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A B S T R A C T

Single crystals of Sodium Oxalate (SO) were grown by adopting the slow evaporation solution growth approach
from aqueous solution. The prominent functional groups seen in the SO crystal were distinctly detected with
Fourier transform infrared and FT-Raman spectral analysis. The cut-off wavelength of 230 nm was measured using
Ultraviolet -visible spectral analysis. Theoretical quantum chemical computations were done by DFT using
Gaussian software package. The different properties such as structural, vibrational and electronic properties of SO
was studied at the B3LYP/LanL2DZ level. The chemical activity of SO molecule was revealed by HOMO-LUMO
energies. From Topology analysis the chemical significance of the molecules has been enunciated. The electron
density centered on local reactivity descriptors like Mulliken atomic charges and Fukui function were calculated
to describe the chemical reactivity of the SO compound. The mechanical property of the grown crystal was
disclosed from Vicker's micro hardness test carried out on the grown SO crystals and the test confirms the soft
nature of the crystal. The dielectric behavior of SO crystal was completely investigated for different temperatures
and the activation energies were calculated for different frequencies.
1. Introduction

Organic nonlinear optical crystals are mostly attracting all researchers
owing to their diversity in potential area of applications like photonics,
doubling of frequency, optical switching, modulation, laser remote
sensing and optical device fabrication. Also, there is a demand for
growing crystals with increased nonlinear optical behaviour as it has
great demand for applications in the field of electronics, optical
communication and storage systems [1].

The high degree of delocalized π electrons in organic materials
are responsible for their nonlinear response [2]. Significant NLO
responses are exhibited by organic compounds owing to the avail-
ability of donor and acceptor network in their molecular structure
which in turn enable them to offer enormous design possibilities.
Furthermore, organic materials stay advantageous as the synthetic
flexibility found in them enable to customize the optical properties
by enhancing structural reformation and unveil massive laser dam-
age threshold.
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The ferroelectric behavior of numerous oxalate compounds has
extensive usages in electronic and acoustic optical devices [3, 4, 5].
Among the various acids available, oxalic acid stays as a strong acid [6]
due to the presence of directly attached two carboxyl groups. Human
body generates oxalic acid naturally during metabolization of ascorbic
acid and glycine. It has been reported that a number of oxalates like
barium oxalate [7], barium ammonium oxalate [8], cadmium oxalate
[9], cobalt oxalate [10], sodium oxalate [11] etc., are grown using gel
technique. Among the various salts of oxalic acid, it is noted that though
sodium oxalate is highly toxic, it is used in industries for metal cleaning,
leather tanning, electroplating wash, etc. Sodium Oxalate (SO) is an
innocuous compound which is found in the Kamias fruit and this com-
pound possesses significant chemical properties which prove to be
effective in the destruction of Chlorofluorocarbons.

Literature survey revealed that SO crystals were grown by Gel Growth
[11]. Significant applications exhibited by SO motivated to grow sodium
oxalate crystals by slow evaporation solution growth technique and
analyze its spectral, optical, mechanical and dielectric characteristics
. Muthu).
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Figure 1. Solubility curve of SO.

Figure 2. As grown SO crystals.

Table 1. Atomic coordinates of SO.

Atomic co-ordinates in fractions of monoclinic axes

x y Z

Na 0.3020 (3) 0.0565 (2) 0.3552 (1)

O1 0.1657 (5) -0.1222 (4) 0.1511 (1)

O2 0.2274 (6) 0.2704 (3) 0.0691 (2)

C 0.1135 (8) 0.0435 (4) 0.0634 (3)

Atomic co-ordinates taken from Ref. [21].
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using various instrumentation approaches. Several researchers have done
extensive theoretical studies on oxalate crystals [12, 13, 14]. This
encouraged us to carry out theoretical studies like HOMO-LUMO, NBO,
Table 2. Geometrical parameters of optimized SO; bond length (Å) and bond angle (

Parameters Bond length (A0)

Atom Experimentala B3LYP/LanL2DZ

C1–O2 1.265 1.301

C1–O3 1.253 1.301

C1–C4 1.568 1.527

C4–O5 1.253 1.302

C4–O6 1.265 1.301

Experimentala taken from Ref. [21].
RMSD for bond length 0.04237(Å).
RMSD for bond Angle 2.045(Å).
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MEPs, Topology and Fukui characteristics for SO. All the obtained results
are elaborately presented in this paper.

2. Experimental approaches

2.1. Growth of sodium oxalate crystals

Sodium oxalate (SO) crystals were grown from the commercially
available sodium oxalate (98% pure form) purchased from Merck Com-
pany. To obtain crystals of good quality, the obtained SO crystals were
refined by adopting the repeated recrystallization process using deion-
ized water as solvent. The solution was stirred continuously and the
saturated level of SOwas obtained at 45 �C. Solubility test unveil water as
a good solvent to grow SO. The solubility curve for SO in water presented
in Figure 1 shows a positive gradient of solubility.

The beaker containing saturated SO solution with a seed crystal free
of inclusions was placed in a constant temperature bath held at 37 �C for
slow evaporation of solvent. Transparent SO crystals were harvested after
50 days. Figure 2 shows the as grown crystals of SO.

2.2. Characterizations

Many characterization techniques such as FTIR and FT-Raman anal-
ysis, UV–Visible spectral analysis, micro hardness and dielectric have
been applied to the grown SO crystals. The optical UV–Vis spectrum was
investigated by the LAMBDA-35 UV–Vis spectrophotometer. FTIR and
FT-Raman studies was done using FT-IR ATR spectrophotometer and
BRUKER: RFS 27 spectrometer respectively and from the obtained results
the diverse vibrational modes of SO were identified. Leitz wetzler Vickers
microhardness tester performedmicrohardness analysis and brought into
light the mechanical stability. Dielectric studies using HP 4275 LCR
meter at different temperatures were carried out.

2.3. Computational details

The quantum chemical calculations of SOwas done using the Becke 3-
Lee-Yang-parr (B3LYP)/LanL2DZ level of theory employed in the
Gaussian 09W program package [15]. To begin with, the atomic co-
ordinates for optimizing the molecular geometry was envisioned using
the Gauss View 5.0 software package [16]. Molecular structure of SO was
augmented by DFT at the B3LYP/6-311þþG (d,p) level of theory, and the
obtained structure was further adopted for calculating the frequency of
vibration. In addition, the measured frequencies of vibration were
assigned after analyzing every fundamental modes of vibration using the
VEDA 4 program [17, 18] utilizing the potential energy distribution
(PED). The theoretical molecular interactions were calculated from
HOMO-LUMO analysis to study the electronic properties. The stabiliza-
tion energies were calculated from NBO analysis. Electron localization
function (ELF) and localized orbital locator (LOL) figures supported to
compute the distribution of electrons and also their reactive sites on the
o) with B3LYP/LanL2DZ basis set.

Parameters Bond Angle (0)

Atom Experimentala B3LYP/LanL2DZ

O3–C1–O2 125.8 122.92

O2–C1–C4 117.3 118.54

O5–C4–O6 125.8 122.91

C1–O5–C4 116.9 118.54

O6–C4–C1 117.3 118.55

O3–C1–C4 116.9 118.53



Figure 3. Optimized geometric structure of SO with atoms numbering.

Figure 4. Crystal packing of SO.

Figure 6. Experimental and theoretical FT Raman spectra of title compound by
the DFT/B3LYP/LanL2DZ basis set.
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title compound. Descriptors of local reactivity like electrophilic, nucle-
ophilic and local softness were calculated from Mulliken atomic charges
[19] of SO using DFT method with 6–311þþG (d, p) basis set.

3. Results and discussion

3.1. Molecular geometry

Experimental studies carried out on SO crystals by Jeffrey and Parry
brought into light that SO crystallizes in the centrosymmetric crystal
Figure 5. Experimental and theoretical FT-IR spectra of title compound by the
DFT/B3LYP/LanL2DZ basis set.
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system with space group P21/a [20]. Further refinement on the structure
of SO by D.A. Reed and M.M. Olmstead reports that SO possess the
monoclinic crystal system with space group P21/c and lattice parameters
as a¼ 3.449 (2) Å, b¼ 5.243 (3) Å, c ¼ 10.375 (4) Å, β¼ 92.66 (4)º. The
bond lengths exhibited are given in Table 1 [21]. The bond parameters
(bond length and bond angles) of SO molecule were computed using the
Figure 7. Correlation graph of Experimental and theoretical FTIR spectra of
title compound by the DFT/B3LYP/LanL2DZ basis set.



Table 3. Experimental and theoretical vibrational frequency (unscaled and scaled) assignment with (PED%) of SO compound using B3LYP/LanL2DZ.

Mode no. Experimental wavenumber (cm�1) Theoritical wavenumber (cm�1) Assignments

FTIR FTRaman Un scaled scaled IR Intensity Raman Intensity

Relative Absolutea Relative Absoluteb (PED %)

18 1664 1664 0 0 19 95 γOC(50)þ γCC(35)

17 1630 1606 1602 1602 805 100 1 7 γOC(94)

16 1558 1558 740 92 1 6 γOC(92)

15 1315 1314 1390 1362 434 54 2 11 γOC(88)

14 956 937 0 0 20 100 γOC(44)þ γCC(24)þ βOCO(30)

13 893 888 870 68 8 0 1 βOCC(10)þ βCCO(10)þ ωOCOC(36)þ ωCOOC(33)
12 888 870 68 8 0 1 βOCC(10)þ βCCO(10)þ ωOCOC(36)þ ωCOOC(33)
11 772 809 821 805 126 16 3 15 βOCO(88)

10 512 490 532 522 0 0 0 2 γCC(27)þ γNaO(20)þ βOCO(48)

9 440 369 361 23 3 2 8 βNaOC(26)þ βOCC(22)þ βCCO(22)

8 369 361 23 3 2 8 βNaOC(26)þ βOCC(22)þ βCCO(22)

7 341 334 129 16 0 0 γNaO(74)þ βNaOC(24)

6 210 249 212 0 0 2 8 γCC(14)þ γNaO(46)þ βNaOC(28)

5 159 204 173 0 0 0 2 βNaOC(42)þβOCC(13)þ βCCO(13)

4 204 173 0 0 0 2 βNaOC(42)þ βOCC(13)þ βCCO(13)

3 89 78 66 0 0 3 16 τOCCO(100)
2 62 53 67 8 0 0 τOCONa(33)þ τNaOCC(42)þ ωCOOC(10)
1 62 53 67 8 0 0 τOCONa(33)þ τNaOCC(42)þ ωCOOC(10)

γ-stretching, β-bending,τ-torsion, ω-out of plan bending.
a Relative absorption intensity normalized with 100 for topmost peak absorption.
b Relative Raman intensities normalized to 100.

Table 4. Calculated energy values of SO.

Basic set B3LYP/6-311þþG (d,p)

EHOMO (eV) -5.6211

ELUMO (eV) -0.9233

Ionization potential (IP) 5.6211

Electron affinity (EA) 0.9233

Energy gap (eV) 4.6978

Electronegativity (χ) 3.2722

Chemical potential (μ) -3.2722

Chemical hardness (η) 2.3489

Chemical softness (S) 0.2129

Electrophilicity index (ω) 2.2792
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DFT/B3LYP method with 6–311þþG (d,p) basis set by considering the
crystallography data reported by D.A. Reed. Table 2 presents comparison
of experimental [21] and theoretically calculated bond length and bond
angle values. The optimizedmolecular structure of SO is given in Figure 3
and the crystal packing is shown in Figure 4. From theoretical calcula-
tions it is predicted that the homonuclear bond C1–C4 have higher bond
length of 1.527 Å while the experimental value was found to be 1.568 Å.
The heteronuclear bonds (C1–O2, C1–O3, C4–O5, C4–O6) have lesser
bond lengths of 1.265 Å, 1.253 Å, 1.253 Å and 1.265 Å experimentally
and 1.301 Å, 1.301 Å, 1.302 Å and 1.301 Å from theoretical study. The
observed longer lengths of homonuclear bond when compared to the
heteronuclear bonds is due to the repulsive nature of like charges and
attractive character of unlike charges. The bond angle O3–C1–O2 and
O5–C4–O6 are larger than the other bond angle calculated by both
experimental and theoretical. This variation in bond angle is because the
repulsive forces reduce the distance between the two oxygen atoms. The
force of repulsion ensuing between two oxygen led to an increase in the
angle owing to the shorter distance between the two oxygen and thereby
reduce the repulsion.
4

3.2. FT-IR and FT-Raman vibrational analysis

FT-IR studies provide enumerative and qualitative evaluation for
organic and inorganic samples and stay as an important analytical
method for identifying different functional groups and learn information
on the covalent bonding. This investigation produces an infrared ab-
sorption spectrum and help to pinpoint the various chemical bonds
available in a molecule. The spectra give the profile of the sample
through a unique molecular finger print which can screen and scan
samples for various components.

SO compound consist of eight atoms with eighteen normal modes of
vibration. The spectrum obtained through theoretical computation at the
B3LYP/Lan2DZ level of theory is shown in Figures 5 and 6 in comparison
with the experimental spectrum. Here, the obtained Raman activities are
Figure 8. Correlation graph of Experimental and theoretical FT Raman spectra
of title compound by the DFT/B3LYP/LanL2DZ basis set.



Table 5. Second order perturbation theory of the Fock matrix NBO analysis of SO.

DonorNBO(i) Type ED/e AcceptorNBO(j) Type ED/e E(2)a E(j)-E(i)b F (i,j)c

kcal/mola.u. a.u. a.u.

O3–C4 σ 1.97936 C5 0.00009 0.82 2.2 0.038

O3–C4 σ 1.97936 C4–O8 σ* 0.00005 0.97 1.62 0.036

O3–C4 σ 1.97936 C5–O7 σ* 0.00796 0.85 1.44 0.032

O3–H9 σ 1.98048 C4 1.69 2.1 0.053

O3–H9 σ 1.98048 C4 0.01155 3 2.66 0.08

O3–H9 σ 1.98048 C4–C5 σ* 0.00008 0.91 1.1 0.029

O3–H9 σ 1.98048 C4–O8 σ* 0.00005 6.12 1.38 0.082

C4–C5 σ 1.98843 O3 0.00001 0.68 1.41 0.028

C4–C5 σ 1.98843 O6 0.00001 1.25 1.38 0.037

C4–C5 σ 1.98843 O7 0.00001 0.6 1.39 0.026

C4–C5 σ 1.98843 O8 1.14 1.43 0.036

C4–C5 σ 1.98843 C4–O8 σ* 0.00005 0.63 1.29 0.025

C4–C5 σ 1.98843 O7–H10 σ* 0.00319 3.24 1.04 0.052

C4–O8 σ 1.98856 C4 1.12 2.23 0.045

C4–O8 σ 1.98856 O3–C4 σ* 0.00018 1.38 1.49 0.041

C4–O8 σ 1.98856 O3–H9 σ* 0.00009 1.15 1.44 0.036

C4–O8 σ 1.98856 C5–O6 σ* 0.00002 0.6 1.62 0.028

C4–O8 π 1.97867 O3 0.00001 0.85 0.98 0.026

C4–O8 π 1.97867 C4–O8 π* 0.00005 0.64 0.38 0.015

C4–O8 π 1.97867 C5–O6 π* 0.00001 6.65 0.36 0.046

C5–O6 σ 1.96618 C5 0.00009 1.14 2.25 0.045

C5–O6 σ 1.96618 C4–O8 σ* 0.00005 0.74 1.68 0.032

C5–O6 σ 1.96618 C5–O7 σ* 0.00796 0.73 1.49 0.03

C5–O6 π 1.96076 O7 0.00001 0.84 0.95 0.025

C5–O6 π 1.96076 C4–O8 π* 0.00005 5.4 0.4 0.044

C5–O6 π 1.96076 C5–O6 π* 0.00001 0.8 0.38 0.017

C5–O7 σ 1.97002 C4 0.94 2.22 0.041

C5–O7 σ 1.97002 H10 0.00079 0.55 2.53 0.033

C5–O7 σ 1.97002 O3–C4 σ* 0.00018 0.65 1.48 0.028

C5–O7 σ 1.97002 C5–O6 σ* 0.00002 1.04 1.61 0.037

O7–H10 σ 1.98594 C5 0.00009 1.78 1.96 0.053

O7–H10 σ 1.98594 C5 0.00003 0.86 1.93 0.036

O7–H10 σ 1.98594 C5 0.00268 0.88 2.77 0.044

O7–H10 σ 1.98594 C4–C5 σ* 0.00008 4.4 1.12 0.064

O7–H10 σ 1.98594 C5–O6 σ* 0.00002 1.06 1.34 0.034

O6 CR (1) 1.96947 C5–O7 σ* 0.00796 0.7 19.3 0.105

O7 CR (1) 1.64766 C5 0.00009 1.95 20.16 0.178

O7 CR (1) 1.64766 C5 0.00003 1.1 20.13 0.133

O7 CR (1) 1.64766 C5 0.00381 0.83 20.66 0.117

O7 CR (1) 1.64766 C5–O6 σ* 0.00002 0.63 19.54 0.1

O8 CR (1) 1.97674 C4 5.89 20.02 0.308

O8 CR (1) 1.97674 O3–C4 σ* 0.00018 0.81 19.29 0.113

O3 LP (1) 1.97772 C4 3.08 1.93 0.069

O3 LP (1) 1.97772 C4 0.01155 0.77 2.49 0.039

O3 LP (1) 1.97772 C4 0.00489 1.4 2.92 0.057

O3 LP (1) 1.97772 H9 0.00001 1.18 1.28 0.035

O3 LP (1) 1.97772 H9 0.00829 0.88 2.03 0.038

O3 LP (1) 1.97772 C4–C5 σ* 0.00008 5.96 0.94 0.068

O3 LP (1) 1.97772 C4–O8 σ* 0.00005 1.25 1.21 0.035

O3 LP (2) 1.97688 C4 3.29 1.93 0.075

O3 LP (2) 1.97688 H9 1.17 1.72 0.042

O3 LP (2) 1.97688 H9 0.00001 0.59 1.75 0.03

O3 LP (2) 1.97688 C4–O8 π* 0.00005 56.37 0.35 0.125

O6 LP (1) 1.97714 C5 0.00009 13.65 1.92 0.144

O6 LP (1) 1.97714 C5 0.00003 0.98 1.89 0.038

O6 LP (1) 1.97714 C5 0.00381 0.71 2.42 0.037

(continued on next page)
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Table 5 (continued )

DonorNBO(i) Type ED/e AcceptorNBO(j) Type ED/e E(2)a E(j)-E(i)b F (i,j)c

kcal/mola.u. a.u. a.u.

O6 LP (1) 1.97714 C5 0.00268 0.56 2.73 0.035

O6 LP (1) 1.97714 C5 0.00006 0.84 6.87 0.068

O6 LP (1) 1.97714 C4–C5 σ* 0.00008 1.15 1.07 0.032

O6 LP (1) 1.97714 C5–O7 σ* 0.00796 1.43 1.16 0.037

O6 LP (2) 1.97923 C5 0.00003 3.09 1.45 0.062

O6 LP (2) 1.97923 C5 0.00381 0.55 1.98 0.03

O6 LP (2) 1.97923 O3–H9 σ* 0.00009 2.21 0.68 0.036

O6 LP (2) 1.97923 C4–C5 σ* 0.00008 18 0.63 0.095

O6 LP (2) 1.97923 C4–O8 σ* 0.00005 0.6 0.9 0.021

O6 LP (2) 1.97923 C5–O7 σ* 0.00796 25.78 0.72 0.123

O7 LP (1) 1.66776 C5 0.00009 3.98 1.81 0.076

O7 LP (1) 1.66776 C5 0.00381 2.25 2.32 0.065

O7 LP (1) 1.66776 H10 0.00165 1.22 2.52 0.05

O7 LP (1) 1.66776 C4–C5 σ* 0.00008 1.33 0.97 0.033

O7 LP (1) 1.66776 C5–O6 σ* 0.00002 9.12 1.19 0.093

O7 LP (2) 1.98079 C5 0.00001 3.38 1.94 0.077

O7 LP (2) 1.98079 H10 0.00154 1.68 1.84 0.053

O7 LP (2) 1.98079 C5–O6 π* 0.00001 60.46 0.34 0.129

O8 LP (1) 1.97921 C4 15.82 1.88 0.154

O8 LP (1) 1.97921 C4 0.00068 1.42 3.38 0.062

O8 LP (1) 1.97921 C4 0.00028 0.76 1.86 0.034

O8 LP (1) 1.97921 O8 0.55 1.81 0.028

O8 LP (1) 1.97921 O3–C4 σ* 0.00018 1.65 1.14 0.039

O8 LP (1) 1.97921 C4–C5 σ* 0.00008 1.33 1.04 0.034

O8 LP (2) 1.98073 C4 3.12 1.59 0.065

O8 LP (2) 1.98073 C4 0.01155 0.89 2.15 0.04

O8 LP (2) 1.98073 O3–C4 σ* 0.00018 26.77 0.69 0.124

O8 LP (2) 1.98073 C4–C5 σ* 0.00008 21.87 0.59 0.102

O8 LP (2) 1.98073 C5–O6 σ* 0.00002 0.56 0.82 0.02

C4–C5 σ* 0.00008 C4 0.58 1 0.081

C4–C5 σ* 0.00008 C4 0.00376 1.11 0.83 0.108

C4–C5 σ* 0.00008 C4 0.00105 0.84 0.8 0.092

C4–C5 σ* 0.00008 C5 0.00381 0.5 1.35 0.092

C4–C5 σ* 0.00008 O3–H9 σ* 0.00009 3.98 0.04 0.044

C4–C5 σ* 0.00008 O7–H10 σ* 0.00319 3.38 0.02 0.03

C4–O8 π* 0.00005 C4 1.55 1.59 0.13

C4–O8 π* 0.00005 C4 0.00035 0.84 1.02 0.078

C4–O8 π* 0.00005 O8 0.00001 1.27 0.62 0.074

C5–O6 π* 0.00001 C5 0.00001 1.63 1.6 0.129

C5–O6 π* 0.00001 O6 1.3 0.5 0.065

C5–O6 π* 0.00001 C4–O8 π* 0.00005 68 0.02 0.074

a E(2) is the energy of the hyper conjugative interaction (stabilization energy).
b Energy difference between donor and acceptor i and j NBO orbitals.
c F (i,j) is the Fock matrix element between i and j NBO orbitals.
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transformed to Raman intensities. The vibrational modes were assigned
in accordance to the PED contributions evaluated with the Vibrational
Energy Distribution Analysis (VEDA 4) program and are tabulated in
Table 3. The wavenumbers calculated by B3LYP/LanL2DZ were scaled in
FTIR and Raman by 1, 0.98 and 0.85 in the ranges of [2000–1407] cm�1,
[1406–341] cm�1 and [340–0] cm�1 [22].

To associate the title compound's measured vibrational frequencies
with the values obtained through experiment, the Root Mean Square
(RMS) value was computed by adopting Eq. (1) [23].

RMS¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn

i

�
γi cal � γi exp

�2r
(1)
6

FT-IR and FT-Raman bands in Figures 6 and 7 show an RMS value of
35.0890 cm-1 and 25.7447 cm�1 respectively. Figures 7 and 8 shows the
correlation graphs obtained from the computed theoretical and observed
experimental IR and Raman spectra of SO compound. The correlation
coefficient (R2) of experimental and calculated FT-IR and FT-Raman
bands frequencies were found to be 0.99886 and 0.9974 respectively.

The peaks seen at 1630 cm�1 and 1315 cm�1 in FTIR and 1606 cm�1

and 1314 cm�1 in FT Raman corresponds to the O–C stretching vibrations
mode of SO compound. This value is theoretically computed in the region
1602 cm�1 (94%) and 1362 cm�1. These regions firmly agree with the
experimental data. The experimental frequency assigned to C–C
stretching vibrations are seen in the region 512 cm�1 and 490 cm�1 in



Figure 9. Frontier molecular orbital for SO.
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both FTIR and FT Raman spectrum analysis respectively. These peaks
were theoretically estimated at 52 cm�1. The PED corresponding to this
C–C vibration provides 27%. In the FT Raman spectrum, the peak at 159
cm�1 were due to CCO bending vibration. This peak was theoretically
recorded at 173 cm�1 with PED value of (13%). The FTIR and Raman
bands observed at 772 cm�1 and 809 cm�1 were assigned to the OCO
bending vibration. Theoretically this is computed with wavenumber 805
cm�1 with maximum PED value of 88%.

The NaOC bending vibration of the title compound is attributed to the
peak at 210 cm�1 and 159 cm�1 in FT Raman Spectrum. Theoretically
this is in agreement with the vibration at 212 cm�1 (28%) and 173 cm�1

(42%). From the FT Raman spectrum we see that SO shows OCC bending
vibration at 893 cm�1 and 159 cm�1. Theoretically these vibrations were
recorded at 870 cm�1 (10%) and 204 cm�1 (14%). The Raman bands
observed at 89 cm�1 is assigned to the torsion vibrations OCCO. This is
theoretically computed from the wave number 66 cm�1 with highest PED
contributions of 100%.

The NaO stretching vibration is observed at 512 cm�1 and 490 cm�1

in FTIR and Raman spectrum with the corresponding theoretical value of
522 cm�1 along with PED 20%. Identification of other vibrations like
COOC and OCOC out of plane bending were observed at 893 cm�1 in FT
Raman analysis. Theoretically these were assigned at 870 cm�1 with
corresponding PED value of 33% and 36%. The average maximum po-
tential energy of SO compound is 34.47%.

3.3. Frontier molecular orbitals

The molecular interactions that occur with various species can be
found from the highest occupied molecular orbital (HOMO) which act as
an electron donor and the lowest unoccupied molecular orbital (LUMO)
that act as an electron acceptor. The energy related to HOMO is the po-
tential for ionization, and that of LUMO is the attraction of the electrons.
The difference in energy observed between HOMO and LUMO called
band gap energy remains vital in determining the molecule's chemical
stability and reactivity [24]. The HOMO and LUMO vitality give details
on the possible charge move communications occurring inside the
molecule.
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The global molecular reactivity descriptors evaluated from the HOMO
and LUMO energy values which are the ionization potential (IP), electron
affinity (EA), electronegativity (χ), hardness (η), softness (S), chemical
potential (μ) and electrophilicity index (ω) anticipated for the grown SO
crystal are given in Table 4. The electrophilicity is a noteworthy property
which is a proportion of the particle to acknowledge the electrons.
Nucleophilicity is a measure of the molecule to contribute the electrons.
Therefore, the electrophilicity and nucleophilicity of an atom impact the
electronic property of the atom. Molecule with high value of electro-
philicity is a poor donor and the molecule will be a good donor if it has a
higher nucleophilicity. The ionization potential directly measures the
reactivity of a compound, whereas the property of hardness and softness
implies the stability of the compound. The estimated ionization potential
value of 5.62 eV is the energy required to extract an electron from the
HOMO. The measured lower value of 0.92 eV electron affinity bring to
light that the grown SO crystal instantly accepts electrons in order to
form bonds. This also implies that the reactivity with nucleophiles is
high.

The simulated Frontier Molecular orbital for SO shown in Figure 9
indicates the existence of intramolecular charge transfer within the
molecule. The measured band gap energy value of 4.7eV affirms that the
molecule has stable structure and this value is comparable to that of other
bioactive molecules [25].

3.4. Natural bond orbital analysis (NBO)

Study on the natural bond orbital (NBO) helps to explore the transfer
of charge or conjugative interaction in a molecular system and provide
knowledge on various hyper conjugative interactions and transfer of
intermolecular charge between bonding and antibonding orbitals. To
understand the intramolecular, rehybridization and delocalization of
electron density observed in the molecule, NBO analysis was done on the
title compound at B3LYP/6-311þþG (d,p) level. The hyper conjugative
interaction energy was presumed using the second order perturbation
approach. For each donor NBO (i) and acceptor NBO (j) the stabilization
energy E(2) related with electron delocalization amidst the donor and
acceptor is computed using Eq. (2)



Figure 10. MEP map of SO.

Figure 11. UV-Vis spectrum of SO.

Figure 13. Dependence of reflectance on absorption coefficient for SO.
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Eð2Þ ¼ΔEij ¼ qi
Fði; jÞ2
E � E

(2)

i j

here qi represents the donor orbital occupancy, Ej and Ei are the diagonal
elements and F (i,j) denotes the off diagonal NBO Fock matrix element
[26]. Greater the interaction between the electron donors at high E(2)

value, more intense is the interaction among electron donors and the
degree to which the entire system conjugate increases [27]. Also, the
intramolecular hyper conjugative interaction from σ(O3–H9) to σ*
(C4–O8) leads to 6.12 kcal/mol of stabilizing energy. Moreover, SO
compound has hyper conjugative effect from the different bonds.
Figure 12. Plot of energy versus (αhγ)2 for SO.
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Interaction occurring from π(C4–O8) to π*(C5–O6) contributes to 6.65
kcal/mol of stabilizing energy. The additional observable interaction
arising from the resonance in the molecule were the electron is donated
from the LP (2)O7 to the electron from the antibonding π*(C5–O6) give a
moderate stabilization energy of 60.46 kcal/mol and the details are given
in Table 5.

3.5. Molecular Electrostatic Potential (MEP)

Molecular Electrostatic Potential (MEP) offers a complete description
of the distribution of electron density around the molecule. This electron
density specifically reflects the areas within the molecule of electrophilic
and nucleophilic sites that are product of the compound's intermolecular
interaction with the targets. To determine the reactivity sites for SO's
nucleophilic and electrophilic attack, MEPs were obtained at the B3LYP/
6-311þþG (d,p) optimized geometry by adopting the Gauss View 5.0
[28] and the mapping obtained is presented in Figure 10. Various colours
seen in the mapping reflect the number of electrons on the atomic sites.
Red colour is more negative while white is more positive. The red area
displays the region of greater electronegative electrostatic potential; blue
denotes area with most electropositive electrostatic potential; and the
zero-potential zone is indicated by green. The electron density varies as
red > green > blue > pink > white. It is well evident from the map that
regions which are electron rich are situated on atoms of Nitrogen and
that regions with major electron deficient are positioned over the
Figure 14. Energy dependence of refractive index for SO.



Figure 15. Dependence of extinction coefficient on energy for SO.
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hydrogen atoms. These active sites in SO compound is found to provide
an explicit evidence of biological activity.

3.6. UV-visible spectral analysis

UV-visible spectrum of grown SO crystal was taken in the region of
wavelength 200–800 nm using LAMBDA-35UV-visible spectrophotom-
eter. Figure 11, the UV-visible spectrum of SO reveal that there is no
substantial absorption throughout the visible region and crystal is
translucent in the entire visible range with cut off wavelength of 230 nm.
This is one of the significant properties which supports the process of
second harmonic generation. The material's optical band gap (Eg) is
greatly connected with its atomic and electronic band structures and this
significance make it suitable for electro-optic applications [29]. The
bandgap energy Eg for small photon energy hγ can be calculated by using
Eq. (3)

ðαhγÞn ¼Aðhγ�EtÞ (3)

here A indicate the disorder parameter, h refers to Planck's constant, γ
represent frequency of the incident photon and n indicates the nature of
transition. Et ¼ Eg for direct transition.

The bandgap of SO crystals was assessed by extrapolating a line on the
x-axis in Figure 12, the Tauc's plot. The measured bandgap energy of
5.69eV shows that the grown SO crystals have large optical band gap and
Figure 16. Plot of optical conductivity with energy for SO.
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can be used effectively for applications with UV tunable lasers and NLO
devices.

3.7. Estimation of optical constants

Constants like reflectance, extinction coefficient, optical conductivity
and refractive index were computed by using the absorption data [30].
Absorption coefficient (α) and extinction coefficient (k) is connected by
the relation given in expression (4)

k¼ αλ
4π

(4)

The expression connecting reflectance (R), optical absorption coeffi-
cient (α) and refractive index (nx) [31] is given as Eqs. (5) and (6).

R¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� expð�αtÞ þ expðαtÞp

1þ expð�αtÞ (5)

nx ¼ �
(
ðRþ 1Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3R2 þ 10R� 3

p
2ðR� 1Þ

)
(6)

It is evident from the graph shown in Figure 13 that there is a rise in
the percentage of reflectance with increase in absorption coefficient and
also that the reflectance depends on the absorption coefficient.

Materials suitable for the optoelectronic devices can be produced by
effectively adjusting the energy of the incident photon because the
incident photon energy affects the performance of the device. The linear
refractive index (n) evaluated from Figure 14, the dependence of
refractive index and energy bandgap is 1.710 for SO crystal at 310 nm.
Refractive index is known to decrease with energy gap. Higher band gap
materials in general have lower refractive index. The dependency of
refractive index with energy gap obeys the Moss relation or Ravindra
relation in most cases and it depends on the material's nature [32].
However, the observed constant refractive index up to 3.8eV may be due
to the anomalous dispersion due to dielectric relaxation at lower
frequencies.

The higher optical clarity and lower refractive index shown by SO
single crystals in UV region makes SO as a remarkable candidate suiting
to behave as antireflective coating in solar thermal devices and NLO
applications [33]. The graph of variation in extinction coefficient in
response to energy given in Figure 15 shows that the rate of extinction
coefficient depends on high energy from photon.

The photonic exchange caused due to optical conductivity (σop) of a
sample when it is irradiated with light is given by Eq. (7)

σ¼ nxαc
4π

(7)

From the graph shown in Figure 16 the plot of optical conductivity
with photon energy, it is seen that there is an increase in optical con-
ductivity with photon energy and this behavior reflects the existence of
high photo tunable property in SO [34].

3.8. Thermodynamic calculations

Investigations on the thermodynamic properties of a material stays
extremely important while choosing a material for use at high temper-
ature and pressure [35]. Thermodynamic functions like heat capacity
(Cp) entropy (S) and enthalpy changes (H) of SO crystal was calculated
using DFT/B3LYP/6-311þþG (d,p) method and are furnished in Table 6.
Such energies are extremely helpful in ascertaining the direction of
chemical reactions in line with the 2nd law of thermodynamics [36]. It is
well understood from Table 6 that there is an increase in thermodynamic
functions with increase of temperature. This increase is because there is a
rise in the intensities of molecular vibration with increase in tempera-
ture. The entropy is the indicator of the compound disorder lines and it is
found that the entropy increases with temperature rise due to thermal



Table 6. Thermodynamic functions of the title compound.

T (K) S (J/mol.K) Cp (J/mol.K) ddH (kJ/mol)

100 291.966 74.785 5.448

200 352.825 101.618 14.382

298 396.902 119.498 25.275

300 397.642 119.79 25.496

400 434.09 133.669 38.199

500 465.114 144.302 52.122

600 492.168 152.33 66.973

700 516.124 158.359 82.522

800 537.581 162.911 98.596

900 556.979 166.386 115.068

1000 574.655 169.074 131.847

Figure 17. Correlation plot of thermodynamic properties of the title compound.

Figure 18. (a)& (a’) ELF, colour filled and contour map of the title compoun
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agitation. The specific heat capacity which is the measure of how effi-
ciently the material stores energy also increases with temperature.

The equations connecting the heat capacity, entropy, enthalpy
changes and temperatures of SO were fitted by using the quadratic
formulae. The corresponding fitting factors (R2) for these thermody-
namic properties are 0.99313, 0.99681 and 0.99963 respectively and the
fit equations are given as expressions (8), (9) and (10). The correlation
graphs are shown in Figure 17.

Cp ¼ 54.16715 þ 0.25686T–1.49874 � 10�4T2R2 ¼ 0.99313 (8)

S ¼ 244.07332 þ 0.57531T–2.58526 � 10�4T2R2 ¼ 0.99681 (9)

H ¼ -4.81212 þ 0.08772T þ 5.14917�10�5T2 R2 ¼ 0.99963 (10)
3.9. Topology analysis

The topology analysis was carried out using Electron localization
function (ELF) along with Localized orbital locator (LOL) maps. Multiwin
program was executed based on the covalent bond. From these maps it is
d, (b)&(b’) LOL colour filled and contour c map of the title compound.



Table 7. Mulliken charge distribution, Fukui function and local softness of SO.

Atoms Mulliken atomic charges Fukui functions Local softness

N N þ1 N-1 frþ fr- fr0 Δf(r) Skþ Sk- Sk0 ΔSk

Na1 -0.00273 -0.392381 0.497115 -0.389652 -0.49984 -0.44475 0.110192 -0.08148 -0.10452 -0.093 0.023041

Na2 0.003269 -0.286383 0.503407 -0.289652 -0.50014 -0.3949 0.210486 -0.06057 -0.10458 -0.08257 0.044013

O3 -0.06954 -0.099555 -0.076153 -0.030017 0.006615 -0.0117 -0.03663 -0.00628 0.001383 -0.00245 -0.00766

C4 0.088376 0.063071 0.087239 -0.025305 0.001137 -0.01208 -0.02644 -0.00529 0.000238 -0.00253 -0.00553

C5 0.155088 0.105217 0.157038 -0.049871 -0.00195 -0.02591 -0.04792 -0.01043 -0.00041 -0.00542 -0.01002

O6 -0.36721 -0.44217 -0.367521 -0.074959 0.00031 -0.03732 -0.07527 -0.01567 6.48E-05 -0.0078 -0.01574

O7 -0.08534 -0.115991 -0.083366 -0.030651 -0.00197 -0.01631 -0.02868 -0.00641 -0.00041 -0.00341 -0.006

O8 -0.28432 -0.362764 -0.281545 -0.078443 -0.00278 -0.04061 -0.07567 -0.0164 -0.00058 -0.00849 -0.01582

H9 0.253301 0.246192 0.251297 -0.007109 0.002004 -0.00255 -0.00911 -0.00149 0.000419 -0.00053 -0.00191

H10 0.309106 0.284765 0.312488 -0.024341 -0.00338 -0.01386 -0.02096 -0.00509 -0.00071 -0.0029 -0.00438

Figure 19. Mulliken population Analysis of SO compound.

Figure 21. Variation of log P with log d.
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able to find the place where the probability of identifying an electron pair
is high. The high ELF value (approximately 0.8–1.0eV) are seen in red
colour. The series go down through brown and yellow to green for middle
ELF Value (approximately 0.5eV). The lower end is depicted in blue
colour. The presence of a broad ELF and LOL value [37] in a region is due
Figure 20. Dependence of hardness number on load for SO.
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to existence of a covalent bond or a nuclear shell or a pair of lone elec-
trons and indicate high localization of electrons. Figure 18 depicts the
colour filled and contour map of ELF and LOL of the title compound. The
red-coloured regions are due to the covalent bonds and has high LOL
value. The electron depletion regions amongst the inner shell and the
valence shell are exposed as blue circles around the nuclei. The blue
circle region denotes negative sign of isosurface and thereby show a
strong attractive interaction. Also, the area with low electron density
which is similar to van der Walls interaction is assigned by green circle.
The red or orange region represent strongest repulsive interaction be-
tween the atoms of SO compound.

3.10. Fukui function descriptors analysis

The chemical and ionization potential is understood by the Mulliken
atomic charge calculation and was done for SO because the atomic
charge influences the dipole moment, polarizability, electronic structure
and various other properties of the molecular system. This is a popularly
used density functional descriptors to illustrate chemical reactivity and
discrimination. Hence, by Mulliken population analysis (MPA) and Fukui
function using B3LYP/6-311þþG (d,p) method, the natural population
analysis of SO was done. To compare the variance in the Mulliken
charges, the charge and multiplicity are changed. When the number of
electrons is refitted, the Fukui function descriptors will show the chosen
areas where a chemical species will alter its density. Accordingly, it
shows the competence of the electron density to deform from a given
position by donating and accepting electrons [38, 39, 40]. Atomic Fukui
function at the rth atomic site for an electrophilic f�(r), nucleophilic f



Figure 22. Dependence of dielectric constant of SO with log f.

Figure 25. Plot of log f vs AC conductivity.

Figure 24. Plot of log f vs dielectric loss.
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þ(r), and free radical attack f 0(r) are calculated from Mulliken popula-
tion analysis. Dual descriptors like Δf(r) and ΔS(k) [41] are calculated by
using the relations (11) and (12).

Δf ðrÞ¼ f þðrÞ � f þðrÞ (11)

ΔSðkÞ ¼ Sþk � S�k (12)

For the site to have nucleophilic attack, Δf(r) > 0, whereas when
Δf(r)<0 the site undergoes an electrophilic attack. ΔS(k), the condensed
version [42] of product of Δf(r) with the molecular softness (S). Table 7
exhibits the Mulliken atomic charge, Fukui function and local softness
values of SO. Rendering to the dual descriptor conditions, the nucleo-
philic sites for SO are Na1and Na2. Similarly, the electrophilic sites are
O8, O6, C5, O3, O7, C4, H10 and H9. Dual descriptor shows that the Na2
atom has higher positive value since they are more nucleophilic attack
and O8 inhibit a high negative value of dual descriptor thereby indicate
that they are more electrophilic attack. The distribution of atomic
charges obtained for all the atoms using the Mulliken population analysis
is shown in Figure 19. Almost maximum number of sodium atoms
manifest positive charge naturally. However, maximum of carbon and
oxygen atoms are negatively charged. Hence from the Fukui's concept of
molecular orbital theory, it is very well understood that a most preferred
exceptional electrophilic reaction in a molecule occurs in the area where
Figure 23. Dependence of tan δ of SO with log f.
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the relative density of the highest occupied molecular orbital (HOMO) is
high. The environment which has a high lowest unoccupied molecular
orbital (LUMO) density is due to the nucleophilic reaction.
Figure 26. Plot of 1000/T vs log σac.



Table 8. Activation energy values for different frequencies of SO.

S.No Frequency HZ Activation Energy Eac (J) Activation Energy Eac (ev)

1 200 3.67356E-21 0.022931

2 400 3.24438E-21 0.020252

3 600 2.73102E-21 0.017048

4 800 2.16246E-21 0.013499

5 1000 1.23924E-21 0.007736

Figure 27. Plot of frequency vs Activation Energy Eac.
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3.11. Vickers micro hardness studies

The property of a material to resist deformation, indentation, or
penetration when subjected to process like abrasion, drilling, impact,
scratching, and/or wear is referred as its hardness and is measured by
hardness tests. The key role in device fabrication is that the measured
hardness number should be independent of the load applied [43].
Smooth and even surface of SO crystal was subjected to the hardness
analysis in room temperature for a load ranging from 25 gm to 100 gm
using a Vicker's Hardness tester. The hardness number (Hv) was
computed by using the relation (13)

Hv ¼ 1.8544p/d2 Kgmm�2 (13)

here p refers to the load applied and d represents the diagonal length
of the indented impressions. The plot of Hardness number versus applied
load in Figure 20 show that the hardness number increases with increase
in load. This rise in the hardness number with increase in load is due to
the reverse indentation effect. Adopting the Meyer's relation given in Eqs.
(14) and (15) the index coefficient was computed

P ¼ K1dn (14)

P ¼ logK1þnlogd (15)

Here K1 the standard hardness was calculated from Figure 21, the
graph of load P versus d. From the slope of the curve, the value of ‘n’ was
determined using least square fit method and is found to be greater than
2. Hence the grown crystal is soft in nature.

3.12. Dielectric studies

The dielectric properties exhibited by solids give details about the
electric fields within the solid and it is very important to understand
clearly the electro-optic characteristics of these crystalline solids.
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Dielectric studies provide important information about the material's
electrical properties and enable electrical fields to move through the
crystalline solids [44]. The frequency dependence of the electrical
properties gives a clear perception about the applications of materials.
The dielectric measurement of the grown SO crystal was done using
HIOKI 3532 LCR meter. A cut crystal of uniform cross section sample of
SO electroded with silver paste was used for the measurement. The
experiment was conducted out for frequencies varying from 50 Hz to 5
MHz and at 35 �C, 55 �C, 75 �C and 95 �C. The dielectric constant and
dielectric loss of the crystals was determined using expressions (16) and
(17).

Dielectric constant ε
0 ¼ Ct

Aε0
(16)

here C stands for the Capacitance in μF, t the thickness of specimen, A
denotes the area of the sample in mm2 and ε0 ¼ 8.854 � 10�12 Fm�1 is
the permittivity of free space.

Dielectric loss ε00 ¼ ε
0
tan δ (17)

where tan δ is the Dissipation factor.
The dependence of dielectric constant with frequency at different

temperatures for SO is shown in Figure 22. The dielectric constant of a
material depends mainly on four types of polarization which are ionic,
electronic, orientation and space charge. At low frequency the value of
dielectric constant was found to be high which is usually due to high
polarization activity while the low polarization activity at higher fre-
quencies results in a decrease of the dielectric constant of crystals [45].
This behavior obeys the Miller rule [46] i.e., with an increase in fre-
quency there is an exponential decrease of dielectric constant. The high
dielectric constant observed in SO is similar to that observed in Ammo-
nium Oxalate [47] and Urea Oxalic acid crystal [34]. At very high fre-
quency the dielectric constant was found to be constant. Also with the
increase of temperature, the dielectric constant also increases. This
observed change in value of dielectric constant with temperature can be
attributed to the permanent dipole moment exhibited by orientation
polarization.

The profile of dielectric loss of the crystal at different temperatures is
plotted in Figure 23 and Figure 24. The low dielectric constant values
with reduced dielectric loss at higher frequencies in SO crystal indicate
improved optical efficiency with lesser defects [48, 49] and suggest
utility for applications of optoelectronics devices.

The plot of ac conductivity as a function of frequency is shown in
Figure 25. At higher frequencies the conductivity value is high fora given
temperature that is caused by the hopping of the polaron in the crystals
[50]. This rise in conductivity is due to the decrease in the space charge
polarization at higher frequencies.

From the plot of conductivity (ln σ) versus temperature (1000/T)
shown in Figure 26, the activation energy in terms of electrical perfor-
mance for the SO crystal was calculated using Eqs. (18) and (19).

σac ¼ σ0exp
�

Ea

KBT

�
(18)

where σac- conductivity and kB indicate the Boltzman constant.



R. Ramalakshmi et al. Heliyon 7 (2021) e06527
Ea ¼ � slope� 1000� KB (19)
The measured values of activation energies for different frequencies
are tabulated in Table 8. A plot between the activation energies as a
function of frequency (Figure 27) shows that at high frequency of charge
carriers, the activation energy was found to be less which is due to the
charge transport from defect position to the next position.

4. Conclusion

Transparent and good SO single crystals were grown by employing
the slow evaporation solution growth technique. Functional groups
found in SO were identified using FT-IR and FT-Raman spectral analysis.
For the grown SO crystal detailed vibrational spectral analysis and DFT
computations were performed. The calculated geometric parameters
(bond lengths and bond angles) were determined theoretically and
compared to the experimental values, and have been found to be in
agreement. The notable difference in HOMO and LUMO energy supports
the charge transfer model of interaction within the molecule. The NBO
analysis revealed that there is an effective transfer of intramolecular
charge within the molecule. The negative potential sites on oxygen and
nitrogen atoms, and the positive potential sites on the title compound's
NH hydrogen atoms were revealed by MEP map.

From UV-Vis spectral analysis we see that SO crystal is transparent
throughout the visible region and has a cutoff wavelength of 230 nm.
Also, the optical band gap energy is found to be 5.69 eV. The calculated
thermodynamic properties such as Cp, S and H increases with increase in
temperature which is associated with the enhancement of the molecular
vibration. The topology analysis indicates electron attractive and repul-
sive sites in SO compound atoms from the maps of Electron localization
function and Localized orbital locator. The Fukui concept of molecular
theory implies that the title compound has more electrophilic attack
which is due to high HOMO density. Microhardness test reveal the
reverse indentation size behavior in SO thereby revealing its soft nature.
The behaviour of SO at high frequencies exhibiting low dielectric con-
stant and dielectric loss reveal that SO crystals can be used for electro-
optic applications. The measured activation energies were lower at
high frequency due to the transfer of charge from defect position to the
next position.
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