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1. Introduction
TBC is a crystal that has been extensively researched and is 

frequently used as a frequency doubler in laser applications. The 
performance of this crystal-based technology, as well as the quality 
of TBC crystals, can be enhanced with appropriate dopants. Dye 
was doped into TBC crystals to investigate the effects of dye-based 
dopants on the NLO properties of TBC crystals. The influence of 
impurity atoms on crystal quality and performance was explored. 
Solution growth was employed to produce bulk crystals of dye-doped 
TBC [1-3].

In recent decades, various NLO materials with strong non-linear 
susceptibilities have been identified as potential candidates for 
frequency conversion. Nonetheless, in actual device applications, they 
often exhibit inadequate transparency, poor optical quality, a lack of 
resilience, a low laser damage threshold, and challenges in cultivating 
organic materials [4-6]. Additionally, whilst the mechanical and 
thermal properties of large single crystals are exceptional, their 
non-linearity is relatively low. Hence, substantial research has 
been undertaken on semi-organic materials, which amalgamate the 
attributes of both organic and inorganic compounds [7].

Given that the majority of organic molecules are constituted by 
weak van der Waals and hydrogen bonds with conjugated electrons, 
organic materials tend to possess high SHG efficiency but are less 

stable. Conversely, inorganic compounds are notably stable but 
manifest a diminished SHG efficiency. This piques interest in semi-
organic compounds, which represent a nexus between stability 
and efficiency. Thiourea is a compelling compound that possesses 
centrosymmetry but becomes non-centrosymmetric when coordinated 
with metal complexes [8-10].

The linear and non-linear behaviours in organic and semi-organic 
crystals largely hinge on their chemical properties. The chemical 
reactivity, stability, chemical hardness, electrophilicity index, and 
donor-acceptor interactions through NBO analysis in strontium 
chloride, palladium chloride, antimony triborate, and zinc selenate 
with thiourea have been extensively probed [11-14].  

Numerous researchers have endeavoured to cultivate both organic 
and inorganic crystalline materials, which were then subjected to 
various analyses for catalytic, sensory purposes, pharmaceutical 
applications, and COVID-19 virus detection, among other biomedical 
applications. Novel fused triazine, thiourea derivatives, bis-thiazoles, 
and certain hydroxyquinolines with their metal complexes were 
produced and studied using various experimental and theoretical 
methods. Density functional theory (DFT) was employed, using 
the 6-311G** and LANL2DZ basis set for selected atoms. 
Furthermore, NBO, energy gap using HOMO and LUMO, first-order 
hyperpolarizability, and anisotropic polarizability were assessed for 
optical applications [15-18]. 
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In the current work, the analysis of TBC crystals, encompassing 
various thermodynamic and related parameters, is discussed in 
relation to their energies, bonding, and other models. 

2. Materials and methods
All Analar grade chemicals are purchased from S.D Fine 

Chemicals, Mumbai, India. The purity of the chemical is 99.5% and 
they are used directly without further purification. The simplest and 
convenient method to grow crystals is adopting the Slow evaporation 
technique. The good quality crystals free from strain and dislocation 
from an aqueous solution and slow chilling (0.5oC/day) were used 
to generate pure TBC crystals. For Sudan doped TBC crystals, the 
same process is used (0.1 mol percent of Sudan dye). The solubility 
of the doped TBC in the solvent was determined for each dopant, 
and Sudan was found to have a solubility of 16 g/100 ml at 410oC. 
Here, the substances do not react with each other while growing. For 
growth tests, seed crystals with the correct shape and no macro flaws 
were employed. In order to maintain the temperature, the Constant 
Temperature Bath (CTB) was used to generate large single crystals of 
TBC and Sudan doped TBC with an accuracy of 0.10oC. The initial 
pH value, 4.5 for Sudan dye, was saturated in the mother solution. 
The growth was carried out for more than 18 days at a temperature of 
40oC in the bath. Throughout whole experiment double distilled water 
can be used [19]. 

3. Results and discussion
3.1. HOMO-LUMO analysis

An enhancement in the gap between the bonding and anti-bonding 
orbitals in the molecule under study results in hypsochromic shifts. 
The energy disparity between the highest and lowest occupied 
molecular orbitals is pivotal in ascertaining the molecular electronic 
transport properties, as it offers an insight into electron conductivity. 
Based on the wave function analysis, the transition associated with 
the initial state of excitation, or electron absorption, is predominantly 
characterised by one-electron excitation from HOMO to LUMO. 
The energy difference between the HOMO and LUMO, indicative 
of electron-donating and electron-accepting capacities respectively, 
conveys molecular chemical stability. The other attributes of 
molecules are largely governed by the energy gap between the ground 
state and the first excited state. The frontier electron density utilises 
this to pinpoint the most reactive location in p-electron systems and to 
elucidate various reactions in conjugated systems.
Table 1. Calculated molecular properties of MOD TBC from orbital 
energies.

Parameter Value (a.u.)
HOMO -0.201642 
LUMO -0.087242 
Energy gap 0.1144
SCF energy -538.6770
η -0.0572
µ 0.144442
χ -0.144442
S -17.482517
ω -0.182373

Table 1 presents the HOMO and LUMO energies of TBC 
determined at the DFT level. Fig. 1 illustrates several frontier 
orbitals of the title compound, accompanied by their respective 
energies [20]. Both HOMO and LUMO in TBC are predominantly 
derived from the p orbital of all the compound’s atoms. As 
depicted in Fig. 1, the HOMO is characterised by a charge 
distribution across the entire structure, whereas the LUMO has a 
charge distribution on certain carbons of the ring. For TBC (Fig. 
1), the HOMO possesses a nonbonding character for some ring 
atoms and two oxygen atoms, whilst the LUMO displays an anti-
bonding character for some pairs, including two oxygen atoms. 
Red and green denote positive and negative phases, respectively. 
The HOMO has a calculated energy of -0.201642 a.u., whereas the 
LUMO’s calculated energy stands at -0.087242 a.u.
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Fig. 1. The frontier molecular orbitals for MOD TBC. 
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Fig. 1. The frontier molecular orbitals for MOD TBC.

Consequently, the reduction in the HOMO-LUMO band gap 
primarily stems from the notable stability of the LUMO due to the 
strong electron-accepting capacity of the electron-acceptor group. 
The chemical hardness (η) and chemical potential (µ) have been 
derived using HOMO and LUMO energies. Chemical hardness, a 
reactivity index, is calculated using the formula:

η = (I − H)/2      (1)

The chemical potential, which assesses the tendency of 
electron clouds to escape, is given by

µ = −(I + H)/2      (2)

In a molecular system, I and H denote ionisation potential and 
electron affinities respectively. The inverse of hardness alludes to 
the flexibility of the bonding [21]. Table 1 displays the computed 
values of chemical properties. Recent studies have highlighted the 
significance of these values in ascertaining the toxicity of diverse 
contaminants.

3.2. Natural bond orbital analysis 

The grown crystals were subjected to NBO analysis to gain 
insights into bond bending, rehybridisation, intramolecular 
charge transfer (ICT), and electron density delocalisation within 
the molecule. NBO calculations were conducted at the HF/6-
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311++G(d,p) level using the NBO 5.0 programme, as incorporated 
in the Gaussian 09 package. This was done to comprehend 
different second-order interactions between the occupied orbitals 
of one subsystem and the vacant orbitals of another, reflecting 
delocalisation or hyperconjugation [22]. The hyperconjugative 
interaction energy was deduced using the second-order 
perturbation method:

E(2) = ∆Eij =
 2

i
j i

F(i,j)q
å -å

      
      

(3)

where E(2) and Eij are the populations of the donor orbital, are the 
energies of εj and εi NBO’S, and /F/>2 or F(i,j)2 is the Fock matrix 
element between i and j NBO orbitals. Examination of the Fock 
matrix in the NBO basis through second-order perturbation theory 
uncovers significant intermolecular hyperconjugative interactions 
of π-electrons, as detailed in Table 2. 
Table 2. Fock matrix in NBO basis corresponding to the 
intramolecular bonds of MOD TBC (second order).

Donor(i) ED(i)(e) Acceptor(j) ED(j)(e) aE(2) (KJ/mol) bE(j)-E(i)(au)   cF(i,j)(a.u.)

σ (C1-C2) 1.97406 σ* (C1-C6) 0.02283 3.82 1.27 0.062

σ (C1-C2) 1.97406 σ* (C2-C3) 0.01618 3.32 1.26 0.058

σ (C1-C6) 1.96974 σ* (C5-O19) 0.03239 4.31 0.97 0.058

π (C1-C6) 1.67968 π* (C2-C3) 0.37156 20.29 0.27 0.067

π (C1-C6) 1.67968 π* (C4-C5) 0.42853 22.96 0.26 0.071

σ (C2-C3) 1.97178 π* (C1-C2) 0.02340 3.63 1.27 0.061

σ (C2-C3) 1.97178 σ*(C1-C7) 0.02441 6.87 1.08 0.058

σ (C2-C3) 1.97178 σ*(C4-O17) 0.02939 4.49 0.94 0.058

π (C2-C3) 1.70600 π* (C1-C6) 0.35696 20.83 0.29 0.071

π (C2-C3) 1.70600 π* (C4-C5) 0.42853 19.87 0.27 0.068

σ (C2-H15) 1.97795 σ*(C1-C6) 0.02283 4.89 1.09 0.065

σ (C4-C5) 1.97578 σ*(C3-C4) 0.02345 4.44 1.28 0.067

π (C4-C5) 1.65314 π* (C1-C6) 0.35696 17.48 0.31 0.066

π (C4-C5) 1.65314 π* (C2-C3) 0.37156 20.85 0.30 0.071

σ (C5-C6) 1.96939 σ*(C1-C6) 0.02283 3.87 1.28 0.063

σ (C5-C6) 1.96939 σ*(C1-C7) 0.02441 3.58 1.09 0.056

σ (C5-C6) 1.96939 σ*(C4-C5) 0.03487 4.63 1.24 0.068

σ (C5-C6) 1.96939 σ*(C4-O17) 0.02939 4.38 0.95 0.058

σ (C6-H24) 1.97065 σ*(C41C2) 0.02340 4.60 1.09 0.063

σ (C6-H24) 1.97065 σ*(C4-C5) 0.03487 4.38 1.05 0.061

π (C10-H12) 1.98037 π* (C7-H9) 0.01806 3.69 0.67 0.044

σ (O17-H18) 1.99047 σ*(C4-C5) 0.03487 3.78 1.29 0.063

σ (O19-C20) 1.99209 σ*(C5-C6) 0.02109 3.38 1.35 0.061

σ (C20-H23) 1.98953 σ*(C5-O19) 0.03239 3.94 0.78 0.050

LP2(O19) 1.86933 π* (C4-C5) 0.42853 19.61 0.34 0.080

LP2(O19) 1.86933 σ*(C20-H21) 0.01652 4.93 0.72 0.055

LP2(O19) 1.86933 σ*(C20-H22) 0.01650 4.93 0.72 0.055

Owing to the pronounced interaction between the lone pair O19 
and the antibonding C20-H22, the stabilisation energy of 4.93 kJ/
mol indicates heightened delocalisation. Noteworthy interactions 
between LP2O19 and antibonding C4-C5, C20-H21 in the title 

molecule yield stabilisation values of 19.61 and 4.93 kJ/mol, 
respectively. Such interactions around the ring might augment 
the molecule’s bioactivity. The π*(C4-C5), π*(C2-C3), and 
π*(C1-C6) bond orbitals facilitate an intra-molecular interaction 
culminating in significant intra-molecular charge transfers with 
stabilisation values of 227 and 145 kJ/mol, respectively. Such 
charge transfers can render the molecule highly nonlinear.

The second-order perturbation theory delineates various 
electron donor orbitals, acceptor orbitals, and the corresponding 
stabilisation energy. The more intense the interaction between 
electron donors and electron acceptors, or the higher the proclivity 
of donors to bequeath to acceptors, the elevated the E(2) value 
becomes, indicating an increased degree of conjugation within 
the system. A stabilising donor-acceptor interaction is manifested 
when electron density delocalises between occupied Lewis-type 
(bond or lone pair) and formally vacant non-Lewis NBO orbitals.

Intramolecular hyperconjugative interactions emerge from 
the orbital overlap of the (C-C) and π*(C-C) bond orbitals, 
facilitating ICT and system stabilisation. As a consequence of 
these interactions, which augment the electron density (ED) 
in the C-C antibonding orbital, the bonds become attenuated 
[23]. A pronounced intramolecular hyperconjugative interaction 
transfers electrons from the C1-C2, C2-C3, and C4-C5 bonds to 
the benzene ring’s π*(C1-C6) bond, enhancing and stabilising the 
electron density at 50 kJ/mol.

3.3. Thermodynamic properties 

A range of thermodynamic properties are delineated in Table 
3. For precise prediction of the zero-point vibrational energies 
(ZPVE), rotational constants, thermal energy, and entropy, scaling 
factors have been proposed. 
Table 3. Theoretically computed parameters-I.

Parameter
Value

LSDA HF

Zero-point vibrational energy (kcal∕mol) 121.44639 132.94025

Rotational constant (GHz)

A 1.67529 1.67633

B 0.56727 0.54977

C 0.43809 0.43691

The total energy appears to diminish as the basis set 
dimension grows. The total capacity and entropy of the title 
chemical at ambient temperature exhibit minor variations 
across different basis sets [24] (Table 4).

Table 4. Theoretically computed parameters-II.

Parameter Thermal energy (kcal∕mol) Entropy (cal∕ mol) Enthalpy (cal/mol‧K)

Total 129.082 140.180 109.196 107.822 45.588 41.838

Translational 0.889 0.889 41.194 41.194 2.981 2.981

Rotational 0.889 0.889 31.024 31.057 2.981 2.981

Vibrational 127.304 138.403 36.978 35.570 39.626 35.877



PHYSICAL SCIENCES | PHYSICS, ENGINEERING

39DECEMBER 2023 • VOLUME 65 NUMBER 4

Table 5 catalogues the constant pressure values for heat 
capacities (Cp), entropies (S), and enthalpy changes (ΔH0→T) for 
zero (monomer) and applied electric fields. These metrics derive 
from vibrational analysis at the HF/6-311++G(d,p) level and 
statistical thermodynamics. As molecular vibration intensities 
amplify, conventional thermodynamic functions escalate with 
temperature, with entropy increasing whilst enthalpy and heat 
capacity remain stable, as demonstrated in Table 5.
Table 5. MOD TBC determined by DFT/HF/6-311++G(d,p) method 
(temperature-dependent parameters).

T(K) S (J‧mol-1K-1) Cp  (J‧mol-1K-1) ΔH0→T (kJmol-1)

100 379.02 30.1       8.52

200 490.88 199.95   25.05

298.15 583.95 272.06 48.6

300 585.68 273.46 48.67

400 674.66 348.35 79.79

500 759.78 415.29 118.06

600 840.61 471.26 162.48

700 916.83 517.27 211.98

800 988.45 555.24 265.67

900 1055.73 586.85 322.82

1000 1118.98 613.39 382.87

Compression at constant temperature results in a molecule’s 
volume reduction [25-27]. The potential positions a molecule’s 
particles can occupy become restricted with a decrease in molecular 
volume. Consequently, at a constant temperature, entropy tends to 
diminish as pressure ascends. Fig. 2 portrays the correlation graph 
for zero applied EFs. The fitting equations are:

0
mS = 311.40643 + 1.13227T - 3.22688 × 10−4 T2 (R2=0.99981)    (4)
0
p,mC = 6.48149 + 5.36266T − 0.0397 × 10−4 T2 (R2=0.99866)  (5)
0
mH

 = −5.87053 + 2.49217T - 0.0397 × 10−4 T2 (R2=0.99960)  (6)
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Fig. 2. Correlation of MOD TBC at various temperatures.

3.4. Electrostatic potentials

Constructing a three-dimensional ESP map over 
molecular surfaces using experimental charge densities 
markedly accentuates the electrostatic character of the three 
configurations (Figs. 3-5).

Fig. 3. MOD TBC (electron density).

Fig. 4. Electrostatic potential surface of MOD TBC (contour map).

Fig. 5. Electron density maps of MOD TBC.

The electropositive and electronegative surfaces are 
clearly differentiated in Fig. 4. ESP mapping reveals a broader 
electronegative surface, attributed to the conformational 
difference of the C-O side chain, the involvement of electrons 
of the triad C1-C2-H12 in C-H... type interactions, and the 
presence of π, π... contacts.
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The electronegative surface predominantly surrounds oxygen 
atoms in C-H...O type intermolecular interactions. However, in 
contrast to other Ba atoms in the structures, atom O11 exhibits a 
less pronounced electronegative surface. This stems from atom 
O11’s lack of engagement in intermolecular interactions, whilst 
a comparable atom in S is seen to interact with the neighbouring 
molecule (Fig. 5). The theoretical analyses’ affiliated maps 
display analogous traits. The ESP maps lucidly highlight the 
optimal binding sites to construct interaction networks and the 
variances in interaction modalities [28]. 

3.5. NLO studies

The crystallinity of MOD TBC, pertaining to its suitability 
for NLO applications, and its frequency, were examined 
employing a solid-state laser [29] (Table 6). 
Table 6. NLO efficiency of TBC.

No. Compound NLO efficiency

1 Pure TBC crystals 1.79

2 MOD TBC crystals 1.89

Determined using the S.K. Kurtz, et al.'s powder method 
(1968) [30], the crystal was placed and the optical beam 
input realigned. Its significance was subsequently analysed in 
conjunction with green light. Comparing the NLO efficiency 
of the doped crystal to pure TBC reveals that the former boasts 
superior efficiency and broader applications [31-34]. Both 
TBC variants, including the doped version, underwent NLO 
measurement. The NLO efficiencies of pure TBC and MOD 
TBC crystals are presented in Table 6. 

4. Conclusions

 Single crystals of pure and dye-doped TBC with well-
defined optical quality were synthesised through slow solvent 
evaporation. Furthermore, optically superior quality crystals 
of TBC with enhanced dye-doped TBC have been examined. 
The inherent electronic parameters affiliated with the orbitals 
manifest in the notable electronic energy gaps of molecules. 
These orbitals not only delineate how a molecule interacts 
within its species but also juxtapose the efficacy of the doped 
TBC against its pure crystalline counterpart. The correlation 
in thermal properties leans favourably towards the dopant 
rather than the pure crystal. A heightened electronegativity is 
discernible in the doped crystal. The doped crystal was observed 
to amplify the NLO attribute of TBC crystals. The MOD TBC 
crystal demonstrated 1.89 times the SHG performance of 
KDP and 1.05 times that of pure TBC crystal. The electron 
distribution in metallic elements significantly influences the 
chemical bond.
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