality crystals [26, 31]. Since the crystal growth rate depends on the
solubility and temperature, the solubility of the compound in different solvents need to be tested for optimizing growth
parameters [23]. Metastable linewidth measurements provide the information of the stability of solution in its supersaturated

region which is considered as an essential parameter for the growth of a large single crystal from the solution [32-33]. The
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major influential factors on the metastable zonewidth which is an experimentally measurable quantity are the stirring rate,
the cooling rate of the solution and presence of additional impurities. The induction period is defined as the measure of
nucleation rate in the supersaturated solution and this is also an experimentally measurable quantity [34]. As far as the
authors know, the majority of literature did not provide relevant numerical values for the induction period. To summarize,
the growth rate of the crystal plane is defined as a function of a set of crystal growth parameters like temperature, the degree
of supersaturation of the solution, pH, concentration of the impurities in solution and their physicochemical properties [35].

This can be represented by the equation R=F(t,S, pH,C) where R represents the growth rate of the crystal, t is the

temperature, S and C are the supersaturation and concentration of impurities in the solution respectively [36]. Most likely the
growth rate is calculated by the weighing method proposed by Kubota et al., [32, 37]. This method defines the growth rate of

crystals as G, = (m—m,)/(m Ag), where M is the initial mass of the crystal (Kg), m is the final mass of the crystal (Kg)

and A@ is the growth time. The purity of the crystal can be ascertained by repeated recrystallization of the grown crystals.

(typically 2 to 3 times) [38]. Table 1 shows the set of OMT crystals grown by different growth methods, growth time and
approximate sizes of the grown crystal.
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Fig. 1 The classification tree of organometallic thiocyanate crystals

Since the parameters been discussed above differ from different bimetallic thiocyanate compounds (quantitative

difference), the following explains the same for different bimetallic thiocyanate compounds.

2.1.1. Synthesis of manganese mercury thiocyanate (MMTC)

Manganese mercury thiocyanate (MMTC) can be synthesized in different ways. The synthesis reactions that take place
in the first process are as follows (where A=NHy,, Na, K) [2],

2NH,SCN + Ba(OH), — Ba(SCN), + 2NH, T +2H,0
Ba(SCN), + MnSO, — BaSO, { +Mn(SCN), ()
2ASCN + Hg(NQ,), + Hg(SCN), — MnHg(SCN),



260 International Journal of Engineering and Technology Innovation, vol. 9, no. 4, 2019, pp. 257-286

The second synthesis reaction is as follows (where X=NO3, CI) [2, 19].

4ASCN +HgX, — A,Hg(SCN), +2AX

A,Hg(SCN), + MnX, — MnHg(SCN), +2AX )
Generally, by considering A=NH4 and X=Cl, it can be written as;
4NH,SCN + MnCl, + HgCl — MnHg(SCN), +4NH,CI (3)

The second synthesis method is the most widely reported in the literature due to its ease of synthesis process and
excellent yield compared to the first one. Under optimized composition and conditions of the precursor materials, good

quality crystals of dimensions up to (14x12x11) mm?®[2, 38-39] were obtained.

2.1.2. Synthesis of zinc mercury thiocyanate (ZMTC)
The growth of zinc mercury thiocyanate single crystal was carried out by a single diffusion method in silica gel [18, 40].

The reaction scheme in a gel medium can be written as follows;

ZnCl, +4NH,SCN + HgCl, — ZnHg(SCN), + 4NH,CI 4)

Zinc chloride and ammonium thiocyanate together were considered as the inner reagent and mercury (1) chloride was
added externally on the top of the gel as an outer reagent. The pH of the solution was maintained at 2.8 for better results [40-
41].

2.1.3. Synthesis of cadmium mercury thiocyanate (CMTC)
Cadmium mercury thiocyanate single crystal was synthesized using ammonium thiocyanate (NH4(SCN)), mercuric

chloride (HgCl,) and cadmium chloride (CdCl,) as precursor materials in de-ionized water [21, 38, 42-43].

4NH,SCN + HgCl, +CdCl, — CdHg(SCN) { 4NH,CI 5)

Chemical analysis was carried out for the prepared compound and the measured values were found comparable with the
theoretically calculated quantities. Solubility test was carried out for CMTC with various solvents and the solubility of
CMTC in water was found to be about 8g/l at 50 aC [21]. Also, the solubility was checked with the mixed solvent of acetone-
water (4:1) by the gravimetric method at different temperatures. It was observed that 30 €C was the optimum temperature for
better yield of good quality crystals and the solubility rate increased when the concentration of NaCl or KCI in water-NaCl
or water-KCI solvent system increased [42]. By using the temperature lowering method, large single crystals can be

harvested from CMTC supersaturated solutions.

2.1.4. Synthesis of diaqua (thiocyanate) manganese mercury-N,N-dimethylacetamide (MMTWD)
Good quality MMTWD complex was synthesized by two-step reaction processes. Manganese Mercury Tetra

Thiocyanate (MMTC) was synthesized in the first step using de-ionized water [44].

ANH,SCN -+ HgCl, + MnCl, — MnHg(SCN), +4NH,ClI (6)

Inorder to dissolve the co-precipitated NH4CI, the resultant compound was recrystallized using hot water.
Recrystallization of the resultant compound has been done using acetone-water (5:1) mixture for the purpose of the

purification. The purified salt was utilized for the further synthesis of MMTWD as per the following reaction scheme.

MnHg(SCN), +2(CH,), +2(CH,),N —~CO—CH,

—[MnHg(SCN),(H,0)] [(CH,),N —COCH,], )

Precipitated MMTWD was obtained by adding the previously synthesized MMTC to the solution, which was made by

the mixture of calculated amounts of Dimethyl Acetamide (DMA) and de-ionized water. This precipitate was recrystallized
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twice using water-DMA (1:1) as a mixed solvent. Synthesized product was subjected to CHN analysis for purity test and the

results were found to be matching with the theoretical values confirming the formation of desired compound [1, 23-24].

2.1.5. Synthesis of manganese mercury thiocyanate bis-dimethyl sulfoxide (MMTD)
Manganese mercury thiocyanate bis-dimethyl sulfoxide was synthesized using ammonium thiocyanate or potassium
thiocyanate [26], manganese chloride and mercury chloride as the starting reagents. The solvent used for the synthesis was

de-ionized water or double distilled water. In the case of potassium thiocyanate, the chemical reaction will be:

4NH,SCN + MnCl, + HgCl, —> MnHg(SCN), +4NH,CI ®)

In the case of potassium thiocyanate, the chemical reaction will be

4KSCN + MnCl, + HgCl, — MnHg(SCN), +4KCl 9)

As-synthesized MMTC was crushed and the powder was dissolved in mixed solvent of DMSO and de-ionized water.

The following chemical reaction describes the process.
MnHg(SCN) +2C,H,0S — MnHg(SCN), (C,H,0S), (10)

It is reported that good quality crystals were obtained by maintaining the pH of the solution at 3.5 [45] which was
varied using hydrochloric acid (HCI) [3, 26]. It is reported that the solubility of the MMTD crystals greatly depend on the pH

value and was found to be relatively high at low pH values and decreased with increase in pH values [46].

2.1.6. Synthesis of manganese mercury thiocyanate glycol monomethyl ether (MMTG)
In order to synthesize MMTG, MMTC should be synthesized first as described in previous sections. MMTG was
synthesized by using Glycol Monomethyl Ether (GME) as a ligand with MMTC in de-ionized water (in volumetric ratio 5:7)

[47]. The chemical reaction is as follows;

MnHg(SCN)+ HO —CH, —CH, —OCH, — MnHg(SCN)), (HO —CH, —CH, —~OCH) (11)

Crystalline habits of MMTG are also affected by different pH value of the solution. It was observed that MMTG had

very high solubility at low pH value and it decreased rapidly with the increased pH value [29].

2.1.7. Synthesis of zinc manganese thiocyanate (ZMTC)
Zinc chloride, manganese chloride, and potassium thiocyanate were used as precursors. The crystal growth was carried

out in aqueous solution. The molarity ratio of the precursor material was 1:1:4. The reaction scheme was as follows;

ZhCl, + MnCl, +4KSCN — ZnMn(SCN), + KCL (12)

Initially, the output product was in precipitate form and the good quality optical crystals were achieved by successive

recrystallization processes [48].
2.1.8. Synthesis of zinc cadmium thiocyanate crystals (ZCTC)
ZCTC was synthesized using de-ionized water according to the reaction,
ZnX +CdX, +4ASCN — ZnCd(SCN), + 4AX (13)

where A=K, NaNH,; X=CI, NO3 CH3COO [27]. It was noted that ZCTC possesses very high solubility in water/acetone
solution mixture. The crystals were grown by controlled evaporation at 40 <C [30] and the quality of the crystal improved by
adding HX(X=CINO3;CH3;COO). The solubility studies for ZCTC were carried out with various solvents and it was reported
to be about 41 g/l at 50 <C [49].

2.1.9. Synthesis of tetrathiourea cadmium tetrathiocyanato zincate (TCTZ)
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Synthesis of TCTZ follows two folded mechanism as shown in the below chemical reactions. The purest form of

ammonium thiocyanate, zinc chloride, cadmium chloride, and thiourea were used as basic reagents [50].

4NH, (SCN) +CdCl, + ZnCl, — ZnCd(SCN), + 4NH ,CI

ZnCd(SCN), +4(CS(NH,), — Zn(SCN),Cd (CS(NH,),), (14)

The first reaction describes the synthesis of zinc cadmium thiocyanate. The synthesized product was dissolved in hot
water and then filtered. The aqueous solution of thiourea was added to the ZCTC complex to form TCTZ compound. The
synthesized compound was subjected to recrystallization in order to get pure TCTZ [50]. The single step reaction for the

synthesis is as follows;

4(N,H,CS) +4(KSCN) +CdCl, + ZnCl, — Cd (N, H,CS),Zn(SCN) { +4KCL (15)
The mixed solvent of acetone:water in the ratio 2:1 was used for the crystal growth by the solvent evaporation method.

2.1.10. Synthesis of tetrathiourea mercury tetrathiocynato manganate (TMTM)
Synthesis of TMTM follows two-step chemical processes. The analytical grade precursor materials were used for
synthesis. The reaction scheme is;

MnCl, + HgCl, +4KSN — MnHg(SCN), { +4KCL

16
MnHg(SCN), +4(CSN,H,) — Hg(CSN,H,) ,Mn(SCN), (16)

Solubility test on TMTM in different solvents was carried out and was found highly soluble in acetone. Very high
evaporation and less stability of solution in acetone made the crystal growth difficult in acetone solvent. Therefore it was
concluded that water is a better solvent for the growth of TMTM crystals. It was also found that solubility of the material got
reduced at higher temperatures and at higher pH values [51-54]. The higher pH values (>5) lead to a decrease in a number of

nucleation centers thereby creating needle-like crystals. pH value of 3 was found to be optimum for bulk crystal growth [52].

2.1.11. Synthesis of tetrathiourea mercury tetrathiocynato manganate (TMTM)
Synthesis of TMTM follows two-step chemical processes. The analytical grade precursor materials were used for

synthesis. The reaction scheme is;

MnCl, + HgCl, + 4KSN — MnHg(SCN), 4 +4KCL

16
MnHg(SCN), +4(CSN,H,) - Hg(CSN,H,) ,Mn(SCN), (16)

Solubility test on TMTM in different solvents was carried out and was found highly soluble in acetone. Very high
evaporation and less stability of solution in acetone made the crystal growth difficult in acetone solvent. Therefore it was
concluded that water is a better solvent for the growth of TMTM crystals. It was also found that solubility of the material got
reduced at higher temperatures and at higher pH values [51-54]. The higher pH values (>5) lead to a decrease in a number of

nucleation centers thereby creating needle-like crystals. pH value of 3 was found to be optimum for bulk crystal growth [52].

2.1.12. Synthesis of manganese mercury thiocyanate bis (N-dimethylformamide)(MMTN)
By using N-dimethylformamide (NMF) as a ligand to the MMTC reactant in de-ionized water, MMTN was synthesized.

The chemical reaction can be formulated as shown below:

MnHg(SCN), +2CH, — NH —CHO — MnHg(SCN), (CH, — NH —CHO) (17)

The preparation of MMTN can also be described by another chemical reaction as follows (where X=Cl, NO3,
CH3COO0) [55-56];
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Hg(NO,), +4NH,SCN +MnX, + 2H,0 + 2C,H.NO

18
— MnHg(SCN), (C,H,NO) ,{ +4NH,X (18)

2.1.13. Synthesis of Cadmium Mercury Thiocyanate Dimethyl Sulfoxide (CMTD)
CMTD were synthesized using Dimethyl Sulfoxide (DMSO) as a ligand to react with CMTC in a mixture of dimethyl

sulfoxide and de-ionized water [57-58]. The chemical reaction can be written as follows;

CdHg(SCN), +2(CH,),SO — CdHg(SCN), ®2(CH,), SO (19)

Solubility studies made for the compound with different solvents showed that the mixture of dimethyl sulphoxide and

de-ionized water in the volumetric ratio 3:1 was an optimal one for the growth of good quality crystal [57].

2.1.14. Synthesis of mercury chloride thiocyanate (MCCTC)
Appropriate amounts of mercury thiocyanate and cadmium chloride was taken in the molar ratio 3:1 were dissolved in

methanol solvent to synthesize MCCTC. The chemical reaction is as follows;

3Hg(SCN),) +CdCl, — Hg,CdCl,(SCN), (20)

The crystal growth of MCCTC was achieved by a saturated solution of MCCTC in the methanol-water mixed solvent in
room temperature [59]. After getting the seed crystals, the good quality crystal among them was chosen and used for the bulk
single crystal growth [60].

2.1.15. Synthesis of cadmium mercury thiocyanate glycol monomethyl ether (CMTG)

Cadmium chloride, mercuric chloride, ammonium thiocyanate and Glycol Monomethyl Ether (GME) were the
precursor materials used [61-62]. All the reactions were carried out in an aqueous medium. Initially, CMTC was synthesized
as discussed previously. Then the measured volume of GME diluted with de-ionized water was added to CMTC and the

supersaturated solution was made. The chemical reaction for the synthesis of CMTG is as follows;

CdHg(SCN), +CH,OC,H,0 — CdHg(SCN), (CH,0C,H.0) (21)

Crystal growth was achieved by evaporating the resultant solution from the above process. In order to purify the

crystals, repeated recrystallization was followed using GME-Water (1:1) as a mixed solvent.

2.1.16. Synthesis of bis (dimethyl sulphoxide) Cadmium Thiocyanate (DSTC)
The DSTC preparation was accomplished by the following reaction,

Cd(NO,),#4H,0 + 2NH,SCN +2C,H,SO — Cd(SCN), (C,H,S0), + 2NH,NO, + 4H,0 (22)

Elemental analysis was carried out to ensure the purity of the product and results were summarized which demonstrate
the validity of the chemical composition. Temperature lowering method was employed to grow the single crystal. The
preferred pH value for this synthesis was 3. The mixture of water and DMSO in the ratio 3:1 was used as a solvent for the

preparation of saturated solution [63].

2.1.17. Synthesis of copper mercury thiocyanate (CMTC)
Copper mercury thiocyanate crystals were prepared using potassium thiocyanate, copper chloride,and mercuric chloride
as precursor materials. The crystals were synthesized by taking the materials as purchased in stoichiometric ratios and de-

ionized water was chosen as a solvent.

CuCl, + HgCl, + 4KSCN — CuHg(SCN), +4CKL (23)

Successive filtration and recrystallization were carried out in order to purify the material. A constant temperature of

30°C was used for growth process [64].
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Growing a single crystal from thiocyanate derivatives is challenging. The parameters which affect the crystal growth
and its optimization are discussed in detail in Table 1. Among low-temperature crystal growth techniques, slow evaporation
solution growth technique is widely followed as it gives well-developed defect free bulk crystals. Growing the
organometallic thiocyanate crystals using unidirectional, Shankarnarayan-Ramasamy (SR) method and seed rotation method

can be the future scope of this work.

Table 1 Table showing different crystal growth methods, growth time and approximate sizes of the grown crystal

Growth Harvested crystal
Compound Name Crystal growth method Duration size y Ref.
(in days)
Manganese Mercury Thiocyanate (MMTC) Slow evaporation method 50 to 60 12x8x6 mm° [19]
Cadmium Mercury Thiocyanate (CMTC) Temperature Iowgrmg method, 18x18x25 mm® | [42]
Slow evaporation method
Diaqua (thiocyanato) manganese mercury-N, Slow cooling and slow 3 i
N-dimethylacetamide (MMTWD) evaporation method 35 1.6x1.3x1.4 cm™ | [24-25]
Manganese Mercury Thiocyanate bis- Slow temperature lowering 3
dimethyl sulfoxide (MMTD) method 9010100 | 25x18x18 mm™ | [3]
Copper Mercury Thiocyanate (CMTC) Slow evaporation method Few weeks 12x8x5 mm® [64]

Slow solvent evaporation

Zinc Cadmium Thiocyanate crystals (ZCTC) 40 5x2x3 mm? [65]

method
Gel growth method
Zinc Manganese Thiocyanate (ZMTC) (Diffusion process in silica gel 30 | - [48]
medium)
Tetrathiourea Cadmium Tetrathiocyanato . 3
Zincate (TCTZ) Slow evaporation method 30 8x1.5%0.5 mm [50]
Tetrathiourea MercuryTetrathiocynato .
Manganate (TMTM) Slow evaporation method 40t045 | = - [54]
Manganese Mercury Thiocyanate bis 3
(N-methylformamide) (MMTN) 29x28x14 mm [56]
Cadmium Mercury Thiocyanate Dimethyl . 3
sulfoxide (CMTD) Temperature lowering method 45 25x23x15 mm [57]
Cadmium Mercury Thiocyanate Glycol Slow evaporation method 15 10x10x9 mm® [61]

monomethyl ether (CMTG)

3. Results and Discussion

As synthesized bimetallic thiocyanate compounds were subjected to various characterizations viz., single crystal X-ray
Diffraction (XRD), linear and non-linear optical studies, Fourier Transform Infrared (FTIR) studies, laser Raman spectral
analysis, thermal studies, dielectric studies, etching studies, surface laser damage threshold studies, Vickers micro hardness

studies etc. The results which had been published for different compounds are discussed in the following titles.

3.1. Single crystal X-Ray diffraction studies

Singe crystal x-ray diffraction characterization had been carried out for all the bimetallic thiocyanate compounds. The
cell parameters and morphology of the compounds were determined. Most commonly, the single crystal XRD was used to
determine the parameters like crystal structure, space group, unit cell parameter values, formula unit (z), cell volume (V) and
density. Table 2 summarizes all the crystallographic parameters for different thiocyanate compounds which were discussed
in the synthesis part. The reported numerical values of the different cell parameters given in Table 2 vary slightly between

different syntheses routes for the same compound.

3.2. Fourier transforms infrared spectral analysis

Fourier Transform Infrared (FTIR) spectroscopy is one of the fundamental characterization techniques for finding out
the functional groups, coordination of ligand and their bending and stretching vibration modes quantitatively. In this
technique, IR radiation is passed through the sample and the resulting molecular absorption and transmission spectrum

creating a molecular fingerprint of the sample is recorded. The powdered crystal of various kinds of organometallic
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thiocyanate was subjected to FTIR analysis to confirm the presence of functional groups. The spectrum was recorded in the

range of 400 to 4000 cm-1.

Table 2 Calculated cell parameters of various bimetallic thiocyanate crystals using single crystal X-Ray diffraction method

y =95.44"

Unit cell
Compound Name anrﬁbarle 3?:3; parameter values Z%:Té I)a Cell (X‘;L“me Density Ref.
A)
Manganese mercury-N, N- a=12.2496(4) V=1211.19 [24-
dimethylacetamide single crystal Tetragonal P4 ¢=8.0719(6) 2 - (10) : 1.916Mg/m?® 25]
(MMTWD)(ClezzManNGO4S4) a=pB=y=90"
Manganese mercury Thiocyanate - a=11.3099 3
(MMTC)( MnHg(SCN),) Tetragonal 14 ac::;fysfg?w -- V=5475 | 2.959g/cm® | [19]
Manganese Mercury Thiocyanate bis- ba_:182.625 42137
dimethyl sulfoxide Orthorhombic | P2,2,2, 0;15'3705 4 V=2018.5 | 2.120g/cm® | [3]
(MMTD)(MnHg(SCN)4(C,H¢0S)) a-p :'y e
a=16.2046(16)
Manganese mercury Thiocyanate glycol . b=7.2974(5) _ 3
monomethyl ether(MMTG) Orthorhombic | Pca2; ¢=13.5090(14) 4 V=1597.5 | 2.345Mg/m® | [29]
a=p=y=90"
. . a=11.487(3)
Cadmium Mercury Thiocyanate _ 3
Tetragonal c=4.218(1 2 V=556.6(1) | 3.254mg/m” | [23
(CMTC)(CdHg(SCN),) g 14 a:ﬂ:y:(ggc D g [23]
a=11.09
Copper Mercury Thiocyanate Monoclinic 14 Cb:ﬂl& - V=467 -- [64]
(CMTC)(CuHg(SCN),) w00
. . . a=11.135(2)
Zinc Cadmium Thiocyanate - _ _ 3
(ZCTC)(ZNCA(SCN),) Tetragonal 14 (; :4/}31302(28) 2 V=542.6(2) | 2.510 g/cm® | [65]
. . . a=16.524
Bis Mercury Ferric Chloride Tetra - - _ --
Thiocyanate (MFCTC)(HgFeCly(SCN),) | ™Meneclinic | P2, E;g'ﬂg - | VEsar [66]
Cadmium Mercury Thiocyanate Dimethyl- a=8.5188(6) V=2053.3
Sulfoxide Orthorhombic | P2,2,2, | b=8.5398(7) 4 - (5) ' 2.270g/cm® | [57]
(CMTD)(CdHg(SCN)4(HsC,0S),) €=28.224(6)
Tetrathiourea Mercury Tetrathiocyanato a=h=17.37
Manganite Tetragonal 14 c=4.17 2 V=1257 - [54]
(TMTM)( CSHlGNlZSBMan) a=p=y=90"
Manganese Mercury Thiocyanate bis(N- a=16.1203(15) V=1897 5
methylformamide) Orthorhombic | Pna2; b=7.7373(7) 4 - @A) ' 2.121g/cm® | [56]
(MMTN)(MnHg(SCN)4(C,HsNO)s) c=15.2135(18)
. . . a=11.184
Mercury Cadmium Chloride Thiocyanate _ _ 3
(MCCTC)( HgaCdCl,(SCN);) Rhombohedral | R3c 2;51);%3; 12 V=6493.2 | 3.47g/cm® | [59]
Tetrathiourea Cadmium Tetrathiocyanato Tetragonal 12 a=b=17.2334 _ V=1253.55 _ [50]
Zincate (TCTZ)(Zn(SCN)4Cd(CS(NH,),)4) g c=4.2536 48
Cadmium Mercury Thiocyanate Glycol ba::17334:1376(&22))
monomethyl ether Orthorhombic | Pca2; c:16.316(1) 4 V=1610.5 |2.523Mg/m® | [61]
(CMTG)(CdHg(SCN)4(CH30C,H50)) ) .
a=f=y=90
. . a=b=11.032
Zinc Mercury Thiocyanate - _ —£2002 |
(ZMTC)( ZnHg(SCN),) Tetragonal 14 c=4.429 4 V=539.03 [41]
a=p=y=90
a=12.0835
b=12.131
Zinc Manganese Thiocyanate c=8.569 —oem |
(ZMTC)(ZnMn(SCN),) Tetragonal =891 V=1256 [48]
B =907
7 =89.99°
a=5.9172(15)
b=8.0811(12)
Bis(dimethyl sulfoxide) cadmium - - | c=8.1539(12) V=34165 3
thiocyanate (DSTC)( Cd(SCN),(DMSO);) |  helinic P1 @ =11453'; 1 1) | L870g/cm™ | [63]
B =100.91";
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Numerous studies show that the CN stretching vibration in FTIR spectrum of Manganese Mercury Thiocyanate
(MMTC) often lie above 2100 cm™, the CS stretching vibration lies between 860-780 cm™ (N-bonding) or 720-690 cm™ (S-
bonding) and SCN bending vibration lies near 480 cm™ (N-bonding) or 420 cm™ (S-bonding). A comparative study between
the IR frequency bands of MMTC and the absorption peaks of NH,SCN reveal that the CN stretching of NH,SCN is shifted
from 2075 to 2112 cm™ in MMTC reflecting that the thiocyanate group is coordinated to metal ions through nitrogen and
sulfur. Other weak absorption bands observed at 895 and 778 cm™ are attributed to CS stretching of N-bonded and S-bonded

complexes respectively [19].

By employing the KBr pellet technique, the FTIR spectrum of Zinc Mercury Thiocyanate (ZMTC) crystal was recorded.
The intense peak at 2157.91 and 784.26 cm™ confirms the CN stretching vibration (nCN) and CS stretching respectively. It
was reported that the absorption peaks at 445.61 and 469.65 cm™ are due to SCN bending vibrations (dNCS) while those at
892.53 and 938.63 cm™* corresponds to 2dNCS [41].

Tetrathiourea Cadmium Tetrathiocyanato Zincate (TCTZ) was subjected to FTIR spectroscopic characterization and it
was reported that in the high-frequency region between 2800 and 3500 cm™, broad peaks were observed at 3388, 3287 and
3197 cm™ corresponding to asymmetric, bending and symmetric vibrational modes of NH,, respectively in thiourea molecule.
The spectral comparison of pure thiourea and TCTZ confirms the coordination of metal-sulfur bond. The shifting of the peak
from 1470 to 1500 cm™, which is assigned to NCN symmetric stretching vibration of the TCTZ complex in comparison with
pure thiourea molecule was observed by the recorded spectrum. The metal-nitrogen bond was confirmed by comparison of
CN stretching vibration peak of TCTZ with respect to the pure thiocyanate observed at 2101 and 2063 cm™ respectively.

Shifting of C-S stretching frequency from 730 to 706 cm™ confirmed the coordination of metal-sulfur bond [50].

In Manganese Mercury-N, N-dimethylacetamide (MMTWD) the main absorption peaks of MMTC, H,0, and DMA
were observed. Due to the coordination of O atoms with Mn atom, absorption peak assigned for the O-H stretching modes of
MMTWD appeared at lower frequencies compared to a pure water molecule. It has been reported that the C-N and C-S
stretching modes of MMTWD appear at shifted frequencies compared to MMTC and C=0 stretching mode of MMTWD is

shifted to a lower frequency compared to the corresponding frequency of DMA [23].

FTIR spectrum of Tetrathiourea Mercury Tetrathiocyanato Manganate (TMTM) was recorded. The main absorption
peaks of MMTC and thiourea have been observed in the FTIR spectrum of TMTM. The metal to ligand bonding was
confirmed by the shift in wave number observed with respect to the pure thiourea and thiocyanate ion. The metal ion
bonding with the sulfur atom of thiourea ligand [MSC(NH,),] was confirmed by a shift in C-S symmetric stretching
vibration in TMTM from 730 cm™ to a lower frequency of 706 cm™. It was reported that the intense band at 2079, 810 and
471 cm™ were due to stretching vibration of C-N group of thiocyanate, C-S bonding, and SCN bonding respectively. The
standard wave number range for CN stretching vibrational mode, CS stretching mode, and SCN bending modes are 2040-
2080 cm™, 780-860 cm™ and 460-490 cm™ respectively and this range is well compared with the observed data in the
recorded spectra. Mn** and Hg?" are hard and soft electron acceptors, while N(SCN) and S(SCN) are hard and soft electron
donors in the structure of MMTC crystal, whereas,in the case of TMTM, the sulfur (thiourea) replaces the place of sulfur
(thiocyanate) as the soft electron donor. It is discussed that the formation of three dimensional networks like structure in
MMTC is by the distorted tetrahedra HgS, and MnN, connected by the thiocyanate bridge whereas in TMTM discrete
[Hg(TU)4]*" cation and [Mn(NCS)4]? anion are held together by weak N(TU)-H-S(SCN) hydrogen bond. Interestingly this

structural replacement causes the spectral difference between the two compounds [52].

FTIR spectral data were collected for Manganese Mercury Thiocyanate bis-dimethyl sulfoxide (MMTD). The stretching
vibration of the C-N bond was observed at 2126 cm™, which looks shifted to 2212 cm™ when compared with MMTC. The
weak and sharp band at 717 cm™ was attributed to C-S stretching. On comparison with DMSO, it was observed that the S-O
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vibration frequencies were shifted to lower values. The coordination of O atoms with Mn atom causes weaker bonds
between O and S in the coordinated DMSO molecule. The different molecular structure of DMSO in MMTD with respect to
the free DMSO was confirmed by the shift in stretching and bending modes of C-H bond, which was attributed to the fact
that the DMSO molecule combines with Mn as a monodentate ligand through the O atom [46].

With the motive of qualitatively analyzing the presence of functional group in Mercury Cadmium Chloride Thiocyanate
(MCCTC) crystal, the compound crystal was subjected to FTIR and spectrum was recorded. In MCCTC crystal, the CN
stretching vibration observed at 2105 cm™ and was found to be shifted towards the lower side when compared to CMTC and
MMTC. SCN bending vibrations of MMTC observed at 533 cm™ also shifted to a larger extent in comparison with CMTC
(439 and 464 cm™) and MMTC (447 and 468 cm™). This leads to the possible distortion in the SCN chromosphere ion
caused by the coordination of Hg with ClI, which is the main difference in the bonding of MCCTC when compared to CMTC
and MMTC. The existence of Cl in crystal was confirmed by the stretching vibration of Hg-Cl bond by the band at 2824 cm™
[60].

The functional group present in the Zinc-ManganeseThiocyanate Crystal (ZMTC) exhibited characteristic peaks at 673
cm™ and 2347 cm™ representing the stretching vibration of SCN and CN bonds respectively. The band at 1417 cm™ and

1625 cm™ were assigned to symmetric stretching of CN and CS bonds respectively [48].

Prominent absorption peaks of CMTC and DMSO were observed in bis-(dimethyl sulfoxide) Cadmium Mercury
Thiocyanate (CMTD). The absorption peak attributed to S-O stretching mode of CMTD was found to be appearing at 1006
cm™ compared to those of pure DMSO at 1050 cm™. From the spectrum, it was found the CN and CS stretching modes of
CMTD appeared at 2106 and 707 cm™ respectively, whereas in CMTC it was observed at 2120 and 773 cm™ respectively.
This brought up the difference in the molecular structure of the DMSO in CMTD with a comparison of free DMSO [58]. Fig.

2 shows the FTIR spectrum of ammonium thiocyanate (NH,SCN) crystal in the region 4000 to 500 cm™ as an example.
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Fig. 2 FTIR spectrum of NH,;SCN

The FTIR spectrum of Cadmium Mercury Thiocyanate Glycol monomethyl ether (CMTG) showed a broad peak at
3488 cm™ arising out of O-H stretching mode. The bending vibrational mode of the hydroxyl group in CMTG crystal was
confirmed by the band appearing at 1617 cm™. The appearance of bands at 2110 cm™ and 1124 cm™ were attributed to C-N
and C-O stretching frequency of CMTG respectively. The peaks appearing at 464, 885 and 925 cm™ were reported due to the
deformation bending mode of thiocyanate ion (SCN) and its overtone bands. The presence of C-S stretching frequency of
CMTG was confirmed by the peak at 716 cm™ [61].

Presence of functional groups, Bis-mercury Ferric Chloride Terathiocyanate (MFCTC) was compared with the major
frequency components involved in NH,SCN. It was reported that the CN stretching frequency observed as strong peaks at

2117 and 2135 cm™ was actually shifted from the stretching frequency (2048.99 cm™) of free radical thiocyanate ion. As per
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Hard Soft Acid Base concept, the coordination of S in SCN with Hg ion was the cause of the shift in frequency and this fact

clearly established the incorporation of thiocyanate ligand (SCN) in MFCTC.

The existence of the A-S-C-N-B metal-ligand bandings, where A and B are different metal atoms, was confirmed for
the different organometallic thiocyanate crystals using FTIR analysis. Various stretching and bending vibrations of the

elements present in each crystal were discussed quantitatively.

3.3. Raman and IR spectral analysis

Raman spectroscopy and Infrared Spectroscopy (IR) are well-known vibration spectroscopic techniques and are always
recognized as the complementary spectroscopic techniques. IR spectroscopic bands arise due to changes in dipole moment of
the molecule by an electromagnetic wave interaction whereas Raman bands arise from a change in the polarizability of the
molecule due to the same interaction. Recent advancement made these two spectroscopic techniques as fundamental
analytical tools in materials science. In crystallography, these are sensitive tools which serve for qualitative and quantitative
determination of structural incorporated molecule and defects, specification and concentration studies, information about
atoms and their bonds, the spatial orientation of dipoles (by IR spectroscopy) and mineral composition studies (by Raman
spectroscopy). IR and Raman spectroscopic studies are advantageous because of their non-destructive nature, the
requirement of very fewer sample quantities and absence of any sample preparation. Few of the organometallic thiocyanate
crystals were also subjected to Raman and IR spectroscopic studies by various crystal growers all around the globe to study
the molecular structure of organometallic thiocyanate crystal. Some of these are discussed here.

The Raman and IR spectra of organometallic thiocyanate crystals like ZCTC, CMTC, MMTD, and MMTWD were
observed in the spectral range of 100-3000 cm™. Starting with the IR spectral studies of MMTWD complex crystals, the
counterparts of the main absorption peaks of MMTC, H,O, and DMA in MMTWD can be observed. The coordination of O
atom with the Mn atoms and the formation of the hydrogen bonding between H,O and DMA molecule shifts the absorption
peak assigned to the OH stretching mode of MMTWD towards the lower frequency compared with those of H,0O, which
causes the weaker bond between O and H in the coordinated H,O molecules. It was reported that the C-N and C-S stretching
modes of MMTWD appears at shifted frequencies compared with those of MMTC, and also C=0 stretching mode of
MMTWD gets shifted to a lower frequency as compared to the corresponding frequencies of the DMA molecule [24].

Comparative Raman spectral studies of MMTC and MMTWD show that the Raman shifts of the SCN bending and CN
stretching modes in MMTWD are somewhat higher compared with those of MMTC [23, 25]. The studies also revealed tell
us that the Raman peaks of the SHgS bending and CS stretching modes of MMTWD are higher and lower than those of
MMTC respectively. The reason claimed for this is the O(H,0) coordination with Mn?*. Because the Mn-O bonds are very
weak and the bond lengths are much longer than the sum of the single bond covalent radii, there is no peak of Mn-O
vibration mode. In a free thiocyanate (SCN") ion of NH,SCN/KSCN, the C-N stretching vibration appears comparatively
lower than that of coordinated SCN ion. This confirms the coordination of thiocyanate in MMTWD. The electron
transformation model explains this coordination mechanism. For example, in the complex of MMTWD, the metal ion of
Mn?* and Hg®* behaves as an electron acceptor and the ligands of thiocyanate (SCN") ion and dimethylacetamide acts as an
electron donor. Thus the electron transformation forms the bonding/coordination [1]. Fig. 3 depicts the Raman and IR
spectra of MMTWD single crystal [24].

The IR transmission spectrum and the spectral data of MMTD in comparison with MMTC and DMSO give the
information that the absorption peaks assigned to S-O stretching modes of MMTD appear at a lower frequency compared
with DMSO peaks with coordination of O atom with Mn atom being the reason for this. This leads to a weaker bond

between O and S in the coordination of the DMSO molecule. The shifted frequencies of C-N and C-S stretching modes of
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MMTD were also justified with the same reason. By these observations from IR spectral studies of MMTD, it was concluded
that the molecular structure of DMSO in MMTD differs from that of the free DMSO [3].
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Fig. 3 Raman and IR spectra of MMTWD [1, 24]

ZCTC single crystal was subjected to IR spectral analysis and the spectral data gives the information that nCN often lies
higher than nCS and dSCN. The nCS and dSCN againsplit as S-bonding and N-bonding. By the IR spectroscopic studies of

ZCTC, the metal-nitrogen and the metal-sulfur coordination in their structures were confirmed [67-68].

CMTC crystal was subjected to laser Raman spectroscopy in the spectral range of 0 to 4000 cm™ The studies
confirmed the presence of S-Hg-S and N-Cd-N bending vibrations. The different peaks appearing across the Raman shift
confirm the bending mode of NCS, C=S stretching frequency and C-N stretching vibration. As explained by the electron
transformation mode, the Raman shifts of C=N stretching mode in the CMTC crystals were greater than those in free

thiocyanate [58].

3.4. Thermal analysis
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Fig. 4 TG-DTA trace of MMTWD [23]
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Table 3 Thermo-analytical data of different organometallic thiocyanate crystals

. Weight
Compounds Percentalgss;)f weight .I-.I; %A Species lost DTA/DSC Peak Color of | percentage of the Ref
P range (pOC) P Temp. (C) residue end product '
Calc. Obs. 9 Calc. Obs.
516 5.09 9010 110 Two coordinated water 9.9(endo),
' ) molecules 97.7(endo),
24.92 24.62 110t0 240 | Two DMA molecules 139.9(endo),
Manganese mercury-N, N- 181.3(endo), [24]
dimethylacetamide single HgS, Mns, Carbon 235.8(endo), Gray 12.45 | 12.45 [25]
crystal (MMTWD) LYY 258.6(endo),
- - Above 240 dlsulflde,_Cyanogenand 349.9(endo),
Nitrogen 403.9(endo),
529.7(endo).
288.86 SN, - (endo)
.86 to B 371.4(endo),
Manganese Mercury 26.39 26.81 429.74 L/2N, 383.8(exo0), Gra - 2867 | [19]
Thiocyanate (MMTC) 1/2C5, 545.1(endo), Y '
5545 | 5363 | ‘07101  -1/2Cs,-Hgs 704.2(endo).
Manganese Mercury
Thiocyanate bis-dimethyl 24.22 24.88 Above 145 | Two coordinate DMSO -- Gray 13.57 | 13.81 | [3]
sulfoxide (MMTD)
Manganese mercury . i}
Thiocyanate glycol 13475 | 1385 | P (H%)ocrﬂ;nactoHr o ) - Gray | 14.98 | 1549 | [29]
monomethyl ether : : 296.97 el 3 . .
(MMTG) Molecule
No loss percentage of
Copper Mercury . ? _ 253.8(endo) _ _ _
Thiocyanate (CMTC) spemeian\I/ietzarar{Lerr;tloned 300 771.4(endo) [64]
197.9to | 2C(2C0y,), 25(S0Oy), and
3083 | 3031 4324 AN(N) 266.7(ex0)
Cadmium Mercury 432.4t0 329.8(ex0) _ _ _
Thiocyanate (CMTC) 42.68 42.65 947.6 Hgs 450.9(ex0) [42]
2.94 2.93 94171.goto Oxidation Preocess 583 2(endo)
Bis(dimethyl sulfoxide) 40.6 41.1 13410 290 | Two cololrgclgate DMSO 169(endo)
cadmium thiocyanate / . 320(exo) Gray -- -- [63]
(DSTC) 219 21.2 290 to 610 f/:’E‘CN)zv 470(ex0)
234.20 to
Zinc Cadmium 4.75 4.32 336.80 -3/8(CN), 374.4(endo)
Thiocyanate (ZCTC) 336.80 to 4208(ex0) - - - [65]
26.95 26.71 65'2 81 -9/8(CN),-1/2N,-1/2CS, 762(endo)
Bis Mercury Ferric -- - 234.31
Chloride Tetra o oas | 288100 Fes. Hgs &% (CN) ooy 5371(%03) - - - | re6]
Thiocyanate (MFCTC) ’ 509.99 )
Cadmium Mercury 22.33% | 150t0 270 | 2 coordinated DMSO 150(endo)
Thiocyanate Dimethyl- -- _ 273 10 841 Nz, CN,, CS,, CdS and 219(endo) -- -- 20.13 | [57]
Sulfoxide (CMTD HgS

Four thiourea molecules

from the complex.

Mercury Tetrathiocyanato 39 37.95 205 to 237 - - 10.98 | 11.18 | [54]

Manganate (TMTM) Finally corresponding
metal, CSz, No, (CN)Z
_ 210 162.7 to Breakdown of three
) 210 SCN Structure 202.8(ex0)
Manganese Mercury -- 28.34 Above 210 CO,, CO, SO,, N, 403.1°C(exo)
Thiocyanate bis 491.1(Endo)
(N-methylformamide) 600.4(ex0) Gray 126 15.48 | [56]
Above Hgs, carbon, MnHg;.-
(MMTN) - 50.28 4911 S, Formation of MnS 828.5(endo)
L [xo2x, FOrmation o 914.9(exo)
1362.9(ex0)
Tetrathiourea Cadmium .
Tetrathiocyanato Zincate -- -- 200 to 400 Four_thlourea molecules 163(endo) -- 27.34 | 27.13 | [50]
with No, CNz, CSz
(TCT2)
Cadmium Mercury Glycol monomethyl
Thiocyanate Glycol _ 5 146 Above 155 ether (GME) 115(endo) _ _ _ 61]
monomethyl ether No. CNo. CS,. CdS
(CMTG) 2y 2y 2y
. . Half CS; and .
Zinc MerE:Zu':/)I/_I:I'Cr:l)locyanate - 49.25 310 to 405 Sublimation of Hg 405(exo) Y(\E/I\I/EmSh _ 2613 | [41]
- 24.62 40510600 | CS,, % (CN),, 3/4N,
Zinc Manganese 800 to
Thiocyanate (ZMTC) - - 1168 - 806(endo) - - - | 48]

Thermal decomposition studies are common for the crystals which have been used in real time applications. There are

different quantitative as well as qualitative techniques for thermal decomposition studies of materials. The plots which are
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produced by these kinds of characterizations are known as thermograms. Fig. 4 depicts a sample thermogram of MMTWD
single crystal [23]. Thermal analysis of different kinds like thermogravimetric, differential scanning calorimetry and
differential thermal analysis were carried out in various conditions for all the bimetallic thiocyanate compounds. Table 3

summarizes the data collected from thermal analysis characterization for different compounds.

Thermogravimetric and differential thermal analysis of Manganese mercury-N, N-dimethylacetamide single crystal
(MMTWD) sample were carried out from room temperature to 1000°C in a nitrogen atmosphere at a heating rate of
20%C/min. TGA studies reveal that MMTWD is thermally stable up to 90 <C, after which the sample undergoes
decomposition. The chemical reaction of thermal decomposition (under nitrogen flux) may be described by the following
process [1, 23-24].

MnHg(SCN),(H,0) ¢ 2C,H,NO — MnHg(SCN), (C,H,NO), +2H,0 T
MnHg(SCN), (C,H,NO), — MnHg(SCN), +2C,H,NO T

MnHgS, — MnHg, .S,  + HgS T

MnHg, ,S, , = MnS + (1-x)Hgs T

(24)

From the decomposition data of MMTWD, it was concluded that the crystal possesses good thermal stability and does

not show any hygroscopic and efflorescent effect for a long time.

Thermal studies of Manganese Mercury Thiocyanate bis-dimethyl sulfoxide (MMTD) were carried out from room
temperature to 760 <C. Beyond 145 <C, sample started to decompose. The percentage of lost species at this temperature was
24.88% which was comparable to the theoretical value (24.22%). From this, it was concluded that there are two dimethyl
sulfoxide (DMSO) molecules in MMTD molecule [3, 26, 45].

In case of Manganese Mercury Thiocyanate (MMTC), the decomposition of the compound started at 289 <C indicating
the higher thermal stability of MMTC. The following chemical equation shows the step by step thermal decomposition of the

material.

MnHg(SCN), — Mn(SCN), + Hg(SCN), — MnS + HgS +Cs, +% N, +%(CN)2 (25)

The DTA resulted in three endothermic and one exothermic peak due to the breakdown of three-dimensional steric

structure, the elimination of gases and the sublimation of HgS [2].

Manganese Mercury Thiocyanate Glycol monomethyl ether (MMTG) was subjected to thermal analysis and it was
found that there was no phase change from room temperature to 145 C but it decomposed above this temperature. The
percentage of lost species for different temperature level was tabulated. The DTA reveals several endothermic or exothermic
peaks due to the decomposition and elimination of the volatile compounds [29]. The color of the pyrolysis product was gray,

whose percentage of 15.496% was close to that of the theoretical value (14.980%).

At normal temperature and pressure, bis(dimethyl sulfoxide) cadmium thiocyanate (DSTC) crystal possess good
stability and do not show any hygroscopic and efflorescent effect for a long time. The TGA and DSC studies of DSTC
revealed that the thermal decomposition started at 134 <C and proceeded in two steps. The following equations describe the

decompositions of DSTC crystal [63].

Cd(SCN),(DMSO), — Cd(SCN), + 2DMSO 1

26
Cd(SCN)2—>CdS+%CSZT+g(CN)2T+%N2T (26)

The combined thermogravimetric and differential thermal analysis of Copper Mercury Thiocyanate (CMTC) crystal

was carried out from room temperature to 1100 <C under a nitrogen atmosphere with a heating rate 20 <C. The crystal
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possessed single stage weight loss at 300 <C and no weight loss was observed below this temperature. DTA data showed two
endothermic peaks at 253.8 €C and 771.4 <C corresponding to decomposition of the CMTC compound [64].

In the atmosphere of nitrogen, TG/DTA was carried out for Zinc Mercury Thiocyanate (ZMTC) crystal in the range
500-600 <C. It was observed that zinc mercury thiocyanate crystal was thermally stable up to 310 9C. The decomposition
data are given in Table 3. The DTA resulted in an exothermic peak at 405 <C corresponding to the evolution of volatile gases
[41].

The thermal stability of zinc manganese thiocyanate had been tested by TG/DTA by heating until 1200 <C at a heating
rate of 10 @C per minute under a nitrogen atmosphere. It was reported that zinc manganese thiocyanate crystal was thermally
stable up to 800 € and a single stage weight loss occurred in the temperature range of 800 < to 1168 <C. Sharp endothermic
peak at 806 °C was observed in DTA analysis [48].

It was mentioned that Zinc Cadmium Thiocyanate (ZCTC) was thermally stable up to 350 <C. Interestingly TGA results
show a slight weight gain at 274 <C illustrating the possibility of absorption of nitrogen by the crystal [27].

Bi'sMercury Ferric Chloride Tetra Thiocyanate (MFCTC) was subjected to TG/DTA and DSC measurements in the
temperature range of 28-1200 C and 30-330 <C respectively. From DTA trace, it was observed that the first decomposition
occurs at about 234.3 <C, which was also evidenced from the DSC peak observed at ~ 231.6 . The species escaped at a
different temperature during the experiment is tabulated. It could be noticed that the thermal stability of MFCTC (234.31 <C)

was superior to the material of the same family [66].

Thermal analysis and physiochemical changes of TetrathioureaMercury TetrathiocyanatoManganate (TMTM) were
studied by TG/DTA. The analysiswas carried out from room temperature to 1000 <C in the nitrogen atmosphere at the
heating rate of 20 C per min. TGA revealed that the compound was thermally stable upto 205 C beyond which there was an
appreciable weight loss. The percentages of weight loss at different temperatures are tabulated. The final residue was MnS
(11.18%) which agreed well with the theoretical value of MnS 11.18% [52].

Manganese Mercury Thiocyanate bis(N-dimethylformamide) (MMTN) crystals were subjected to TGA and DTA
analysis. The decomposition reaction reported in the literature [56] is as follows.

8MnHg(SCN),(C,H;NO), + (8y —4x—xy+60)O —

8MnHgS, +8XC +2y(8—-x)CO, +2(4 - y)(8—x)CO +16S0, + 40H,0 + 24N,
MnHg(SCN),(C,H;NO), - MnHg(SCN), +(C ,H;NO),

MnHg(SCN), + (6 — x)O, - MnHgs, +2xCO, +2(4-x)CO +2S0, + 2N,
MnHgS, — MnHg,, ,,S, ,, + XHgS — MnS + HgS

(x+2y)C =(x+Yy)0, > xCO, +2yCO

MnS + 20, — MnSQO,

4MnS +70, - 2Mn,0, +4S0,

2MnSO, +0, — 2Mn,0O, + 280,

6M,0, —» 4Mn,0, + 0O,

(27)

The other decomposition data are given in Table 3.

The thermal stability of Mercury Cadmium Chloride Thiocyanate (MCCTC) was studied in the temperature range of 40
to 481 <C at the scanning rate of 20 K/min in a nitrogen atmosphere. Three major decomposition temperatures at ~ 172.8 <C,
211 < and ~ 220.6 °C were reported [60]. The DTA analysis revealed two exothermic peaks around 192.3 <C and 270.4 <C.

Cadmium Mercury Thiocyanate (CMTC) single crystal was characterized by TG/DTA and it is reported that the
decomposition of the compound starts from 197.9 . The other decomposition data with respect to different temperature

ranges are collected and given in Table 3 [43].
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Thermal stability and physiochemical changes of Cadmium Mercury Thiocyanate bis (dimethyl sulfoxide) (CMTD)
were studied by TG/DTA and DSC. The temperature range used for the study was from room temperature to 1000 <C in a
nitrogen atmosphere at a heating rate of 20 C per minute. From the data of TG/TDA analysis, it was revealed that the
CMTD compound was thermally stable up to 150 <C [58].

The TG/DTA studies of Cadmium Mercury Thiocyanate Glycol monomethyl ether (CMTG) reveal that the compound
was thermally stable upto 115 <C. Interestingly the surface of the CMTG crystal readily reacts with atmosphere and formed a
white powdery layer on the surface which led to the conclusion that the atmospheric stability of the CMTG crystal was

relatively low [61].

Review on thermal stability of different organometallic thiocyanate crystal concludes the following points;

e The zinc manganese thiocyanate crystal is thermally stable up to 800 C which is highest among all the organometallic

thiocyanate crystals [48].

e Zinc cadmium thiocyanate, zinc mercury thiocyanate,and manganese mercury thiocyanate are the other few

organometallic thiocyanate crystals which exhibit considerable thermal stability [2, 27, 41].

3.5. Microhardness studies

Hardness is defined as the resistance to indentation and can be determined by measuring the permanent depth of the
indentation. In general, the hardness is always claimed as a characteristic property of the material and not as a fundamental
physical property. The hardness of the material to deformation is evaluated and this test can be performed on a macroscopic
or microscopic scale. For a fixed force and a given indenter, the indentation and the hardness of the material are inversely
proportional. The resistance of a material to plastic deformation can be quantified by hardness test. Since hardness is an
arbitrary quantity rather than the fundamental material property it gives only a comparative idea of the material’s resistance

to plastic deformation. Therefore different hardness techniques have different scales [69].

Recognizing and reducing the errors in the indentation test is also an important issue and the most common source of
error encountered is the strain hardening effect of the process. However, the effect can be minimized with a smaller

indentation which has been experimentally determined through “strainless hardness test”.

If the indentation is large compared to surface roughness, the surface finish,and the indenter do not create any errors on
the hardness measurement. This is useful while measuring the hardness of the practical surface. The indentation left after the

load is removed is known as “recover” or more precisely as “swallowing”.

The indentation of spherical indenters is stayed symmetrical and spherical with a large radius. So for very hard
materials, the radius can be three times larger than the indenter’s radius and the effect is attributed to the release of elastic
stress. This effect may lead to some errors in the diameter and depth of the indentation. The point to be noted in this scenario

is the error from the change in diameter is only a few percents when compared to the error from the depth change.

The routinely used term in literature to describe the hardness testing of materials with low applied loads is micro-
hardness, in particular as micro-indentation hardness test. Mechanical properties of small scale sample like a thin film and
small objects cannot be measured by the conventional method of hardness testing. In such circumstances indenting a material
with an impression is done to determine such properties. Micro-indentation tests typically use force less than 2N. In this
testing, a diamond indenter of specific geometry with a known applied force of 1 to 1000 of is impressed onto the sample
surface. Because of its perfection, one can observe the change in hardness in terms of microscopic scale. Polishing of the

sample surface is required in both the test methods to achieve accurate results.

The two commonly used micro-hardness tests are “Vickers hardness test (Hy)” and “Knoop hardness test (Hk)”. In the

Vickers test, both the diagonals of the sample are measured and the average value can be used to calculate the Vickers
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pyramid number. In the Knoop test, only the largest diagonal is measured and the Knoop hardness number is computed

based on the ratio of applied force to the surface area of the indent itself. Both the quantities have a unit in term of Kgf/mma2.

The Vickers micro-hardness test is a widely used technique for hardness measurements in the literature of

organometallic thiocyanate crystals. For the load below 1Kgf, the Vickers hardness (Hy) is calculated using the equation,

Hv :1.8544*dL2(Kg / mm?) (28)

where L is the load in gram force and d is the mean of two diagonals in millimeters.

In order to utilize the grown crystals in making of any device, the studies regarding its mechanical strength play a vital
role. The structure and molecular composition of crystals greatly influence mechanical properties. Micro-hardness
measurements were carried out on various organometallic thiocyanate crystals with pyramidal diamond indenter by varying
the applied loads from 5 to 30 g for an indenter time of 10 s at room temperature and reported the same [14-15, 36, 40, 44].
Vickers micro-hardness number was calculated using the equation Hy=1.8544L/d*> Kg/mm? with L as the applied load in Kg

and d as the average diagonal length of the indentation mark in mm.

Fig. 5 is an example graph of the variation of micro-hardness with the applied load for MMTC and MMTD crystals. It
was dominantly observed that the micro-hardness number increases with increasing load in all the cases of organometallic

thiocyanate complexes.
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Fig. 5 Variation of Vickers hardness number with load [26]

The calculated Vickers number for different thiocyanate crystals and its comparison with other well known

organometallic NLO crystals are summarized in Table 4.

Table 4 Meyer’s index number and Vicker’s hardness numbers for different organometallic thiocyanate crystals

Compound \N/tjcrﬁf)rers (I\{/T_rﬁ\rll)eiss VHN of other well kn_own qrganic NLZO crystals _ Mayer’s Reference
Name Kg/mm? (for comparison) in Kg/mm index humber
Urea=6.5to11; N-methyl urea=12t019; CMTD=47;
MMTC 714 775-116 6.07 [19]
MMTD 325 ZCTC=116;BTCC=136;CTA=81 7.2 [46]
TMTM 3.07 [52]
MCCTC 1.73 [60]
CMTC 2.04 [70]

In a fewkinds of literature, Meyer’s index number “n” was also calculated using Meyer’s law, which relates the load

and indentation diagonal length as;

P=kd" (29)
log p=Ilogk+nlogd (30)
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where k is the material constant and n is Meyer’s index [19]. A graph plotted for log p against log d gives a straight line and
could be used to calculate Meyer’s index value “n”. The slope of the straight line gives the value of the work hardening

coefficient “n”. The calculated Meyer’s index for different thiocyanate complexes is also given in Table 4.

A point to be noted here is, HV should increase with the increase in p if n>2 and decrease if n<2. Harder and the softer
materials are distinguished based on the value of n and if n lies between 1 and 1.6 the materials are considered to be harder

materials and above 1.6 are softer materials.

The calculated Vickers number for different thiocyanate crystals and its comparison with other well known

organometallic NLO crystals are summarized in Table 4.

3.6. Linear optical and second order nonlinear optical studies

The presence of delocalized m-electron systems, connecting donor and acceptor groups, which enhance the asymmetric
polarizability of NLO materials, causes the macroscopic origin of nonlinearity in it. Each type of constituent chemical bond
that has contributions to the total nonlinearity in the material is regarded as one part of the whole crystal. The distribution of
valence electrons of the metallic elements is an important factor that strongly affects the linear and nonlinear properties of

each type of constituent chemical bond [22].

NLO property of materials could be evaluated from second harmonic generation efficiency test that can be performed
by the Kurtz and Perry powder technique using Q-switched, mode-locked Nd-YAG laser operating at the fundamental
wavelength 1064 nm. Various laser powers ranging from 2.1 to 6.2 mJ/pulse were reported for such experiments [3, 19, 42,
71]. The experimental setup used a mirror and 50:50 beam splitter to generate a beam with a pulse energy in this range. The
laser can be operated in two modes namely single and multi-shot modes. In the single shot mode, the laser emits a single 8 ns
pulse and in case of multi-shot mode, the laser produces a continuous train of 8 ns laser pulses at a repetition rate of 10 Hz in
900 geometry [23]. The fundamental beam was filtered and passed through an infrared filter and then made to fall on the
microcrystalline powdered sample packed in a micro-capillary tube of the uniform bore. The light emitted by the sample was
detected by a photodiode detector and oscilloscope assembly. For the Second Harmonic Generation (SHG) efficiency
measurements, most likely microcrystalline materials like urea and KDP were used as reference samples. When a laser input
from 2.1 to 6.2 mJ/pulse power was passed through the sample, a second harmonic signal of different wavelengths gets
produced which was compared with the reference material to calculate the second harmonic generation efficiency of the

sample of interest.

Consider,for example, an organometallic thiocyanate complex like MMTC. When a laser input of 6.2 mJ was passed
through an organometallic thiocyanate complex like MMTC, the second harmonic signal of 532 nm was produced and the
experimental data confirmed a Second Harmonic (SHG) efficiency of nearly 18 times that of urea [19]. Thus, the second
harmonic generation efficiency of MMTC was found to be very much higher than that of other members like CMTC, CMTD,
and BTCC of the organometallic family as well as the conventional laser materials like KDP, LAP,and BBO (Potassium
Dihydrogen Phosphate, L-arginine phosphate, Beta Barium Borate). It was also examined and reported that La*" and Na**
doped MMTC crystals were having SHG efficiency of nearly 19.53 and 20.02 times higher than that of Urea. These results
proved that the increase of SHG efficiency of pure MMTC in presence of dopants [39].

The second harmonic generation tests were carried out by Kurtz-Perry powder method for all the organometallic

thiocyanate crystals and the results are tabulated in Table 5.

Since single crystals are mainly used in optical applications, the optical transmission range and the transparency cutoff
are important. The optical absorption spectra of MMTC single crystal were recorded in the range of 200-2500 nm. It can be
observed from the spectra that MMTC has a larger transmission window lying in the range of 373-2250 nm without any

absorption peak. The UV cutoff wavelength of MMTC occurs at 373 nm, which is nearly the same as that of CMTC. This
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transparent nature in the UV-Vis-NIR region can be exploited for various NLO applications. The transparency percentage of
MMTC at standard violet light of 404 nm is 27.36%, which is lower than that of CMTC, whose transparent percentage at this
wavelength is 50%. As a candidate material for the generation of blue-violet light using a diode laser, MMTC is inferior to
CMTC [2, 19].

Table 5 A comparison of SHG efficiency and fundamental UV cut-off wavelength of organometallic thiocyanate crystals

Crystal UV-Vis cu'[(-rlorgf)wavelength SHG Efficiency Ref.
Manganese mercury-N, N-dimethylacetamide single 360 4 times [24-
crystal (MMTWD) MMTWMP 25]
Manganese mercury Thiocyanate (MMTC) 373 18 times Urea [19]
Manganese Mercury Thiocyanate bis-dimethyl .
g 3u|fox¥de (Ml)\//ITD) y 375 24.8 times Urea [3]
Manganese Mercur)ét':l'z:o((lz\)ﬂ/i/rll_?_tg)Glycol monomethyl 375 Nearly to Urea [29]
Cadmium Mercury Thiocyanate (CMTC) 372 11.3 times Urea [42]
Copper Mercury Thiocyanate (CMTC) 390 0.1 times KDP [64]
Zinc Cadmium Thiocyanate (ZCTC) 290 12 times Urea [65]
Cadmium Mercury Thiocyanate Dimethyl-Sulfoxide 360 1.13 times Urea [57]
(CMTD) 6.5 times of KDP
Tetrathiourea Mercurz/TT'\(/laEFia\;r;locyanato Manganate 350 10 times KDP [54]
Manganese Mercury Thiocyanate bis .
(Ng—methylformar%ide) (|\>|/ MTN) 354 0.9 times Urea | [56]
Mercury Cadmium Chloride Thiocyanate (MCCTC) 300 17 times KDP [60]
Tetrathiourea Cadmium Tetrathiocyanato Zincate 290 2.79 times KDP [50]
(TCTZ) 0.4 times Urea
Cadmium Mercury Thiocyanate Glycol monomethyl 366 5 times Urea [61]
ether (CMTG) 26 times KDP
Zinc Mercury Thiocyanate (ZMTC) 260 14 times Urea [41]
Zinc Manganese Thiocyanate (ZMTC) 380 -- [48]

The optical absorption spectra of MMTWD lie in the range of 360-1970 nm. The UV transparency cutoff of MMTWD
crystal occurs at 360 nm, while that of MMTC and MMTD at 373 and 375 nm, respectively. The optical transmission at
standard violet light of 404 nm was found to be 55.17%, which was higher than that of MMTC and MMTD, whose
transmissions at this wavelength are 44.81% and 27.36%, respectively. Interestingly MMTWD showed nearly 94% of
transparency in the entire visible region. However, the intensities of the detected second harmonic signals of MMTWD are
smaller than that of MMTC and MMTD, but it was concluded that the MMTWD is an effective crystal for NLO applications
[1, 23].

The transmission spectra of MMTD crystals lie in 375-2560 nm range. The UV transparency cutoff wavelength of
MMTD was 375 nm and the optical transmission of MMTD for standard violet light (at the wavelength of 404 nm) was
found 44.81%, which was 17.45% higher than that of MMTC. Therefore, MMTD was found to be superior to MMTC as a

candidate material for the generation of blue-violet light using a diode laser [3, 45].

The optical transmission spectrum of copper mercury thiocyanate crystal was measured in the range of 300-2000 nm.
The UV transparency cutoff wavelength of CMTC was reported to be at 390 nm and the sample was found to be transparent

in the range of 390-973 nm concluding that CMTC has the good optical transmission in the entire visible region [64].

From the transmission spectra of an MMTG crystal, it was reported that the transparency region lies in the range of
375-2265 nm. The UV transparency cutoff of MMTG crystal occurs at 375 nm and the transparency percentage at standard
violet light with the wavelength of 404 nm was calculated to be 33.54%, which was higher than that of MMTC [29].

The optical transmission spectrum of CMTC single crystal was recorded in the range 190-1100 nm. The CMTC single

crystal showed maximum transparency of 60% in the entire region with UV cut-off wavelength of 372 nm [42].
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The UV cut-off wavelength of ZCTC occurred at 290 nm. It is well known that efficient NLO crystal has optical
transparency at a lower cut-off wavelength between 200 and 400 nm. In the entire visible region, the optical absorption
spectrum was flat and constant in case of ZCTC. For transmission normal to (100) plane, the average transmittance of 70%
in the spectra between 330 and 2280 nm was found with transparency percentages of 74.16% and 73.22% at standard violet
light of 404 and 380 nm respectively, which are much higher than that of CMTC [65, 68].

The UV-Vis-NIR study of the Zinc Mercury Thiocyanate Crystal (ZMTC) was performed. It was reported that the UV
transmission spectra were taken for the solution of copper doped ZMTC crystal, prepared using the solvent of the ethanol-
water mixture in 1:1 ratio. Obtained crystal size was not sufficient to perform optical transmission studies in crystal form and
hence was dissolved in liquid for measurements. The transparency cut off occurred at 260 nm and the transparency
wavelength range was fairly smooth compared to pure ZMTC [41]. The optical behavior of zinc manganese thiocyanate
(ZMTC) was measured in the wavelength range of 200-2000 nm. From the recorded measurement, the crystal was observed
to be transparent in the wavelength range 390-1193 nm with UV cut-off occurring at 380 nm which was nearly equal to
MMTD crystal [48].

The absorption spectrum of the TetrathioureaCadmium TetrathiocyanatoZincate (TCTZ) single crystal was recorded in
the range of 200-1100 nm. The thickness of the sample used for the measurement was 1 mm. The cutoff wavelength for
TCTZ was observed at 290 nm which was low compared to CMTC (381 nm), MMTC (373 nm) and adducts of bimetallic
thiocyanate single crystals. No absorption was found in the entire UV and visible region. This show that TCTZ single crystal

could be a suitable material for the generation of blue-violet light [50].

The optical absorption spectrum of MFCTC (bis mercury ferric chloride tetra thiocyanate) crystal was recorded in the
range 200-1200 nm. Fig. 6 shows the UV-Vis-NIR spectrum for MFCTC single crystal [66]. The spectrum revealed that the
UV cutoff wavelength occurred at about 338 nm. Beyond the cutoff wavelength, the sample exhibits very less absorption
(0.02) in the entire visible and IR (up to 1200 nm) region. Hence, it is concluded that the sample possesses broad optical
transparency from 338 nm to 1200 nm. However, the Fe*" ion leads to the dark brown color in appearance, which is the

drawback for NLO material as far as the optical transparency is concerned [66].
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Fig. 6 UV-Vis-NIR absorption spectrum of MFCTC [66]
The optical transmission spectrum of TMTM (tetrathiourea mercury tetrathiocyanato manganate) crystal was recorded
in the wavelength range of 200-2000 nm. The optical transmission spectrum of TMTM single crystal showed a UV cutoff
wavelength to be around 350 nm. The absorption peaks observed in the visible region might be due to the presence of Mn**

ion in the resulting compound. Various bands in the NIR region are attributed to the overtones and their combinations [53].

The transparent region of MMTN (manganese mercury thiocyanate bis(N-methylformamide)) crystal lies in the range
of 354-1506 nm. The UV transparency cut off of MMTN crystal occurs at 354 nm which is comparable with MMTC [56].

MCCTC (mercury cadmium chloride thiocyanate) crystal with suitable thickness was used to record the optical

transmission spectrum in the range from 200 to 2500 nm. The optical studies of MCCTC concluded that the percentage of
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transmission was very high in the entire UV to IR region without any abnormal peak and the cutoff wavelength was around
300 nm. Among the analogs of thiocyanate reported so far, MCCTC has the wide optical window between 300 and 2500 nm
and its lower cutoff wavelength was lesser than that of CMTC (370 nm) and MMTC (373 nm). This shows the suitability of

the crystal for nonlinear optical and photonic applications [60].

The transmittance spectrum of CMTG (cadmium mercury tetrathiocyanate (glycol monomethyl ether)) single crystal
showed maximum transparency of 56% and UV cutoff wavelength of 366 nhm was observed for the CMTG single crystals
[61].

The optical transmission spectrum of CMTD (cadmium mercury thiocyanate dimethyl sulphoxide) single crystal was
recorded in the range 190-1100 nm. The CMTD single crystal grown at the pH value of 3.5 shows maximum transparency
(75%) in the entire visible region compared with crystals grown at other pH values. UV cutoff wavelength of CMTD was
found to be 360 nm. It showed a violet shift at 15 and 18 nm compared to bis-(dimethyl sulfoxide) Manganese Mercury
Thiocyanate (MMTD) and CMTC crystals, respectively [58]

The organometallic thiocyanate crystals are optically transparent in the entire visible region making them a promising
candidate for optical applications. The SHG efficiency of various organometallic thiocyanate crystals was discussed in this
section to give a complete insight into it.

3.7. Dielectric studies

Dielectric measurement is one of the useful characterizations for studying the electrical response of materials, which
provide information about the electric field distribution within materials. By studying the variation of the dielectric constant
as a function of frequency and temperature, one can understand the different polarization mechanisms in solid such as atomic

polarization of lattice, orientation polarization of dipoles, space charge polarization, electric and ionic polarizations [72].

Dielectric studies of different organometallic thiocyanate crystals were carried out using a dielectric constant
measurement instrument. The experimental setup basically consists of two parallel plate capacitors and the polished
graphite/silver coated sample will be placed between two electrodes. Usually, the capacitance of the sample can be measured
by varying the frequency from few Hertz to few Megahertz say for example from 100 Hz to 5 MHz. The graph plotted for
dielectric constant (g") versus applied frequency yield information about dielectric properties of the materials. It is
noteworthy that the dielectric constant of all the organometallic thiocyanate crystals shows higher value in the lower
frequency region and decreases with the increase in applied frequency. The phenomenon of decreasing the dielectric constant

with the increase in frequency is known as anomalous dielectric dispersion.

According to the Miller rule, the optimization of the SHG coefficient can be achieved by the lower value of dielectric
constant [23]. Temperature plays a role in determining the values of the dielectric constant. At higher temperatures, the
dielectric constant is large and is attributed to the blocking of charge carriers at the electrodes [73]. This impedance to the
motion of charge carriers at the electrode leads to space charge and microscopic distribution which causes the large value of

dielectric constant at lower frequencies.

Since the materials having low dielectric constant contains less number of dipoles per unit volume, these materials
possess less dielectric loss compared to the material exhibiting higher dielectric constant. In general, the crystals with fewer
defects will possess very low dielectric loss at low frequencies and such kind of crystals is very good for the applications like
high-speed electro-optic modulators (broadly for NLO applications) [73].

The dielectric constant (") and dielectric loss (&) were calculated from the following equations;

g=Ct (31)
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e'=¢D (32)

where g is the permittivity of free space, t is the thickness of the sample, D is the dissipation factor and A is the area of the
cross-section of the sample [72].

As an example, variation in the dielectric constant and dielectric loss as a function of temperature and frequency for
MMTC crystal are shown in Fig. 7 [19]. There exists a close relationship on the behavior of the crystal under both the
electric field and the laser light irradiation. This allows studying the power dissipation factor from dielectric studies. A
crystal having high dielectric constant values lead to power dissipation [74]. The dielectric constant of the material is due to
the contribution of frequency dependent electric, ionic, orientation and space charge polarization. The low dielectric loss at

higher frequencies is attributed to the inequality in electric wave frequency and natural frequency of the bounded charges,
leading to very weak radiation.
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Fig. 7 Variation with respect to the applied frequencies [19]

3.8. Surface laser damage threshold measurement

Laser Damage Threshold (LDT) is an important aspect for the non-linear optical crystals. It is meant to determine the
laser damage threshold of pulse fluency or laser intensity below which no damage is likely to occur. Absorption driven and
dielectric break-down damage are the two broadly classified laser damages. Depending on the material properties like
absorption coefficient, specific heat, melting temperature, as well as defects that cause scattering and concentrated electric
field effects, geometrical properties of a sample like thickness, homogeneity, surface morphology etc., and indeed the
properties of the laser beam itself can conclude which type is dominant.

The condition under which the laser damage is expected to occur by long-pulse laser and quasi-CW laser is

Pag N £ (LDT,) (33)
R(7)(diameter?) ~ A, |\ 7qe al
and
¢>10000(V—V] A LDT, 34
7 1 4(diameter?) I Agpee v 0

respectively (The CW and quasi-CW laser, cases are rough estimations, and should not be taken as guaranteed
specifications). In case of CW type laser, the LDP may occur when

P wY( 4
" g0000[ ™) A [T 3
71 4(diameter?) (Jj(ﬂspcej v >

The pulse duration (1) is in a nano second to microsecond for large pulse laser and is in femtosecond to picosecond in

case of a quasi-CW laser, whereas the repetition rate (R) is almost same for both the lasers and it varies from 1 to 100Hz.
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Explicitly the laser damage threshold for the desired material can be calculated by the equation [56].

_P_E__E _4E
s ts  d® trd’ (36)
4

where | and P are the power density and power of incident light, respectively, E is single pulse energy, t is pulse width, S and

d are area and diameter of the spot respectively.

The selected surface of single crystals is normally polished with a fine polishing sheet in order to form the uniform
surface quality. The single-shot surface laser damage threshold was estimated using a Q-switched Nd-YAG laser of
wavelength 1064 nm with a pulse width of 10 to 20 ns and 10Hz repetition rate. Few of the organometallic thiocyanate
crystals were also subjected to the laser damage threshold studies and the reported results were tabulated in Table 6.

Table 6 Laser damage threshold of few well known organometallic
thiocyanate crystals with KDP and Urea as reference

Crystal | Laser damage threshold (GW/cm2) | Ref.
MMTC 15.9 (1064 nm, 10 ns) [75]
CMTC 4.59 (1064 nm, 10 ns) [42]
ZCTC 6.24 (1064 nm, 10 ns) [30]
MMTN 225.7 (1064nm, 10ns) [56]

KDP 14.4 (1064 nm, 12 ns, 30_m) [56]

Urea 5 (1064 nm, 10 ns) [56]

3.9. Third-ordernonlinear optical properties

The quantitative information about the nonlinear optical properties of crystals is necessary for its efficient usage as
NLO devices. The development of high power laser sources led to the possibility of measuring these properties [5, 9-11, 17,
20, 75]. The Z-scan technique developed by Sheik-Bahae et al. can be used to characterize the third-order nonlinear optical
property of the material which readily provides the magnitude and sign of the nonlinearity. Though the third order NLO

property was not extensively studied, it is worth discussing here for at least the reported organometallic thiocyanate crystal.

The Z-scan technique works on the principle of spatial beam distortion and the technique is outstanding in terms of

simplicity as well as very high sensitivity for distinguishing the contribution of real and imaginary part (nonlinear refraction

and absorption respectively) of third-order nonlinear susceptibility 7 .
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Fig. 8 Schematic of Z-scan setup
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For measuring the refractive nonlinear property and non-linear absorption, a combination of an aperture and a beam
splitter setup is employed in front of two detectors, which were mounted perpendicular to each other. The schematic is
shown in Fig. 8. The transmittance of the laser beam through the sample is recorded as a function of sample position on Z-
axis from both the detectors (one as closed aperture and one as open aperture Z-scan). The sample is fixed across the focal
regime along the axial direction of the propagation of the laser beam. The transmitted beam can be measured using
photodetector and digital power meter. Depending on whether nonlinear refraction is positive or negative, the sample causes

focusing or defocusing within the material.

By fitting the experimental open and closed aperture Z-scan data, the non-linear absorption coefficient and the non-
linear refractive index of the sample can be determined. The ratio of the measured signals of closed to open aperture is used
to determine the nonlinear refraction of the sample. The different nonlinear parameters of reported MMTC single crystal are
tabulated in Table 7.

Table 7 Optical third order nonlinearity data
of MMTC single crystal [75]

S. No. | Parameters MMTC
1 Ag 0.11
2 n,(cm*/W) -63.3
3 plem/W) | 2.71x10°
4 Imy®(esu) | 2.77x10®
5 Re 7¥(esu) | 0.823x107
6 7Pesu) | 3.13x10°

The insight analytical steps for determining the third-order nonlinear optical parameters are discussed in the following
steps. The spatial distribution of the temperature in the crystal surface is produced when the crystalline sample is exposed to
the laser beam. This is because the localized absorption of a tightly focused beam starts propagating through the absorbing
sample. Hence, a spatial variation of the refractive index is produced which acts as a thermal lens resulting in the face

distortion of the propagating beam [6-17].

The peak and valley transmission difference (ATH) is given in terms of an axis phase shift at the focus as

AT, , =0.406(1—S)** (37)
where S is linear transmittance of aperture and that can be calculated from the relation
S=1- Exp[_zrasz (38)
@,
where ra is aperture radius and wa beam radius at the aperture.
The nonlinear refractive index N, can be calculated by the formula
n, = Kﬁiﬁ (39)

where K =27/2 ( A is the wavelength of the laser), I, is the intensity of the laser beam at the focus (z=0),
Ly =[L-Exp(-al)/a] is the effective thickness of the sample, a is the linear absorption, A¢ is the on-axis phase shift and
L is the thickness of the sample.

From the open aperture Z-scan data, the nonlinear absorption coefficient ( 3) is estimated by the following equation

2\2AT
| L

p= (40)
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where AT is the one valley value at the open aperture Z-scan curve. For saturable absorption, the value of Bis negative

whereas for two-photon absorption it will be positive.

The real and imaginary part of the third order nonlinear optical susceptibility is defined by the following equations

Re y*(esu) =

10™*(e. C*n®n
107 (eCnn,) (cm? /W)
T

(cm /W) (41)

, _107(eC*n*Ap)
Im z°(esU) = —————
4r

|27 =\(Re ) +(Im 1°)?

where g, is vacuum permittivity, Nn_is the linear refractive index of the sample and C is the velocity of light in vacuum. It is
worth mentioning here that the nonlinear index of refraction is proportional to the Re(®) and the nonlinear absorption
coefficient is proportional to the imaginary part of the third order susceptibility Im(3°) .

Comparative study of reported third-order nonlinear susceptibility data of organic as well as organometallic crystals, for
example, KDP (1.7x10-14 esu), BBO (5.7x10-14 esu) and MMTC (6.58x10-9 eus) reveal the fact that the organometallic
crystal has a much higher value of ;(3 . In fact, it is quite natural that the presence of an organic ligand (SCN-) with its small
n-electron systems encourages more dominant NLO effect. n-electron delocalization has been assumed to be the source of
large ;(3 in conjugated molecules. It is also reported that the value of ;(3 for these crystals is larger than some of the

polymers which are well studied for their NLO properties. In contrast, the influence of the organic ligand in modifying the
second and third order NLO properties of organometallic was confirmed by the review on the third order nonlinear optical
susceptibility [75-76].

3.10. Optical limiting
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Fig. 9 Optical limiting behavior of CMTC crystal [70]

Optical limiting behavior can be observed in the materials that exhibit at least one among the nonlinear absorption,
induced scattering, nonlinear refraction,and even phase transitions. Such materials can be used to protect the sensors and
human eye from the high power lasers. Limiting threshold is a quantity defined as the input energy at which the
transmittance is 50% of the linear transmittance which decides the goodness of material to use it in an optical limiting
devices. Lower the optical limiting threshold, better the optical limiting material. Use of a polarized-analyzer combination to
vary the input power in a Z-scan instrument can be an experimental setup to characterize the optical limiting behavior of a
material. By varying the input power, the corresponding output power was recorded. The optical liming threshold of the

CMTC single crystal is 31.2 mW. As an example, the optical limiting behavior of the CMTC crystal is shown in Fig. 9 [70].
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Presence of transition metal atoms in organometallic thiocyanate compounds increases the optical transition in the system
due to d-d electron transition. Generally, metal-ligand and intra-ligand transitions could be possible. These transitions lead to
a separation of charge and, hence, coupled significantly to an applied optical electric field. This kind of coupling yields a
very high extinction coefficient which is one of the fundamental requirements for optical limiting. Therefore, organometallic

thiocyanate crystals can be a promising candidate for optical limiting devises.

4. Conclusions

The basic need of bimetallic thiocyanate crystal is to achieve good optoelectronic properties as exhibited by organic
materials and to achieve good mechanical properties like inorganic materials. In that vision, numerous families of crystals
were grown and analyzed among which thiocyanate crystal family is remarkable. The Zinc Cadmium Thiocyanate (ZCTC)
single crystals and the crystals from its Lewis based addicts were extensively studied crystal material in the family of
bimetallic thiocyanate single crystals. The synthesis and growth of the majority of the compounds belonging to the
thiocyanate family have been discussed in detail. Among them, materials like MMTC, ZMTC, ZCTC, CMTC, etc., were
studied extensively in the last few years and many are yet to study. Various characterization techniques were used to
understand these materials in detail. We made an effort to bring a collective, quantitative and qualitative data available in the
literature regarding organometallic thiocyanate crystals.
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