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A novel semi-organic single-crystal exhibiting third order optical nonlinearity was grown by the method
of slow evaporation. Single crystal X-ray diffraction technique (XRD) was employed to confirm the crys-
tal structure and powder XRD was used to determine the cell parameters. The sample was characterized
using FT-IR, FT-Raman and UV-visible absorption and analysed with density functional theory (DFT) cal-
culations. The detailed interpretation of the vibrational spectra has been carried out using normal coor-

Keywords: dinate analysis (NCA) through the scaled quantum mechanical force field methodology. The red shifting
Nonlinear optics of NH stretching wavenumbers, both the observed and calculated, affirm that N-H.....O type bonds are
Z-scan present in GuLG. The Natural Bond Orbital (NBO) analysis also points to a strong intermolecular N-H....0
gfl’tﬁcal limiting hydrogen bond. Thermal stability of the crystal was studied making use of the TG/DTA technique. The

third-order nonlinearity studies, along with the optical limiting behaviour were investigated by Z-scan

technique using diode-pumped Nd: YAG laser with 50 mW power at 532 nm.H

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Nonlinear optical (NLO) materials are very much essential in
areas like laser frequency conversion, optical communication and
optical data storage [1-4]; but their properties are not up to the
mark to be efficient for these applications. In order for them to
be useful, NLO materials having properties such as high optical
susceptibility () and laser damage resistance, appropriate trans-
parency cut off wavelengths, good thermal stability and mechan-
ical performance are required. A possible way to counteract this
shortcoming is to explore and design novel NLO materials. A lot
of inorganic and organic materials with useful physical and chem-
ical characteristics have thus been studied [5-9]. Studies reveal
that normal inorganic NLO materials are suitable for growing large
size crystals due to their good mechanical properties and ther-
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mal stability. Organic crystals, on the other hand, are not suitable
for growing large size crystals [13] due to their poor mechanical
strength and thermal stability although they possess fast response
times, high optical susceptibilities and high laser damage thresh-
old [10-12]. Semi organic crystals are of interest due to their high
damage threshold, wide transparency range, less deliquescence, ex-
cellent non-linear optical coefficient, low angular sensitivity and
exceptional mechanical properties [14,15]. Guanidinium based or-
ganic compounds with w-bonds show good nonlinearity which
aid molecular engineering for optoelectronic applications. Recently,
many guanidinium based compounds showing nonlinear optical
behaviour, including guanidinium 4-hydroxybenzoate [16], guani-
dinium tetrafluoroborate [17], bis(guanidinium) hydrogen phos-
phate monohydrate [18], guanidinium 3-nitrobenzoate [19], guani-
dinium chlorochromate [20], guanidinium carbonate [21], guani-
dinium L-glutamate [22], zinc guanidinium sulphate [23] guani-
dinium perchlorate [24], guanidinium cinnamate [25] and guani-
dinium propionate [26], have been reported. This paper reports the
growth and characterization of guanidinium L-glutamate (GuLG),
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aided by density functional theory, to elucidate the correlation
between the structural features and third order nonlinear optical
response and hydrogen bonds, and static and dynamic hyperpo-
larizability emphasizing the role of intramolecular charge transfer
(ICT) mechanism.

2. Experimental and characterization techniques

The title compound GulG was synthesized [27] from com-
mercially available guanidine carbonate (Sigma Aldrich) and L-
Glutamic acid (Alfa-Aesar) taken in a molar ratio 0.5: 1.0 in water—
acetone (1:2) by slow evaporation technique at room tempera-
ture. Pure salt was obtained though successive recrystallization,
which was then dissolved in water-methanol (1:1) solvent to har-
vest transparent, colourless single crystals of GULG with dimension
7 x 3 x 2 mm3 (Fig. 1(a)) within 3-4 weeks.

The grown crystal of GuLG was characterized using X-ray
diffraction technique using Bruker AXS Kappa APEX II single crys-
tal X-ray diffractometer with MoKa (A = 0.710 A) at room tem-
perature and the crystal structure and lattice parameter values
were calculated. The 'H and 3C NMR spectra of GULG were mea-
sured in water-acetone solvent using Bruker 400 MHz Spectrom-
eter. Fourier transform infrared (FTIR) spectrum was recorded in
methanol solvent in the range 4000-400 cm~! at 2 cm~! reso-
lution using Thermo Nicolet, Avatar 370 spectrometer. FT-Raman
spectrum was recorded by employing BRUKER RFS 27: Stand-alone
FT-Raman Spectrometer with 2.0 cm~! resolution. UV-visible spec-
trum was recorded in the range of 200-800 nm using JASCO V-770
instrument in methanol solvent. The thermal characteristic of the
Guanidinium L-glutamate (GuLG) crystals were studied by TG-DTA
method in the 303 K to 773 K range at 275 K/min heating rate
in the nitrogen atmosphere using Netzsch STA 449F3 simultaneous
thermal analyser system to determine the thermal stability of the
grown crystals.
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Fig. 1. (a) Phonograph of grown GuLG single crystal. (b) The PXRD data of GuLG (c)
Simulated from the SXRD data of GuLG (Ref. [27])) using the Mercury 3.8 program
(Ref. [36])).

3. Computational details

The computations were performed with Gaussian 09 pro-
gram package [28]. The geometry optimization and vibrational
wavenumber calculations of GULG was carried out by employing
hybrid functional Becke’s three- parameter Lee-Yang-Parr correla-
tion functional (B3LYP) at 6-311++G(d) levels of theory, which can
provide reliable results for energy data [29-31]. The atomic coor-
dinates for calculations were obtained from the X-ray data [27].
First, the geometry optimization was performed using DFT with
the B3LYP correlation functional. The equilibrium geometry cor-
responding to the true minimum on the potential energy surface
(PES) has been obtained by solving self-consistent field equation
iteratively. At the optimized structure of GuLG, no imaginary fre-
quency modes were obtained, proving that a true minimum on
the potential energy surface was found. The energy is minimized
with respect to all geometrical parameters without any constraints
and then the geometrical optimization is determined.Harmonic
vibrational wavenumbers were calculated using analytic second
derivates to confirm the convergence to minima on the potential
surface and to evaluate the zero- point vibrational energies (ZPVE).
The MOLVIB program version 7.0 written by Sundius [32,33] was
employed to perform normal coordinate analysis to obtain full de-
scription of molecular motions of the normal modes. Natural bond
orbital (NBO) analysis and natural population analysis (NPA) were
carried out using NBO 3.1 program [34| of Gaussian '09. Using
crystallographic information file, the Hirshfeld surface and two-
dimensional finger print plots of the compound were generated by
CrystalExplorer17.5 program [35]. Static and dynamic hyperpolariz-
abilities were calculated using CAM-B3LYP with 6-311++G (d,p)
basis set. The electronic absorption and excitation in the crystal
were studied theoretically using 6-311++G (d,p) in PCM-TD-DFT
approach.

4. Results and discussion
4.1. Powder X-ray diffraction analysis

GulLG crystallizes in monoclinic crystal system with non-
centrosymmetric space group P2;. XRD analysis reveals the unit
cell parameters of GuLG crystal to be a = 8.7785 (6) A, b = 10.862
(8) A, c = 10.043(9), B = 104.564°, V = 931.36(3) A3, Z = 4,
which are found to be similar to reported values [27]. Powder X-
ray diffraction (PXRD) pattern has been compared with simulated
single crystal X-ray diffraction pattern (SXRD) of GuLG and h,k,l
values have been indexed using Mercury 3.8 software [36]. The
simulated and experimental XRD patterns are found to agree with
each other and are shown in Fig. 1(b) and 1(c). The GuLG crystals
have a well-developed morphology with several habit faces. The
spiky peaks on a specific 260 angle confirm the crystalline nature
of the grown crystal and the absence of solvent incorporation.

4.2. Optimized geometry

The optimised molecular structure of GULG simulated with DFT
is shown in Fig. 2. Selected geometrical parameters (bond length,
bond angle, torsional angle) with XRD data [27] are given in Table-
S1 (Supplementary Information) for comparison (CCDC NO: 797,855)
and the linear regression analysis shown in Fig. 3, with R% values
of 0.9453 and 0.9200 for the fit of bond lengths and bond angles
respectively. The minor deviations in the calculated values of var-
ious parameters from the experimental values are due to the in-
teractions inside GuLG. The stabilized structure reveals that the
GulG asymmetric unit is formed by intermolecular N-H--O hy-
drogen bond between two independent guanidinium cations and
two independent L-glutamate anions. The intermolecular hydrogen
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Fig. 2. Optimized molecular structure of GuLG.
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Fig. 3. Linear Regression for bond parameters of GuLG.

bonds Nij-Hi3+036, Nag—H31017, Nog—Hzp015, N3g—HzgOs3s,
N3g—Hg0"O17, Ngg—Hye 015, Nyg—Hs9"034, N5;—-Hs52~O33 and the
intramolecular hydrogen bonds N;;-H12--01; and Nj9-H3p:O34
are seen to enhance the corresponding N-H bond lengths. The
considerably low values of Hqy047, H13'"0367 H30"'O34, H3]"'017,
H3;01s, H39" 035, Ha9" 017, Hag7"O1g, Hag"034 and Hsy 033 dis-
tances which are found to be 1.823, 1.980, 1.940, 1.849, 1.703,
1.665, 1.766, 1.818, 1.645 and 1.602 A, respectively, when com-
pared to the Van der Waals radii 2.72 A, suggest the forma-
tion of H-bonds. The bond lengths of C;-045 (1.275 A), C19-017
(1295 A), C19-034 (1.272 A) and Cyg-035 (1.273 A) are slightly
larger than that of Cip-Oq5 (1.250 A), C19-O33 (1.257 A) and
Cy5-036 (1.262 A) and they are intermediate between a single
C-0 bond length (1.308-1.320 A) and a double C = O bond
length (1.214-1.224 A). The predicted bond lengths of the six
C-0 bonds of the carboxylate group indicate its hybrid structure.
Since the six oxygen atoms are involved in hydrogen bonding
at the same time, the 017-C19—01g, 035-Cy5-03¢ and 033—-C-034
bond angles of the carboxylate groups are extended to 396.77 K,

398.41 K and 399.39 K, respectively. The calculated bond lengths
predlcted for the C37-Nsg, C37—N4], C37 Ngyg, C47—N43, C47 Nsq
and C47-Ns4 bonds are 1311 A, 1365 A, 1352 A, 1.330 A, 1326
and 1.368 A, respectively, which are in between the lengths of
C-N and C = N bonds. The result shows that the charge is de-
localized over the cation moieties. The predicted torsional an-
gles for N3g-C37-Ngj, N3g—C37-Nagq, Ngyj—C37-Nyg, Nag—Cg7-Nsq,
N4g—C47—-Ns4 and Ns;—-C47-Ns4 of guanidinium cation are different
to a small extent from the observed values but the sum of these
angles around the central atoms (C3; and C47) are found to be
633 K in DFT and XRD data.

4.3. NMR analysis

Experimental and theoretical’>C and 'H NMR spectral chemi-
cal shift values relative to TMS values are presented in Table -S2
(Supplementary Information) and the 3C and 'H NMR spectra are
shown in Fig. 4(a) and 4(b). Carbon atom is compared with other
heavier atoms mostly localized on the boundary of molecules. Its
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Fig. 4. (a) 'H NMR spectrum of GuLG and (b) *C NMR spectrum of GuLG.

chemical shifts are influenced by intermolecular interactions. The
chemical shift of aromatic carbons is between 100 and 150 ppm
[37,38]. Four CO, carbons appear at §174 ppm as quartet and the
two L-glutamate carbons appear at 174 ppm. Influenced by elec-
tronegative oxygen and nitrogen atoms, chemical shift values tend
to be higher in shift positions. Other 13C NMR are attached with
hydrogen atoms. The signals in the 7-9 ppm range are attributed
to ring protons, which is normally expected in the 6.9-8.8 ppm re-
gion.

4.4. Hirshfeld surface analysis

The Hirshfeld surface of GuLG and its related fingerprint plots
in two dimensions were generated using the reported crystallo-
graphic information file (CCDC NO: 797,855). Hirshfled surfaces
(HS) enable the visualization (2D and 3D plots) of intermolecular
interactions making use of distinct colours with varying intensi-
ties, to represent their relative strenghts and short or long contacts
[39,40]. In Fig. 5a, Hirshfield Surface is plotted over dporm, where
contacts with distances equal to the sum of Van der Waals radii are
shown in white, while the shorter distance indicating close con-
tact are highlighted in red and the longer ones indicating distinct
contacts in blue. In GuLG molecule, the bright red spots appear-
ing near Oy7, O1s, Oss, O33, O34, O35, O36,Hyp, Hiz, H3g, Hsp, Hsp,
Hsg, Hyo, Hyg, Hgg, and Hsy indicate that they act as donors and

Table 1 S

acceptors respectively in the major N-H--O and C-H--O hydrogen
bonds. The overall two-dimensional finger print plot, Fig. 5b, and
those delineated into H-+H, C-+H/H--C, N--H/H-*N and O--H/H--O
contacts are illustrated in Fig. 5c, along with their relative contri-
butions to the HS. The most significant interaction is O--H which
contributes 47.7% to the overall crystal packing resulting from a
large amount of close interatomic O--H/H--O contacts seen in fig-
ure. The O--H/H--O interactions represented by the spikes in the
bottom right and left region point out the possibility of hydro-
gen atoms being in contact with oxygen atoms to form a two-
dimensional molecular frame work. The contributions from the
other intermolecular contacts to the HS are as follows: H--H (38%),
N--H/H~N (7%) and C-H/H--C (5.6%). These intermolecular inter-
actions in GuLG contribute to its nonlinear behaviour.

4.5. Natural bond orbital analysis

The NBO analysis has been employed to study the distribution
of electrons across orbitals of anions and cations through inter-
molecular hydrogen bonding due to the proton transfer and charge
transfer or hyper conjugative interactions in the GuLG molecule.
Table 1 shows the second-order perturbation energy E(2) deter-
mined from B3LYP 6-31++G(d) calculations, which throws light
on donor-acceptor delocalization in the molecule. The interaction
energy E@)was subtracted from the standard second-order pertur-

-order perturbation theory analysis of Fock matrix in natural bond orbital basis.

Donor (i) Acceptor (j)
a H i\b H
NBO Occupancy NBO Occupancy E(2)" keal/mol  E)-E()” (au)  F(ij) (au)
Intermolecular hydrogen bonding Interactions
n1(0ys) 1.94505 0*(Nyg-Hsz)  0.06963 14.39 1.07 0.111
n1(0;7) 1.93035 0*(Nyg- Hy;)  0.04277 11.99 1.11 0.104
0*(N3g- Hyp) 0.06286 8.44 1.17 0.089
n1(0gs) 1.96003 0*(Naa-Hgg)  0.05639 6.61 1.10 0.077
n1(0s3) 1.95365 o*(Ns;-Hsp)  0.10102 9.64 1.03 0.090
n1(0s4) 1.94658 0*(Ngg—Hag) 0.08640 10.96 1.09 0.098
n1(0s5) 1.95759 a*(N;S- Hy)  0.08547 8.14 1.06 0.084
n1(03) 1.96866 o*(Nyp- Hiz)  0.04148 2.73 1.04 0.048
Intramolecular hydrogen bonding Interactions
n1(047) 1.93035 0*(Nq1- Hy2) 0.05202 12.92 0.66 0.089
n1(0s4) 1.94658 0*(N2g- Hyp)  0.03228 4.23 1.06 0.060

2 E(2) means energy of hyperconjugative interactions.
b Energy difference between donor and acceptor i and j NBO orbitals.
¢ F(i,j) is the Fock matrix element between i and j NBO orbitals.
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bation approach [41].
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@ _ _p \olFlox” _  fj
E Ne P— N (1)

Where (o|Flo*)2 or Fl? is the KS matrix (Fock matrix) ele-
ment between i and j NBO orbitals, €5 and &5+ are the energies
ofo ando* NBO’s and n, is the population of the donor ¢ orbital.

The occurrence of lone pair to o* interaction point to the
charge transfer from anion to cation, apparent in Nyg—H3;Oqs,
N9-H31O17,  N3g=HgoO17,  Ngg—HgeO1s,  Ns;—HspOs3,
N44—H49"‘O34, N38—H39"‘035 and N]]—H13"'036 intermolecular
hydrogen bonding interactions in GuLG molecule with interaction
energies 14.39, 11.99, 8.44, 6.61, 9.64, 10.96, 8.14 and 2.73 kcal/mol,
respectively. These interactions confirm the delocalization of
charge in the cation moiety. The intramolecular hydrogen bonding
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Fig. 6. TG-DTA thermogram of GuLG.

interaction in the L-glutamate anion in GuLG molecule manifests
nl (017) - O'*(Nu—le) and nl (034) — O‘*(NZQ—H30) having
stabilization energies 12.92 and 4.23 kcal/mol, respectively. These
intra- and intermolecular hydrogen bonging and charge transfer
interactions enhance the NLO activity.

The natural population analysis (NPA) reveals that all carbon
atoms are negative except C;, Cqg, Ci9, Cy3,C37and C47; those are
bonded with nitrogen and oxygen atoms. These carbon atoms be-
come positive as they are attached to electronegative atoms which
pull out the partial charges. C19(0.8133 e) and 047 (0.8503 e) show
the greatest amount of protonation and deprotonation respectively.
Cy9 is surrounded by two oxygen atoms in the carboxylate part. All
of the hydrogen atoms are seen to have positive values for atomic
charges, in the range 0.2247e to 0.4685e, the largest of which
are observed for H]z, H13, H30, H31, H32, H39, H40, H46' H4gand
Hs,which are involved in hydrogen bonding (0.4641 e, 0.4993 e,
0.4606 e, 0.4727 e, 0.4786 e, 0.4559 e, 0.4468 e, 0.4598 e, 0.4685
e and 0.4667 e, respectively). The hydrogen bonding in the crystal
is thus evident from this result, which is also concurrent with the
results of NBO analysis.

4.6. Thermal analysis

The TG-DTA curves for GuLG are given in Fig. 6. The TG curve
exhibits mass loss of the sample occurring at three temperature
regimes. The first step of mass loss is seen between 478- 498 K
with Am = 8.8%, which is explained as occurring because of the
evaporation of water and to the release of NH;3. The area in DTA
is the endothermic peak area which corresponds to the energy re-
quired for the first mass loss. The second and third instances of
mass loss are observed between 508 and 598 K with Am = 30%,

Table 2

and 771 K with Amy, = 41%, which are explained as due to
thermal decomposition of residual organic matter. The exothermic
events in the DTA profiles point to the simultaneous occurrence
of complete thermal decomposition and crystallization. DTA curves
shows peaks at 478 K and 527 K . The first endothermic peak at
478 K corresponds to the melting point of the GuLG and the sec-
ond endothermic peak at 527 K corresponds to the decomposition
of the material. The good crystallinity of the grown crystal is re-
vealed from the sharp endothermic peaks [42]. Complete decom-
position of the sample at 771 K is also evident from the figure.

4.7. Linear optical spectral analysis

The experimental and simulated UV-Vis spectra of GuLG are
shown in Fig. 7(a). The absorption peak at 191 nm is attributed to
m-m* electronic transition due to the carboxylate group in GuLG.
Since there is no appreciable absorption in the visible region, the
crystal can be considered for NLO and optoelectronic applications
in the visible region and as window material in optical instruments
[43]. The calculated (Table 2) absorption with maximum oscilla-
tor strength is found to be at 216 nm. This excitation gas phase
has been forecasted in TD-DFT and the electronic absorption corre-
sponds to the transition from the ground to the excited state which
explained by the electron excitation from the HOMO to LUMO as
well as the n—* transition takes place with 67% contribution.

The nonlinear capability of molecules, which prove to be of im-
portance in the field of optoelectronics, is manifested in the high
values of hyperpolarizabilities exhibited by them. Energy gap cal-
culations are used to study about their chemical reactivity and ki-
netic stability. Soft molecules are ones in which the frontier orbital
gap is small and hence are highly polarizable. They are usually re-

UV-vis excitation energy and oscillator strength for GuLG calculated by TD-CAM-B3LYP.

Wavelength (nm)

Energy (cm™!) Osc. Strength (f) Symmetry Major contributions
Calc. Exp.
45,703 218 0.0001 Singlet-A HOMO-4—LUMO+3 (68%),
HOMO—LUMO (22%)
45,727 216 0.0057 Singlet-A HOMO-2—LUMO (67%),
HOMO-4—LUMO+5 (27%)
46,116 201 191 0.0012 Singlet-A HOMO—LUMO (92%)
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lated with high values of chemical reactivity and low values of ki-
netic stability. 3D plots of the frontier orbitals of GULG are shown
in Fig. 7b. From the figure, it is seen that HOMO is located on
L-glutamate and the LUMO is found on delocalized guanidinium.
These results show that HOMO acts as an electron donor and the
LUMO 1s acts as the electron acceptor. HOMO and LUMO ener-
gies are —9.39228 eV and —3.0289 eV and the HOMO-LUMO gap
value of the GuLG compound is 6.3633 eV. HOMO energy is asso-
ciated directly with the ionization potential, LUMO energy is asso-
ciated with the electron affinity. The LUMO transition and the low
HOMO-LUMO energy gap account for the possibility of intramolec-
ular charge transfer (ICT) taking place from electron-donor group
to the acceptor group to form guanidinium L-glutamate charge
transfer complex.

4.8. Third order nonlinear optical studies

The z-scan technique was employed to determine the NLO
properties of GuLG, in which the sample was translated along the
z-direction and the transmittance as a function of sample posi-
tion was studied. The sample was dissolved in water-methanol
(1:1)) and placed in a 1 mm path length glass cuvette. Laser beam

from a diode-pumped Nd:YAG continuous wave laser (A = 532 nm,
P = 50 mW) was focused onto the sample solution making use of a
3.5 cm focal length lens. The intensities of the reference beam ob-
tained from beam splitter and transmitted beams in closed aper-
ture and open aperture modes were measured at the same time
with the help of two detectors linked to power metre at different
sample positions. The linear transmittance was maintained to be
~ 63%. The open and closed aperture z-scan curves are shown in
Figs. 8(a) and 8(b). The open aperture z-scan curve is symmetric
about the focus (z = 0), at which point it shows maximum trans-
mittance, indicating saturable absorption (SA) taking place in the
sample. The closed aperture pattern shows an asymmetric peak
preceding a valley, which point to a negative refractive nonlinearity
or self-defocusing effect, which is of thermo-optic origin. The self-
defocusing effect is explained to be arising from local fluctuations
of the refractive index with temperature. The normalized transmit-
tance for the open-aperture (OA) and closed-aperture (CA) Z-scan
mode is calculated using the following equation [44-46].

Third-order nonlinear parameters such as nonlinear absorption
coefficient (), nonlinear refractive index (n,), third-order nonlin-
ear optical susceptibility (x(®)) and thermo-optic coefficient have
been calculated and are presented in Table 3.



Table 3
Nonlinear optical parameters obtained from Z-scan measurement data for GuLG.
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n;x10 -8 B x 104 Re x® x 10-%  Linear refractive Imy® x Limiting Threshold  Clamping value
cm?/W cm/W esu index (ng) 10-%esu x@) x 10-%esu  (mW) (mW)
GuLG 8.78 0.08 2.73 1.11 0.50 2.78 19.5 5.3
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(b) limiting amplitude. The sample exhibits low limiting amplitude
100 which points to its good limiting behaviour. The values of nonlin-
ear refractive index, nonlinear absorption coefficient and third or-
75 der nonlinear optical susceptibility are obtained to be 6.40 x 108
cm? W, 032 x 10* cm/W and 2.65 x 10% esu respectively in
= %7 2 L-Glutamic acid hydrochloride [50], and 534 x 108 cm?/W,
% Y MR “y 0.03 x 1074 cm/W, and 147 x 1076 esu respectively in guani-
2 % B8 3 FEETE © dinium 4-aminobenzoate [54], under similar excitation conditions.
£ 100 (b) The above results show that GuLG can be used for optical limiting
g, applications under nanosecond excitation.
8 75 - The static and dynamic dependant nonlinear parameters
a viz. static first-hyperpolarizability A(0; 0, 0), static-second-
50 hyperpolarizability y(0; 0, 0, 0), electro-optical Pockels effect
B(—w; w, 0), second-harmonic generation B(—2w; w, ), dynamic
257 second-hyperpolarizabilities for the quadratic electro optic Kerr
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Fig. 9. Optical limiting pattern ofGuLG. (a) Experimental FT-IR spectra of GuLG and
(b) Simulated Infrared spectra of GuLG.

The laser power at which the sample transmission is affected
by its nonlinearity is determined to get an idea regarding the opti-
cal limiting behaviour of the sample. Thermally induced nonlinear-
ity was due to temporal variations arising from linear and nonlin-
ear absorption in medium. Laser heating results in the creation of
an acoustic wave which affects the density of the medium, bring-
ing about a change in refractive index. The optical limiting exper-
iment was performed by placing the sample at the valley point
and the output power was measured for various input powers
of laser. The obtained characteristic curve is as shown in Fig. 9.
From the optical limiting curve, the transmitted output intensity
is seen to show a linear variation with very low input intensi-
ties, but a deviation from the linear behaviour is seen at high in-
cident intensities. At still higher input powers, the output inten-
sity curve shows a characteristic plateau which saturates at the

generation y(—2w; w,w,0) for GuLG were calculated using the
CAM-B3LYP [6-311++g(d,p) method and are presented in Table 4.
The dynamic dependence of hyperpolarizability was estimated at
the 1064 nm (hw = 0.042823 a.u) wavelength of Nd: YAG laser.

4.9. Vibrational spectral analysis

The analysis of vibrational spectra has been carried out based
on the FT-IR and FT-Raman spectra along with the vibrational
wavenumbers computed at the B3LYP 6-31-++G(d) level. The ob-
served and simulated spectra of GuLG molecule are shown in
Fig. 9 and Fig. 10 for visual comparison. The observed and calcu-
lated wavenumbers along with the vibrational assignments with
Potential energy distribution (PED) of the GuLG are given in
Table 5. The absence of negative wavenumbers for the stationary
points on the molecular potential energy surface establishes that
this structure corresponds to real minimum. The vibrational spec-
tral assignments have been carried out on the basis of characteris-
tic vibrations of guanidinium cations and L-glutamate anions. The
detailed analysis of vibrational wavenumbers of GuLG is discussed
below.
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Table 4

Comparison of static and field dependant first & second hyperpolarizability, polarizability, and dipole moment for the
GuLG and Urea molecules are calculated with CAM-B3LYP |/ 6-31++G(d,p).

NLO properties GuLG Urea NLO properties GuLG Urea
B(0;0,0)(x10"*esu) 4.140 0.762 a(0; 0){a)(x10-2 esu) 31.791 4,967
B(—w; ®,0)(x10 ~Pesu) 5.992 0.932 a(—w; o) {a)(x10724 esu) 32.831 5.029
B(—2w; w, w)(x10>%esu) 10.921 1.75 «(0; 0)Aa(x10-24 esu) 8.824 0.736
y(0; 0, 0, 0)(x10~*®esu) 17.370 4,036 a(—w; w)Aa(x10724 esu) 32.831 0.7409
Y (=2w; o, w,0)(x10"*%esu) 68.514 7.820 ILiotai(Debye) 13.533 3.826
y (—w; ®,0,0)(x10esu) 23.035 5.357

Table 5

Experimental FT-IR, Raman and theoretical wavenumbers in (cm~') assignments and PED contributions of GuLG crystal by NCA

based on SQM force field calculations.

Ve (cm™1) scaled v (cm™1) VRaman (cm~1) IR Intensity Raman Intensity Assignment with PED? (%)
3409 3374 sbr - 1.046 35.97 VasNH, (86)

3256 3207 br - 5.489 8.934 Vas NH3™ (89)

3136 - 3126 br 31.01 35.57 vsNH3* (77)

3048 3042 br - 0.001 133 vs NH3* (65)

3015 - 2994 m 0.724 23.95 vsNH; (59), vas CH, (28)
2959 - 2930 vs 0.626 16.91 vs CHy (97)

2926 - 2896 m 11.41 21.71 vsNH; (78)

1680 1681 vs 1652 m 9.569 0.008 8 NH; (57)

1631 1622 s - 1.848 0.382 v C= 0 (80)

1588 1580 s 1590 w 1.627 0.086 v C = N (65), v CC (21)
1509 - 1484 w 6.831 0.25 8 NH3* (57)

1480 1482 m - 7.577 0.024 8 CH, (75)

1437 - 1436 s 0.056 0.279 8CH; (37)

1412 1407 s 1400 s 3.216 0.098 p CHy (29)

1350 1338 m 1356 m 2.232 0.18 v CO (58)

1309 1295 m 1304 m 0.271 0.052 v CC (68), p NH, (25)
1283 - 1277 w 0.336 0.063 8 CCH (37)

1191 1190 w 1195 m 0.932 0.05 SHCC(50)

1141 1151 m 1147 w 0.42 0.054 p NHs* (42), y CH, (24)
1114 - 1110 w 0.506 0.011 p NH; (23)

1094 1075 m 1074 w 1.161 0.011 v CC (35), v CN (23)
1036 1039 m 1037 w 2.534 0.014 & CNH (60)

1004 - 1011vvs 0.785 0.148 v CC(40), p NH3* (15),
999 989 w 989 w 1.112 0.009 7 CONH (19)

975 964 w - 0.898 0.058 v CN(59)

947 - 946 m 0.876 0.014 v CN (30), 6CH2 (20),
923 913 w 918 w 0.649 0.029 v CC (39)

871 869 w 853 w 0.094 0.038 v CC (22)

834 827 w 821 w 2918 0.005 8 NHO (35)

819 805 w 797 w 1.133 0.006 T CCO (23),

763 - 776 w 0.256 0.031 T CCO(32)

665 668 w 657 m 0.89 0.006 8 COO (45)

626 632 w 624 w 0.493 0.004 y CC (34), § COO (24)
583 582 w 587 w 1.101 0.004 y CC (25)

554 - 549 m 2.609 0.005 T CNC (12)

538 523 w 516 w 4.266 0.002 y CN (46)

363 - 371w 0.364 0.001 8 NH-O (26)

320 - 320w 0.494 0.001 T NCN (21)

89 - 92 s 0.171 0.001 7 NH-O0 (35)

76 - 75 s 0.022 0.001 t CO-H (37)

v: stretching, y: scissoring, w: wagging, t: torsion, I': twisting, f: in-plane bending, §: deformation, p:rocking, s: symmetric, as:
antisymmetric, vs:very strong, s: strong, ms: medium strong, w: weak.

4.9.1. Vibrations of guanidinium cations

The stretching vibrations of NH, group in guanidinium group
typically occurs in the range 3500-3300 cm~! [47,48]. The PED
shows the contribution from the asymmetric stretching vibration
of the non-hydrogen bonded NH, group at 3409 cm~! as well as
the non-hydrogen bonded NH, asymmetric stretching mode ob-
served at 3373 cm~lin IR spectrum. But the presence of hydrogen
bonding interactions with the carboxylate group of L-glutamate,
the NH, symmetric stretching modes of guanidinium are found to
be red shifted to 2994 cm~! and 2896 cm~! (medium bands) in
the Raman spectrum. The DFT calculations support the existence of
hydrogen bonding in the GuLG molecule and predict NH, stretch-
ing mode at 3015 cm~! and 2926cm~! with PED contributions of
59% and 78% for the modes. The transfer of electrons from the

lone pair of electron donor to the o*(N-H) of electron acceptor
stretches the N-H bond and leads result in N-H--O red-shifted hy-
drogen bonds. NBO analysis and stabilized geometry clearly sup-
port these results which enhance the NLO activity.

NH, bending vibrations § (NH,) are characterised by high
wavenumber and high intensity [49]. In GULG molecule, the very
intense band at 1681 cm~'in IR and the medium band at 1652
cm~lin the Raman spectrum, is due to NH2 scissoring mode, while
the computed wavenumber is 1680 cm~!with 57% PED contribu-
tion. The rocking deformation vibrations of NH, group are usu-
ally observed in the region 1150-1100 cm~'. A weak band absorp-
tion band observed in Raman spectrum at 1110 cm~lis attributed
to the rocking vibration of NH, group of guanidinium cation (23%
PED). Guanidines show strong absorption at 1685- 1580 cm~! due
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to C = N stretching vibrations [49]. This is manifested in GuLG as a
strong absorption band seen at 1580 cm~!in IR and a weak absorp-
tion band at 1590 cm~'in Raman spectra (65% PED) coupled with
the 21% PED contribution of C-C stretching in L-glutamate anion.

4.9.2. Vibrations of L-glutamate anion

The asymmetric and symmetric stretching vibrations of NH3; oc-
cur in saturated amines in the region 3380-3350 cm~! and 3310-
3280 cm!, respectively [50-53]. In GuLG, asymmetric stretching
mode of NH3* group is observed as a weak and broad band at
3207 cm~lin IR spectrum. NH;*symmetric stretching vibrational
mode is observed as broad bands at 3126 cm~! (77% PED) in Ra-
man and 3042 cm~! in IR (65% PED). In additon, the position
and broadness of the NH3" symmetric and asymmetric stretching
modes and the protonation of NHz*group with shift of wavenum-
ber suggest the presence of strong N-H--O intermolecular hydro-
gen bonds. This hydrogen bonding interaction leads to the charge
transfer in GulG, thereby making it NLO active. DFT calculations
show that L-glutamate cations are connected with the guanidinium
anions through N-H--O hydrogen bonds. This also points to the
strong hydrogen bonding between hydrogen and oxygen, giving
noncentrosymmetry to the GuLG crystal, thus enhancing its molec-
ular hyperpolarizability.

The CH, asymmetric and symmetric stretching vibrations nor-
mally appear in the region 2936 + 20 cm~! and 2863 + 20 cm™!,
respectively [52,53]. CH, symmetric stretching is seen at 2930
cm~! (very strong) in GuLG, with 97% PED contribution. In sym-
metric CH, stretch, the blue-shifted wavenumber shows the for-
mation of C-H--O intramolecular hydrogen bonding of CH, group
with a carboxylate group. Scissoring vibration of CH, is observed
as medium and strong bands in IR (1482 cm~!) and Raman (1436
cm~1) spectra, respectively. NH3* and CH, bending vibrations are
presented in Table 5 C-N and C-C skeletal vibrations are com-
monly expected at 1150-850cm~! [53]. In GulLG, C-C stretching
is attributed to the peaks obtained at 1075 cm~! (IR), 913 cm~!
(IR), 869 cm~1(IR), 1074 cm~! (Raman), 1011 cm~'(Raman), 918
cm~'(Raman) and 853cm~'(Raman). C-N stretching mode is seen
at 964 cm~'in IR and 946 cm~!in Raman.

5. Conclusions

Single crystals of GuLG have been grown by slow evaporation
of solution method. The vibrational spectra have been recorded
experimentally using FT-IR and FT-Raman methods and anal-
ysed with the aid of DFT methods. N-H ...0 hydrogen bond-
ing interaction in GuLG is confirmed from the red-shifting of NH
stretching wavenumbers. NBO analysis predicted the intramolec-
ular hydrogen bonding interaction in the L-glutamate anion in
GuLG molecule, manifested in n1 (0y7) - o*(Ny;-Hy) and n1
(O34) — 0*(Nyg-Hs3p) having stabilization energies 12.92 and
4.23 kcal/mol, respectively. These intra and inter molecular hydro-
gen bonding and charge transfer interactions enhance the NLO ac-
tivity. The m-m* transitions due to carboxylic group give rise to
the electronic absorption maximum for solution phases of GuLG.
The low HOMO-LUMO energy gap account for the possibility of
intramolecular charge transfer which contributes to the NLO activ-
ity in GuLG. The theoretically predicted values for electronic NLO
response contributions of the molecule have showed their better
NLO property compared to urea molecule. The open-aperture Z-
scan study suggests the potentiality of the material in optical lim-
iting applications.
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