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A B S T R A C T

The frequency response of dielectric permittivity measurements at temperatures 35 °C and 100 °C suggests en-
hanced inherent optical quality and few defects in the crystal. The Cole-Cole plot shows the presence of grain and
grain boundary, it is found that single relaxation is observed in the crystal. The ac and dc conductivity and
dielectric behavior of the grown crystal were systemically investigated as a function of frequency and tem-
perature. The third order nonlinear optical property extensively studied by z-scan technique revealed high third
order nonlinearity in the form of self-defocusing and two-photon absorption with saturable absorption. The
strong intermolecular charge transfer interaction evident from NBO and AIM studies confirms the NLO property
of the material. The detailed vibrational assignments were carried out on the basis of potential energy dis-
tribution (PED) analysis and scaled quantum mechanical force field calculation using MOLVIB program. The red
shifted NH stretching wavenumbers and the broadening of corresponding bands in the solid state as well as the
gas phase spectra, optimized molecular geometry and NBO analysis have confirmed the presence of N-H⋯O
hydrogen bonding in G4AB.

1. Introduction

Organic derivatives comprising of molecules with strong electron
donor and acceptor groups are well known to exhibit significant non-
linear optical (NLO) activities due to their electron transfer mechanisms
by the intramolecular charge transfer interaction (ICT) processes that
are mediated by the push-pull substituent pairs which cause large hy-
perpolarizabilities to the molecular systems [1]. The extended hy-
drogen bonding associations can result in the structural asymmetry of
the molecular system which is an important requirement for the ma-
terials to have NLO applications [2]. Crystallization of ionic salt pro-
duce can more cohesive crystalline structures which possess inherently
greater thermal stabilities, sufficient mechanical strength and have
higher chromophore number densities which are requisites for quad-
ratic NLO effects [3].

The organic complexes of cationic guanidinium based systems have
received considerable attention as NLO materials [3–7] due to their
capability to form multiple, strong and charge assisted hydrogen bonds
with the carboxylate group, phosphate group, nitrate group and polar
molecules [8]. The guanidinium cation is formed by the protonation on

guanidine which is a strong organic base and the cation is stabilized
through the Y-aromaticity by the delocalization of positive charge on
the three nitrogen atoms and the central carbon atom within the CN3

unit. The concept of aromatic domino effect stresses the importance of
the aromatic stabilization triggered by protonation [9–15]. 4-amino-
benzoic acid is one of the most versatile of the carboxylic acids for co-
crystal formation. The acid molecules have the property of establishing
molecular self-assembly by extended hydrogen bonding structures
through both the carboxylic acid group and the ring-substituted amino
group with other molecules and thereby promoting stability to the re-
sulting crystalline structure [16]. The molecular complexes of 4-ami-
nobenzoic acid such as, the coordination polymer [Zn(C7H7NO2)2]·H2O
[10], Morpholin-4-ium p-aminobenzoate [17] and 2-amino-4-picoli-
nium 4-aminobenzoate [18] have been identified as potential NLO
materials. The surface-enhanced Raman spectroscopy of p-amino-
benzoic acid with excitation in the visible and near infrared spectral
region has been reported by E.J. Liang et al. [19]. The growth and
physico-chemical properties of gunidinium derivatives such as Guani-
dinium tetrafluoroborate [20], Guanidinium trichloroacetate [21],
Guanidinium 3-nirobenzoate [22] and Guanidinium tosylate [23] have
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been recently reported. The molecular structure and vibrational spec-
tral studies of the derivatives of guanidinium [24–29] and the com-
plexes of 4-aminobenzoate [30,31] have been extensively studied using
quantum chemical density functional theory (DFT) calculations in re-
cent years. The present work deals with the dielectric, third order NLO
property and vibrational spectral studies of Guanidinium 4-amino
benzoate (G4AB) crystal based on FT-IR and FT-Raman spectra along
with DFT theoretical support to elucidate the relationship between the
molecular structural features and NLO properties.

2. Experimental methods

Powder X-ray diffraction pattern measured by the Rigaku MinFlex
600, table top XRD diffractometer (Bragg-Brentano geometry) operated
at 40 kV and 15mA with monochromated Cu Ka radiation
(λ=1.5406 Å). The FT-IR and FT-Raman spectra of the sample were
recorded with the Perkin Elmer spectrometer using the KBr pellet
technique in the range 4000–400 cm−1 and with the Perkin Elmer GX
2000 FT-Raman spectrometer in the range 4000–50 cm−1, respectively.
The optical properties of the grown crystals were characterized by UV-
Vis-NIR spectroscopy and the absorption spectrum was recorded using
the Shimadzu 1061 UV-Vis-NIR spectrophotometer in the region 190-
1100 nm. A single crystal of G4AB with dimensions
7.73mm×6.78mm×2.50mm was used for the dielectric measure-
ments. The dielectric parameters such as capacitance and dielectric loss
were measured at two temperatures (35 °C and 100 °C) as a function of
frequencies in the range 5Hz-5MHz with the instrument Hiocki 3532-50
LCR HiTESTER.

3. Computational methods

The molecular geometry optimization, static and dynamic first-hy-
perpolarizabilities and natural bond orbital (NBO) analysis [32] for
isolated gas phase G4AB molecule in the ground state were calculated
with density functional theory using B3LYP/6-311G(d) [29,30] level of
theory with the aid of Gaussian 09 program [35]. The detailed vibra-
tional assignments for the theoretical vibrational spectra of G4AB were
carried out on the basis of potential energy distribution (PED) analysis
using MOLVIB 7.0 program [36]. The vibrational wavenumbers calcu-
lated by B3LYP/6-311G(d) method were scaled using the scaled
quantum mechanical force field (SQMFF) [37,38] method and were
compared with the experimental FT-IR and FT-Raman spectra. The TD-
DFT/B3LYP/6-311G(d) method was employed to simulate the theore-
tical electron absorption spectra at the gas and the water phases for
G4AB. Atoms in Molecule (AIM) theory provides deep understanding of
hydrogen bonding interactions from the topological parameters such as
electron density ρ(r), Laplacian of electron density ρ(r) using AIMALL
program [34,39].

4. Results and discussions

4.1. Synthesis and crystal growth

The salt of guanidinium 4-aminobenzoate is synthesized by mixing
0.5 mol of guanidine carbonate in 50mL of deionized water; the pre-
pared solution is then mixed with 1mol of 4-aminobenzoic acid dis-
solved in 50mL of methanol. The mixture of the solutions is stirred
continuously for 2 h at a temperature of 50 °C. The filtered saturated
solution is then allowed for slow evaporation.

The purity of the synthesized salt is improved by successive re-
crystallization with 1:1 water-methanol solvent [40]. The prepared
solution is then allowed for crystal formation by slow evaporation
growth method. Good quality single crystals of G4AB were collected
after a period of two weeks as shown in Fig. 1.

Solubility study has been carried out using a constant temperature
bath, controlled with an accuracy of± 0.01 °C. The solubility of G4AB

in water and water-methanol (1:1) solvents has been determined for the
temperature range 30–50 °C by the gravimetrical method. The solubility
of G4AB as a function of temperature is depicted in Fig. 2(a) which
shows that the solubility is higher in water-methanol mixed solvent
with positive slope.

The conventional polythermal method was employed to measure
the metastable zone width. The prepared solution was preheated to 5 °C
above its saturated temperature and filtered with a fine filter paper. The
saturated solution was gradually cooled from the preheated tempera-
ture until the first visible crystal could be observed. The temperature at
which the first speck of a particle appeared was noted as nucleation
temperature. The difference in temperature between the saturated
temperature and the nucleation temperature is regarded as the me-
tastable zone width of the sample. The metastable zone width of G4AB
single crystal is given in Fig. 2(b). From the graph it is clear that the
metastable zone width decrease with increase of saturation tempera-
ture.

Comparison between the PXRD patterns of the grown crystals of
G4AB with the simulated single crystal XRD spectral patterns are shown
in Fig. 3. The experimental diffractogram confirms the synthesis and
crystallization of G4AB. Some peaks with high intensity in the experi-
mental diffractogram (for example (121) and (134)) but with very low
intensity in the simulated, this discrepancies are due to preferred or-
ientation effects. The well-defined high intensity sharp peaks in the
PXRD pattern confirmed that the grown sample is in good crystalline
nature.

4.2. Dielectric properties

The frequency response of dielectric permittivity measurements of
G4AB crystal at temperatures 35 °C and 100 °C were carried out. The
variation of real (ε’) and imaginary (ε”) dielectric constants and di-
electric loss (tan(δ)) with respect to frequency and temperatures are
respectively shown in Fig. 4. It is noticed that the value of dielectric
permittivity of the samples decreases with increase in frequency. This is
the normal dielectric behavior and can be interpreted on the basis of
polarization mechanisms such as atomic polarization of lattice, space
charge polarization, orientation polarization of dipoles, electronic and
ionic polarization [41]. At higher frequencies the dipoles are unable to
respond promptly to follow the applied field and consequently the di-
pole polarization decreases and leads to smaller dielectric values. Due
to the ionic mobility, the dielectric loss shows larger values in lower
frequency region. The low value of dielectric loss at high frequency for
the sample suggests the enhanced inherent optical quality and few
defects in the crystal [42].

The variation of dielectric permittivity at different temperatures are
found to be less and having the same values at very high frequencies.
This indicates the absence of any phase transitions in the sample.

The dc conductivity of guanidinium 4-aminobenzoate with respect
to frequency is shown in Fig. 5. The ac conductivity increases slowly
with increasing frequency resulting in a band and on further increase of
frequency, the conductivity decreases as shown in the inset of Fig. 5.

Fig. 1. Grown crystal of G4AB.
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This can be explained on the basis of hopping mechanism. With in-
creasing frequency the charge carriers are drift due to the hopping
mechanism which results in increasing conductivity [43]. The fre-
quency at which conductivity becomes maximum is termed hopping
frequency. Above the hopping frequency the σac conductivity decreases
due to charge accumulation and grain boundary interface [44].

The real (M’) and imaginary (M”) part of dielectric modulus at
various temperatures delivers the charge transport mechanism. The
electric modulus is obtained from the observed dielectric permittivity
studies using the following relations [45].

The electric modulus in terms of complex function is written as;

∗ = ′ +M M jM"

The real and imaginary parts of complex modulus is expressed as,

′ =
′

′ +
M ε

ε ε"2 2

=
′ +

M ε
ε ε" "

"2 2

Frequency dependent variations of real part M′ of dielectric mod-
ulus for G4AB at 35 °C and 100 °C are shown in Fig. 6. Inset shows
variation of its imaginary part M”with respect to frequency at 35 °C and
100 °C. M′ shows dispersion tendency at higher frequencies, the value of
M’ increases with respect to increasing both the frequencies and the
temperatures. There are two slope changes observed in the imaginary
part of the dielectric spectrum taken at 100 °C. The band found in the
high frequency region indicates the dielectric relaxation and that in the
low frequency region indicates the conduction region [46]. The band is
shifted towards the lower frequency side as the temperature decreases.
The nature of dielectric modulus spectrum confirms the hopping me-
chanism in the electrical conduction of G4AB crystal.

Cole-Cole plot is obtained by plotting real impedance ( ′M ) against
imaginary impedance ( ′

′M )and this complex impedance formalism

Fig. 2. (a) Solubility of G4AB, (b) The metastable zone width of G4AB single crystal.

Fig. 3. Experimental PXRD pattern and SXRD pattern of G4AB crystal.
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gives reliable values for the resistance of grains and grain boundaries of
crystal. The Cole-Cole plot for G4AB crystal at two different tempera-
tures (35 °C and 100 °C) is shown in Fig. 7. The semi circular appear-
ance confirms the unique role of grain boundaries in the conduction
processes [47]. The electric modulus plane plot is used to explain the

relaxation phenomenon, if it is sensitive to resistance [48]. In the pre-
sent cases complex modules have explained the relaxation mechanism
satisfactorily than the impedance plot. However the radius of the semi-
circle varies with temperature. The reason may be that at high tem-
perature, the resistivity of the material is large. The area of semicircles

Fig. 4. Frequency-dependent real (ε′) and imaginary (ε”) part of dielectric constant and dielectric loss (tan(δ)) of G4AB at different temperatures.

Fig. 5. Frequency dependence of AC and DC conductivities of G4AB crystal at different temperatures.
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Fig. 6. Frequency dependent variations of real part M′ and imaginary part M” for G4AB with different temperatures.

Fig. 7. Cole-Cole plot for G4AB crystal.
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decrease with the rise in temperature which depicts that the resistance
of the crystals decreases with temperature. The two semicircles show
only one arc corresponding to the insulating properties of the grain and
grain boundary [49]. This indicates that G4AB crystal shows single
relaxation time process which corresponds to the bulk dielectric re-
sponse.

4.3. Thermal studies

The thermal studies were carried out for G4AB crystal using STA
409C instrument analyzer in nitrogen atmosphere at a heating rate of
10 °C/min from 50 °C to 500 °C as shown in Fig. 8. The thermal gravi-
metric analysis (TGA) shows 80.94% of weight loss. The DTA shows a
sharp endothermic band at 239 °C. This endothermic peak matches the
weight loss of TGA starting at 236 °C, thereafter no weight loss was
observed between 100 °C to 200 °C. This indicates that there is no in-
clusion of water in the crystal lattice. The final residue weight is
19.06%. Thermogram spectrum reveals that the major weight loss starts
at 230 °C and continues up to 270 °C. In the DTA spectrum, an en-
dothermic peak was observed around 239 °C which corresponds to the
decomposition temperature of the material. There were no other peaks
found below the decomposition temperature, so the crystal is com-
pletely free from water of crystallization [50].

4.4. Etching studies

The impurities and dislocations that occur during the crystal growth
may affect NLO efficiency of the grown crystals. Triangular etch pits
were observed when G4AB single crystals was etched with water for
60 s as shown in Fig. 9(a). Similarly, rectangular etch pits were ob-
served when the crystal was etched with methanol for 60 s as shown in
Fig. 9(b). The etching behavior of different etchants on G4AB crystals
revealed that the presence of dislocation in the crystal by using organic
solvents. Fast dissolving etchants like water produce better contrasting
dislocation etch pits of all surfaces and hence it is intensive to surface
orientation. The observed etch pits indicated that the crystal does not
have layered growth with 2D nucleation mechanism and has less dis-
locations.

4.5. Optimized geometry

The molecular structure of G4AB with the atom numbering is shown
in Fig. 10. The selected optimized geometric and the available XRD [51]
parameters of the molecule for G4AB are listed in TS1 (supplementary
Information). The geometry and planarity of the molecule are strongly
perturbed by the orientation of the hydrogen bond donors and accep-
tors.

The bond distances and bond angles of the computed models of
cation and anion molecules model are slightly longer than the experi-
mental ones and the largest discrepancies do not exceed 0.06 Å for bond
lengths and 1.135° for bond angles, which is not surprising given that
theoretical calculation relates to the isolated molecule whereas the
experimental result belongs to the molecule in the solid state where,
ascribed to electronic effects of the acceptor –donor groups more than
to structural ones and intermolecular Coulombic interactions with the
neighbouring molecules are absent. In order to assess the quality of the
molecular models, a correlation between the experimental and calcu-
lated geometric parameters is shown in Fig. 11. It is found that the
molecular model recovered from B3LYP/6-311G(d) in this study is the
best representation of the actual molecular structure since the observed
value of correlation coefficient by the linear fit is close to one. The
intermolecular hydrogen bonds H17...O16 and O16...H21 have distances
of 1.72 Å and 1.73 Å which are much shorter than in the X-ray structure
(2.09 Å and 2.10 Å) due to the fact that only a single 4-benzoate anion
pair has been considered in the calculation, whereas the three 4-

Fig. 8. TG/DTA curves of G4AB.

Fig. 9. Etch patterns obtained on G4AB-crystal for different etchants.(a) Water,
(b) Methanol.
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benzoate anion molecules are paired with single guanidinium cation
molecule in the solid state of G4AB. The mutual geometry and ar-
rangement of cation and anion molecules describe the H21-O16-H17

angle in the 73.39° in the DFT, which is in nice agreement with XRD
(62.96°).

The optimized molecular structure consists of 4-aminobenzoate
anion and guanidinium cation which are structured in a non-planar
geometry through the N-H⋯O hydrogen bonds established between
them. The hydrogen bonding geometry given in TS1 categorizes the
moderate H-bonding in G4AB. The bond length of C11-O16 (1.295Å) is
slightly larger than that of C11-O15 (1.239Å) and is intermediate be-
tween a single C-O bond (1.308–1.320 Å) and a double C=O bond
(1.214–1.224 Å) [33]. The predicted bond lengths of the two C-O bonds
of the carboxylate group indicate its hybrid structure. Due to the si-
multaneous involvement of the two oxygen atoms in H-bonding, the
OCO bond angle of the carboxylate group is expanded to 124.1°. The
DFT calculation predicted the two moderate N-H⋯O bonding in the
molecule of G4AB. The NH bonds of guanidinium involved in H-
bonding are N18-H17 (1.051Å) and N20-H21 (1.040Å) and they are
considerably elongated over the other NH bonds (N18-H22; 1.008Å,

N20-H23; 1.006Å, N24-H25; 1.006Å and N24-H26; 1.006Å) of guanidi-
nium. The CC bond lengths of the benzene ring are found to be in the
range 1.388–1.404Å. The calculated bond length values for the C-N
bonds of the guanidinium group are found to be influenced by the H-
bonding at the NH sites. The bond lengths predicted for the C19-N18,
C19-N20 and C19-N24 bonds were 1.326Å, 1.331Å and 1.359Å, re-
spectively which are intermediate between those of single- and double-
CN bonds, which indicates the increased charge delocalization in the
cation moiety. The equal bond length values observed for the C19-N20

and C19-N24 bonds clearly indicate the formation of intermolecular
parallel hydrogen bonding at the two NH2 groups in the crystalline
state. The predicted bond angle values for N18-C19-N20, N18-C19-N24 and
N20-C19-N24 angles of guanidinium were slightly deviated from the
corresponding observed values but the sum of these angles around the
central carbon (C19) atom was found to be 360° in DFT and XRD data.
The two NH bonds of the amino group of 4-aminobenzoate have equal
bond lengths and were noticeably elongated over the observed values.
According to the X-ray data and calculated geometry, the ring sub-
stituted amino group was free from hydrogen bonding interactions at
the solid state and the gas phase of G4AB. The observed dihedral angles

Fig. 10. Optimized molecular structure of G4AB.

Fig. 11. Correlation graphics of calculated and experimental (a) bond length (b) bond angles of G4AB.
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of C3-C4-N12-H13 (178.48°), C3-C4-N12-H14 (1.23°), C5-C4-N12-H13

(−1.23°) and C5-C4-N12-H14 (−179.48°) indicate the co-planarity of
amino group with the benzene ring within the anionic moiety. But the
DFT calculation predicted no such co-planarity for the amino group
with the ring for the isolated gas phase molecule. The dihedral angles of
C11O16H21N20 (−84.4°), C11O16H17N18 (115.7°) and C11O15H17N18

(−148.2°) clearly indicate the deviation of the plane of the cation
moiety from the plane of anion moiety.

4.6. UV-Vis-NIR spectral analysis

The combined experimental and theoretical optical absorption
spectrum for G4AB is shown in Fig. 12 (a).

The observed spectrum of the sample in solid phase shows two
strong absorption peaks at 204 nm and at 267 nm and the absorption
edge is observed around 320 nm. The shorter-wavelength absorption
peak at 204 nm is assigned to the π→π* transition due to the carbox-
ylate group and the absorption maximum at 267 nm is due to the
presence of amino groups in G4AB. The wide optical transparency in
the 320-1100 nm wavelength region indicates the suitability of the
crystal in NLO applications and as window in spectral instruments in
that region. For a meaningful comparison with the experimental UV/
Vis spectrum, the theoretical spectra obtained in the TDDFT calcula-
tions were convoluted with Gaussian functions with the appropriate full
width at half-maximum (FWHM). The theoretical simulated absorptions
spectrum calculated by B3LYP in gas phase of G4AB has an absorption
maximum at 280.85 nm with the highest oscillator strength, f=0.0057
which is found to be due to the electron transition from HOMO-1 to the
LUMO. The absorption maximum predicted by M062x in gas phase was
at 228.28 nm with f= 0.4179 and 182.70 nm with f = 0.1750 assigned
to the n→π* and π→π* transitions respectively. Whereas in the case of
CAM-B3LYP in gas phase of G4AB, the absorption maximum calculated
at 231 nm (f=0.3874) and 186.50 nm (f = 0.1295) are caused by n→
π* and π→π* transitions respectively. The predicted excitation en-
ergies, oscillator strengths and absorption maxima for B3LYP, M06-2X
and CAM-B3LYP in gas phase of G4AB for the three excitations together
with the characteristic molecular orbitals are listed in TS2 (supple-
mentary Information). Among the three TD-DFT methods, the excita-
tion energies calculated with CAM-B3LYP and M06-2X level of theory
are reasonably in good agreement with experimental spectrum with
larger oscillator strength.

The highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital of G4AB were concentrated entirely over
the anionic and cationic moieties, respectively. The HOMO-LUMO plot
of G4AB calculated at the B3LYP/6-311G(d) level is shown in Fig. 13.

The calculated energy values of the HOMO, LUMO and HOMO-
LUMO gap for the molecule were −5.0194eV, −0.3929eV and
4.6265eV, respectively. The strong electron transitions from the low
lying HOMO and LUMO orbitals create an effective charge transfer
pathway within the molecule that might cause a highly polarized
electronic structure resulting in a strong non-linear optical activity for
G4AB. The experimentally obtained band gap energy is shown in
Fig. 12(b).

4.6.1. Z-scan studies
Z-scan technique was employed to study the third order nonlinear

optical properties such as the magnitude and sign of nonlinear ab-
sorption coefficient and nonlinear refractive index of the G4AB crystal.
The Nd:YAG laser beam with wavelength 532 nm was focused on the
quartz cuvette that containing the sample (G4AB crystal dissolved in
methanol solvent) moved through the positive and negative z-directions
and corresponding intensity was measured using a photo detector. The
nonlinear optical absorption coefficient (β) and nonlinear refractive
index (n2) values were evaluated from the open aperture and closed
aperture z-scan, respectively. The open aperture z-scan curve shown in
Fig. 14(a) indicates the saturable absorption behaviour at higher in-
tensity near the focus. The nonlinear absorption coefficient (β) can be
determined using the relation [52].

=β ΔT
I L

2 2
eff0 (3)

where, = − −L αL α[1 exp( )/ ]eff is the effective thickness of the sample,
α is the linear absorption coefficient, L is the thickness of cuvette, I0 is
the on-axis irradiance at focus, ΔT is the one valley value at the open
aperture Z-scan curve.

The closed aperture z-scan as sown in Fig. 14(b) resembles the ne-
gative refraction nonlinearity as a pre-focus peak is followed by a post-
focus valley, which is an essential property of materials exhibiting the
self-defocusing effect. The nonlinear refractive index (n2) was calcu-
lated from the equation,

=n ΔΦ
kI L

cm W/
o eff

2
0 2

where, =k π λ2 / , = − −L αL α[1 exp( )/ ]eff is the effective thickness of

Fig. 12. (a) UV-Vis-NIR experimental and simulated spectra of G4AB in solid phase (b) tauc plot for G4AB.
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the sample.
The absolute value of the third-order nonlinear optical susceptibility

χ (3) is

= +χ χ χ[ Re Im ](3) (3) 2 (3) 2 1
2 (6)

The second order hyperpolarizability, γ which defines the nonlinear
induced polarization per molecule, [53] is given by,

=γ χ
NL

(3)

4 (7)

where N is the number of molecules per unit volume and L is local field
correction factor

=
+

L
n 2

3
0
2

(8)

Fig. 13. HOMO-LUMO plot of G4AB.

Fig. 14. (a) Open aperture (b) Closed aperture (c) ratio of closed to open aperture z-scan (d) Optical limiting curve for PTM.
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In G4AB, the guanidinium cation carry delocalized electronic cloud
and are free of inversion center. The 4-aminobenzoate anion is free
from inversion center and engaged to ring aromaticity which was less
delocalized compared to guanidinium cation. The closed aperture z-
scan shows higher peak-valley difference transmittance indicating the
efficiency of the nonlinearity [54]. The calculated results are sum-
marized in Table 1. The optical limiting experiment was carried out by
placing the sample at the valley point and the obtained characteristic
curve is as shown in Fig. 14(d). The transmitted output intensity was
found to vary linearly with input intensity at low intensities but starts to
deviate at high intensities reaching a saturation point. i.e, the maximum
output intensity shows obvious optical limiting property. The higher
values of χ3 and γ are mainly due to the presence of delocalized π-
electronic configuration in the ring structure and effective inter-
molecular charge transfer interaction between the cations and anions,
and that may eventually enhance the third-order optical nonlinearity of
G4AB [55].

4.6.2. Molecular NLO response properties
The range-separated functionals like CAM-B3LYP and hybrids with

a high percentage of HF exchange as M06-2X were shown to perform
better than functionals with low HF exchange, in the determination of
field dependent hyperpolarizabilities [56–60]. The hyperpolarizability
values of DFT methods M06-2X and CAM-B3LYP are in good agreement
for G4AB molecule. The static and the dynamic values of the mean
polarizabilities and the anisotropy of the polarizabilities for G4AB and
the standard NLO material urea molecule have been calculated with
B3LYP, M06-2X and CAM-B3LYP fuctionals with 6-311G(d) basis set
and the results are listed in Table 2. The calculated static values of the
first-second hyperpolarizabilities are comparable in all the three

functionals for the G4AB molecule. The theoretically calculated static-
first hyperpolarizability (βtotal) values reported for guanidium 4-ni-
trobenzoate was 0.30243×10−30 esu [24] and for methyl p-hydroxy
benzoate was 2.315×10−30 esu [61]. The large value of static β and γ
values for G4AB compared to the other organic NLO complexes indicate
its superior NLO property. The dynamic first-hyperpolarizability was
calculated using a frequency, ω =0.0857 a.u. for the second harmonic
generation −β ω ω ω( 2 ; , ). The theoretically estimated value of

−β ω ω ω( 2 ; , ) for the G4AB molecule was 92.6521× 10−30esu,
35.001×10−30esu and 38.621×10−30esu for the functional B3LYP,
M06-2X and CAM-B3LYP which are 45, 42 and 36 times greater than
that of urea molecule, respectively. The values of −γ ω ω ω( 2 ; , , 0) for
the G4AB molecule was 1017.97× 10−30esu, 64.229× 10−30esu and
74.415×10−30esu for the functional B3LYP, M06-2X and CAM-B3LYP
which are 221, 41 and 34 times greater than that of urea molecule,
respectively. The calculated values of frequency dependent properties
of mean polarizabilities, anisotropy of the polarizability and dynamic
first-hyperpolarizability values for G4AB are 1.36, 1.56 and 9.93 times,
respectively, greater than those values reported for the organic NLO
active guanidinium×maleic acid molecule [62]. The enhancement of
first order hyperpolarizability values of G4AB is due to the strong
electron transfer interactions from NH sites in the guanidinium cation
to oxygen atom in the 4-aminobenzoate through strong π-conjugations
in the benzene ring, which is evident from NBO and AIM analysis also.

4.7. NBO analysis

The structure stabilizing natural bond orbital interactions were
calculated from the electronic orbitals of G4AB molecule by NBO
method and the results of the analysis of selected orbital interactions is
presented in ST.3 (supplementary Information).

The NBO analysis predicted two strong n→ π* interactions in the 4-
aminobenzoate group due to the lone pairs of the nitrogen and the
oxygen atoms which stabilize the molecule through n1(N12)→ π*(C4-
C5) and n3(O16)→π*(C11-O15) with second-order perturbation energies
of 105.38 kJ/mol and 313.55 kJ/mol, respectively. The combined effect
of n→π*, n→σ*, σ→σ* and π→π* NBO donor-acceptor charge delo-
calizing interactions strengthen the O=C=O bond. Even though both
the C3-C4 and C4-C5 bonds of the benzene ring have identical atomic
environment, the σ*(C3-C4) and σ*(C4-C5) bonds were found to have
slight difference in their electron densities and have occupancies of
0.0254e and 0.0253e, respectively. Also, the C3-C4 bond is found to be
involved with an n→π* type hyperconjuation in the molecular system
and such interactions with the π-antibonding orbital of C4-C5 bond,
resides it with more π-character resulting in a slight decrement in bond
length compared to the C3-C4 bond length value. The electron donation
from σ(N12-H14) to σ*(C4-C5) and from σ(N12-H13) to σ*(C3-C4) stabilize
the system with delocalization energies of 16.54 kJ/mol and 16.5 kJ/
mol, respectively. The NBO analysis for G4AB has identified n→σ* type

Table 1
Nonlinear optical parameters obtained from Z-scan measurement data for G4AB
crystal.

Laser beam wavelength (λ) 532 nm

Focal length of Lens(f) 3.5 cm
Power of laser input 50mW
Optical path distance (Z) 70 cm
Power of the output beam of laser 34.3 mW
Beam radius at the aperture(ωa) 15mm
Radius of the laser beam (ωL) 0.16mm
Radius of aperture (ra) 2mm
Linear refractive index(n0) 1.04
Linear absorption coefficient (α) −1.099
Nonlinear refractive index (n2) 5.34×10−8 cm2/W
Nonlinear absorption coefficient (β) 0.03×10−4cm/W
Real part of third-order susceptibility [Re(χ3)] 1.46×10−6 esu
Imaginary part of third-order susceptibility [Im(χ3)] 0.19×10−6 esu
Third-order nonlinear optical susceptibility (χ3) 1.47×10−6 esu
Second order molecular hyperpolarizability (γ) 3.376× 10−34 esu

Table 2
Comparison of static and field dependent first & second hyperpolarizability, polarizability, and dipole moment for G4AB and urea molecules are calculated with DFT/
B3LYP/M062x/CAM-B3LYP/6-311G(d).

B3LYP(G4AB) B3LYP (urea) M062x (G4AB) M062x (urea) CAM-B3LYP (G4AB) CAM-B3LYP (urea)

μtotal (Debye) 8.0340 4.781 8.232 4.879 8.170 4.860
α(0,0)×10−24esu αtotal 19.0544 3.964 18.368 3.862 18.415 3.870

Δα 15.9044 2.552 14.519 2.410 14.669 2.439
α(-ω,ω)×10−24esu αtotal 20.3737 4.092 19.445 3.971 19.517 3.981

Δα 18.2217 2.6827 16.264 2.513 16.472 2.547
β (0; 0,0) ×10−30esu 6.6115 1.31×10−7 4.665 1.31× 10−7 4.850 1.25× 10−7

−β ω ω( ; , 0) ×10−30esu 20.5911 1.183 11.482 0.634 12.197 0.767
−β ω ω ω( 2 ; , ) ×10−30esu 92.6521 2.044 35.001 0.831 38.621 1.069

γ (0; 0,0,0) X10−36 esu 24.4658 1.563 12.044 0.840 12.998 1.062
−γ ω ω( ; , 0,0) X10−36 esu 44.7574 2.0615 17.156 1.003 18.813 1.303
−γ ω ω ω( 2 ; , , 0) X10−36 esu 1017.979 4.6045 64.229 1.548 74.415 2.185
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H-bonding interactions in the molecule with energetic delocalizations
of 92.19 kJ/mol for n2(O16)→σ*(H17-N18) and 32.11 kJ/mol for
n1(O16)→σ*(H20-N21). The hyperconjugative interactions due to the
lone pairs of oxygen atoms with the H17-N18 dominates energetically
than those with the σ*-orbital of H20-N21 bond. The n(O)→σ*(H-N)
interactions accumulate an enormous electron occupancy of 0.0796e on
the σ*(H17-N18) and an occupancy of 0.0551e on the σ*(H20-N21). As a
result of these interactions, the H17-N18 bond length is slightly elon-
gated as compared to that of the H20-N21 bond. In G4AB, the simulta-
neous involvement of two of the cationic nitrogen atoms in H-bonding
hindered the efficient spread of π-conjugative resonance charge transfer
in guanidinium. However, the charge transfer by H-bonding as well as
the hyperconjugative resonance interactions gives a highly delocalized
structure to the guanidinium cation.

4.8. Electron-hole transport properties

The electron-hole transfer rate depends on structural factors such as
degree of conjugation between the donor - acceptor sites in the organic
molecules. The vertical and adiabatic electron affinities (VEA & AEA),
vertical and adiabatic ionization potential (VIP & AIP) and electron –
hole reorganization energies (λelectron & λhole) are important parameters
for the evaluation of the transport rates of holes and electrons. The
electron-hole reorganization energies and vertical and adiabatic elec-
tron affinities can be defined as follows [63]:

= − + −
−

−
−

−λ E E E E( ) ( )electron 0
0

0
0

= −−
−AEA E E0

0

= + −
−

−
−VEA AEA E E( )0

where E0
0 and −

−E are the optimized energy of the neutral and anionic
states, and −E0 and −E 0 are the energy of the neutral molecule at the
anionic state and the energy of the anionic molecule at the neutral state.

= − + −
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+
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0
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0
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+

+
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where E0
0 and +

+E are the optimized energy of the neutral and cationic
states, and +E0 and +E 0 are the energy of the neutral molecule at the
cationic state and the energy of the anionic molecule at the neutral
state.

The basic requirements for charge transfer materials are that they
possessing high electron mobility and low reorganization energy [72].
The calculated values as shown in Table 3 reveal a smaller value of λhole

compared with that of λelectron.

4.9. AIM analysis

The atoms in molecules theory (AIM), is a very useful tool in ana-
lyzing the hydrogen bond. The formation of hydrogen bonds is asso-
ciated to the presence of a bond critical point (BCP) between the hy-
drogen atom of donor group and acceptor atom which are linked by the
associated bond path. Topological and energy parameters for the in-
teracting atoms are listed in Table 4. According to Rozas et al. [52] the
interactions may be classified as follows: (i) for strong H-bonds
(∇2ρ(r) < 0, H < 0) and covalent in nature, (ii) for medium

(∇2ρ(r) > 0, H < 0) and partially covalent in nature and (iii) for weak
H-bonds ∇( 2ρ(r) > 0, H > 0) and electrostatic in nature. The small
electron density and positive values of the Laplacian between H17…O16

and O16...H21 in the molecular complexes indicate a closed shell in-
teraction (∇2ρ (r) > 0). Moreover, the Laplacian between other para-
meters are always negative (∇2ρ (r) < 0), which implies that a shared
interaction is present in it. The measured H17...O16 and H21...O16 con-
tacts are in the range 1.723 and 1.732Å associated with the maximum
of electron density at H...O BCP-ρ(r) 0.297 and 0.348 a.u respectively.
These results also support that there is a stronger interaction than that
of a conventional hydrogen bond as shown in Fig. 15.

4.10. Vibrational spectral analysis

The combined experimental and simulated vibrational spectra of
G4AB are shown in Figs. 16 and 17. The calculated values of wave-
numbers, IR and Raman intensities, and vibrational assignments for
each mode of vibrations along with the fundamental wavenumbers are
presented in Table 5.

4.10.1. Vibrations of guanidinium cation
The stretching vibrations of NH2 group is usually observed in the

range 3500–3300 cm−1 [64–66]. The PED gives the contributions from
the asymmetric and symmetric stretching vibrations of the non-hy-
drogen bonded NH2 group at 3559 cm−1 and 3452 cm−1, respectively,
as well as the non-hydrogen bonded NH stretching modes at 3518 cm−1

and at 3487 cm−1. But due to the involvement in H-bonding interac-
tions with the carboxylate group of 4-aminobenzoate, the NH stretching
modes of guanidinium are red shifted to 3008 cm−1 and 2820 cm−1 in
the IR as well as to 2953 cm−1 and 2752 cm−1 in the Raman spectra.
The DFT calculations also substantiate the presence of H-bonding in the
molecule and predicted NH⋯O stretching mode at 2953 cm−1 and
2752 cm−1 with the PED contributions of 90% and 91% for the modes.
For the normal N-H⋯O red-shifted hydrogen bonds, electron transfers
from the lone pair electron of electron donator to the σ∗(N-H) of the

Table 3
Ionization potentials (VIP & AIP), electron affinities (VEA & AEA), re-
organization energies calculated at B3LYP/6-311G(d) level.

VEA (a.u) AEA (a.u) AIP (a.u) VIP (a.u) λelectron (a.u) λhole (a.u)

0.04444 0.00187 0.2343 0.4708 0.1178 0.0378

Table 4
Topological parameters for bonds of interacting atoms: electron density (ρr),
Laplacian of electron density (∇ ρ2

r), electron kinetic energy density (G), elec-
tron potential energy density (V), total electron energy density (H), at bond
critical point (BCP).

Bond ρ(r) ∇ ρ(r)2 V G H ε E

C11-C1 0.307 −0.853 −0.410 0.098 −0.312 0.189 128.63
C2-C1 0.310 −0.867 −0.423 0.103 −0.32 0.218 132.4
C2-C3 0.021 0.158 −0.024 0.031 0.007 0.222 7.50
C3-C4 0.307 −0.851 −0.410 0.098 −0.312 0.192 128.63
C1-C6 0.304 −0.837 −0.405 0.097 −0.308 0.224 126.75
C4-C5 0.295 −0.859 −0.533 0.159 −0.374 0.065 166.91
C4-N12 0.339 −1.541 −0.504 0.059 −0.445 0.055 158.13
N12-H13 0.310 −0.863 −0.421 0.102 −0.319 0.218 131.77
C6-C5 0.283 −0.984 −0.318 0.036 −0.282 0.011 99.77
H7-C2 0.276 −0.931 −0.316 0.041 −0.292 0.029 99.14
H8-C3 0.276 −0.929 −0.316 0.041 −0.275 0.029 99.14
C5-H9 0.283 −0.981 −0.319 0.036 −0.283 0.013 99.77
C6-H10 0.339 −1.54 −0.504 0.050 −0.454 0.055 158.13
H14-N12 0.389 −0.363 −1.19 0.550 −0.64 0.063 373.36
O15-C11 0.342 −0.538 −0.922 0.394 −0.528 0.006 289.27
C11-O16 0.047 0.123 −0.042 0.036 −0.006 0.004 13.17
H17….O16 0.297 −1.56 −0.483 0.046 −0.004 0.032 151.22
N18-H17 0.015 0.085 −0.013 0.017 0.004 0.192 3.765
N18-C19 0.042 0.133 −0.038 0.036 −0.002 0.065 11.92
H21….O16 0.348 −1.11 −0.690 0.020 −0.67 0.189 216.48
C19-N20 0.340 −1.63 −0.543 0.054 −0.489 0.048 170.05
N20-H23 0.306 −1.62 −0.498 0.045 −0.453 0.039 156.24
N20-H21 0.338 −1.62 −0.623 0.184 −0.439 0.04 195.15
H22-N18 0.325 −1.01 −0.505 0.048 −0.457 0.142 158.13
N24-C19 0.340 −1.65 −0.520 0.053 −0.467 0.056 163.15
H25-N24 0.339 −1.64 −0.519 0.054 −0.465 0.057 162.52
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electron acceptor, which elongates the N-H bond and leads to a red shift
[67]. The scissoring vibrations of amino group are expected in the re-
gion 1700-1600 cm−1 [68]. The scissoring modes of the NH2 groups of
guanidinium are identified from the strong band at 1675 cm−1 in the IR
and the weak band at 1511 cm−1 in the Raman spectra. The PED re-
veals the contribution of these modes in the region 1731-1506 cm−1 for
G4AB. The rocking deformation vibrations of the amino group are
usually observed in the region 1150-1100 cm−1. The rocking modes of
unperturbed NH2 group of guanidinium is predicted with 67% of PED at
1111 cm−1 and the fundamental bands were absent for the mode. The
weak band observed in the IR spectrum at 1212 cm−1 can be assigned
to the rocking modes of the H-bonded amino group of guanidinium. The
PED of these modes are found to be 16% at 1201 cm−1 and 20% at
1164 cm−1.

The CN stretching modes of guanidine are usually observed around
1689-1500 cm−1 [69,70]. The CN asymmetric and symmetric bond
stretching modes of a guanidinium derivative are generally observed at
1649 cm−1 and 976 cm−1, respectively [71]. A strong absorption band
observed in the IR spectra at 1583 cm−1 and corresponding Raman
band at 1602 cm−1, the weak Raman band at 1511 cm−1, the weak IR
bands at 1212 cm−1 and 1008 cm−1 and the medium strong IR band at
625 cm−1 are also attributed to the stretching vibrations of CN bonds of
guanidinium. The down shifting of this mode signifies the charge de-
localization in the C19N18,20,24 bonds due to the simultaneous in-
volvement of H-bonding at the N20H21 and N18H17 sites which results in
the shortening of C19N18,20 bond lengths and weakening of C19N24 bond
length.

The in-plane CNH bending vibrations are expected in the region
1570-1515 cm−1. The in-plane CNH bending modes of similar guani-
dinium derivatives are in the wavenumber region 1686-1600 cm−1

[63]. The in-plane CNH bending modes of G4AB are observed as strong
bands in the IR spectrum at 1675 cm−1 and 1583 cm−1 whereas in the
Raman spectrum, these modes are observed as a medium strong band at
1602 cm−1 and a weak band at 1553 cm−1.

4.10.2. Vibrations of 4-aminobenzoate anion
The normal vibrations of the para-disubstituted benzene ring were

assigned using Wilson's numbering scheme [73]. The bands related to
the 2, 20b, 20a and 7b modes of the CH stretching vibrations of G4AB
were identified from the Raman spectrum at 3068 cm−1, 3053 cm−1,
3040 cm−1 and 3029 cm−1, respectively. The corresponding IR bands
were observed as broad band at 3042 cm−1. The DFT calculations
predicted the PED contributions of 99% for each CH stretching modes at
3096 cm−1, 3094 cm−1, 3042 cm−1 and 3040 cm−1 respectively. The
CH in-plane and out-of-plane bending modes of p-disubstituted benzene

Fig. 15. Molecular graph of the compound at B3LYP/6-311G(d) using AIM program.

Fig. 16. (a) Experimental, (b) Simulated FT-IR spectra of G4AB.

Fig. 17. (a) Experimental, (b) Simulated FT-Raman spectra of G4AB.
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Table 5
Observed FT-IR, FT-Raman and scaled wavenumbers (in cm−1), IR intensities, Raman activities and vibrational assignments of G4AB.

Scaleda FT-IR FT-Raman Mode IR intensityb (KM/
Mole)

Raman Intensityc (Å4/
AMU)

Assignment of each mode with PED in %

3559 1.87 21.7 υas(H25N24H26) (100)
3518 2.93 34.9 υ(N20H23) (100)
3488 3489ms 0.19 30.5 υas(H13N12H14) (100)
3487 2.31 31.3 υ(N18H22) (99)
3452 1.98 62.6 υs(H25N24H26) (99)
3398 3395 s 0.27 100 υs(H13N12H14) (100)
3096 3068 w 2 0.09 48.7 υ(CH) (99)
3094 3053 w 20b 0.63 10.9 υ(CH) (99)
3042 3042 s 3040 w 20a 1.16 46.4 υ(CH) (99)
3040 3030 s 3029 w 7b 1.53 36.7 υ(CH) (99)
2953 3008 s 2953 vw 100 99 υ(NH⋯O) (90)
2752 2820ms 2752 vw 36.3 40.4 υ(NH⋯O) (91)
1731 1730 vw 12.7 2.25 β(CNH) (40), χ(NH2)g (16), υas(OCO) (11), χ(NH2)ug (9), υ(C19N) (6)
1704 1703 vw 16.9 0.66 υ(C19N) (36), χ(NH2)ug (21), β(CNH) (19), χ(NH2)g (8)
1700 1693 vw 4.08 6.42 χ(NH2)ring (95)
1677 1675 s 1663 vw 4.21 4.97 χ(NH2) ug (41), υ(C19N) (16), χ(NH2)g (14), β(CNH) (11), β(NH⋯O) (6)
1613 1618 s 1616 w 8a 5.9 60.6 υ(CC) ring (62), β(CCH) (22), β(CCC) (9)
1588 1583 s 1602ms 7.87 3 υ(CC) ring (28), υ(C19N) (20), β(CNH) (17), υ(C11O15) (10), χ(NH2)ug (5)
1585 6.46 1.38 υ(C19N) (32), υ(CC) ring (25), χ(NH2)g (16)
1553 1553 w 7.8 7.81 υ(C11O15) (53), υ(CC) ring (16), β(CNH) (7), χ(NH2)g (6)
1520 1520 s 19a 1.35 3.35 β(CCH) (54), υ(CC)ring (37), υ(C4N) (7)
1506 1511 w 0.08 1.33 χ(NH2)g (46), υ(C19N) (16), β(NH⋯O) (13), ρ(NH2)ug (5)
1446 1428 s 1454 vw 8b 0.38 1.13 β(CCH) (42), υ(CC)ring (38), ρ(NH2) ring (9), β(CCN) (5)
1331 1395 s 1410 vw 14 0.62 1.11 β(CCH) (66), υ(CC) ring (20), ρ(NH2) ring (8)
1316 1375 vs 1375 vs 34.9 42.8 υ(C11O16) (38), υ(CC) ring (28), χ(OCO) (12), β(CCH) (6)
1285 1298 s 1294 w 1.44 1.99 υ(CC) ring (72), β(CCH) (11), ρ(NH2) ring (6)
1270 14.3 19.4 υ(C4N) (47), υ(CC) ring (20), β(CCH) (10), β(CCC) ring (10), υ(C11O16) (7)
1201 1212 w 1210 vw 0.89 0.25 β(NH⋯O) (24), υ(C19N) (22), ρ(NH2)g (16), δ(CNH) (14), τ(O⋯HNC) (9), τ (N20C19)

(5)
1186 1181 s 1178 vw 5.54 4.13 β(CCH) (67), υ(CC) ring (24)
1164 0.39 0.3 β(NH⋯O) (28), υ(C19N) (24), ρ(NH2)g (20), δ(CNH) (15)
1137 1138ms 1138ms 0.35 0.99 υ(C1C11) (39), β(CCH) (38), ρ(NH2) ring (21)
1127 1121ms 0.28 6.91 υ(C1C11) (46), υs(OCO) (16), β(CCH) (15), β(CCC) ring (13)
1111 0.2 0.63 ρ(NH2) ug (67), δ(CNH) (9), υ(C19N) (8), ρ(NH2)g (5)
1076 1076 vw 0.53 0.17 υ(CC) ring (40), ρ(NH2)ring (33), β(CCH) (20)
1023 1028 vw 0.15 0.12 β(CCC) ring (51), υ(CC) ring (36), β(CCH) (13)
999 1008 w 1008ms 6.75 0.91 Г(O⋯HNC) (67), υ(C19N) (8), ω(NH2) (7), τ(N18C19) (6)
988 2.43 10.2 Г(O⋯HNC) (45), υ(C19N) (37), τ(N18C19) (6)
973 970 vw 5 0.16 0.57 ω(CH) (78), р(CCC) (13)
959 958 vw 17a 0.03 0.22 ω(CH) (89)
917 928 vw 0.68 0.85 τ(C19N18H17⋯O16) (33), τ(C19N20H21⋯O16) (32), β(CO⋯H) (11), ω(C11O16H17H21)

(8), ω(NH2)g (6), Г(O⋯HNC) (6)
851 855ms 10b 1.11 0.18 ω(CH) (48), ω(OCO) (14), ω(C4N12CC) (9), ω(C11C1CC) (8), τ(CCCC) (8)
837 839ms 1.92 13 υ(CC)ring (41), χ(OCO) (11), β(CCC) (10), υ(C4N) (7), τ(O⋯HNC) (5)
814 810ms 815 vw 10a 0 0.76 ω(CH) (98)
800 4.29 0.88 χ(OCO) (22), р(CCC) (12), ω(OCO) (10), υ(C1C11) (9), ω(C4N12CC) (6), δ(CCC) ring

(6)
790 789ms 11 1.55 1.24 р(CCC) (23), ω(CH) (18), ω(OCO) (16), ω(C4N12CC) (11), χ(OCO) (7)
708 4 0.41 0.11 р(CCC) (51), ω(N24C19N18N20) (12), ω(CH) (11), ω(C4N12CC) (11), ω(OCO) (6)
706 705ms 4 0.49 0.3 ω(N24C19N18N20) (58), р(CCC) (15), τ(C19N20) (9)
656 667ms 0.04 2.27 δ(CCC) (60), β(CCC) (23), υ(C1C11) (9)
644 640ms 642 w 3.44 3.98 ω(NH2)ring (42), β(CCC) (14), υ(C1C11) (10), χ(OCO) (10), δ(CCC) (6)
605 625ms 18.7 3.26 ω(NH2)ring (45), υ(C19N) (23), χ(OCO) (7)
574 3.76 1.63 β(NH⋯O) (43), υ(O⋯H) (21), ω(NH2)g (11), τ(NC19) (5)
530 533ms 547 w 7.96 0.64 ω(NH2)g (28), ρ(OCO) (24), β(C11C1C) (5)
522 520 w 1.76 1.58 β(NH⋯O) (16), ω(NH2)g (15), ρ(OCO) (13), δ(NCN) (10), τ(N20C19) (5)
506 506ms 16b 3.2 1.03 ω(C4N12CC) (26), τout(CCCC) (25), ω(C11C1CC) (14), τin(CCCC) (8), ω(CH) (6),

р(CCC) (5)
496 498 vw 0.61 0.51 δ(NCN) (46), ω(NH2)g (14), δ(NH⋯O) (11), υ(O⋯H) (8)
428 436 vw 16a 4.32 0.37 τin(CCCC) (25), ω(NH2)g (21), τ(C19N24) (13), ω(CH) (8), δ(NCN) (8), τout(CCCC) (7)
427 16a 2.55 0.26 τin(CCCC) (39), ω(NH2)g (13), ω(CH) (12), τout(CCCC) (11), τ(C19N24) (8)
390 0.68 0.08 δ(CCN) (38), δ(CCC) (13), β(NH⋯O) (10), υ(O⋯H) (9), υ(C1C11) (8)
374 376 w 0.83 0.19 δ(CCN) (25), β(CCC) (17), υ(C1C11) (13), ω(NH2)g (11), τ(C19N24) (9)
360 2.83 1.29 ω(NH2)g (41), τ(C19N24) (24), τ(N18C19) (11)
304 11.1 0.41 ω(NH2)ug (57), υ(C19N) (12), ω(NH2)g (9)
293 293 w 1.13 0.78 ω(C11C1CC) (26), р(CCC) (12), τout(CCCC) (12), ω(NH2)ug (9), ω(CH) (7), ω(NH2) (5)
280 281 vw 0.94 0.18 Γ(NH2) (91)
235 231 vw 1.21 0.13 υ(O⋯H) (26), β(NH⋯O) (22), δ(C11C1C) (17), ω(C11O16H17H21) (9), υ(CC) ring (5)
170 0.55 0.08 δ(C11C1C) (24), δ(CO⋯H) (23), υ(O⋯H) (12), ρ(OCO) (8), β(NH⋯O) (6)
143 140 s 0.45 0.28 υ(O⋯H) (28), ω(NH2)g (25), ω(C11O16H17H21) (12), τ(C19N18) (6), δ(CO⋯H) (6)
110 112 s 0 0.45 τout (CCCC) (29), ω(C11C1CC) (16), ω(CH) (15), υ(O⋯H) (9), τin (CCCC) (8),

τ(C11O16) (5)
92 0.13 0.5 υ(O⋯H) (43), δ(NH⋯O) (13), ω(C11O16H17H21) (12), τ(O⋯HNC) (8), τ(N20C19) (7)

(continued on next page)
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are expected in the regions 1300-1000 cm−1 and 1000-675 cm−1, re-
spectively. The PED result revels that in-plane CCH bending modes
were strongly coupled with ring stretching. The in-plane bending modes
19a, 8b and 14 were theoretically obtained with the PED contributions
of 54% at 1520 cm−1, 42% at 1446 cm−1, 66% at 1331 cm−1, corre-
sponding modes observed in IR bands at 1520, 1428, 1395 cm−1 and
weak Raman bands at 1454, 1410 cm−1 respectively. The medium
bands observed in the IR spectrum at 810 cm−1 and 789 cm−1 and its
counterpart Raman band at 855 cm−1 are attributed to the CH wagging
modes. According to the DFT calculation, the bands associated with the
wagging vibrations of the CH bonds are found to be at 851 cm−1 with
PED of 48%, 814 cm−1 with PED of 98%, 790 cm−1 with PED of 18%.
The out-of-plane CH bending corresponds to modes 10b, 10a and 11
respectively which have been identified as weak bands at 851 cm−1,
814 cm−1 and 790 cm−1 in the experimental spectrum.

The carbon-carbon ring stretching vibrations usually occur in the
region 1620-1280 cm−1 [74]. The strong band observed in IR at
1618 cm−1 and the weak band in the Raman spectrum at 1616 cm−1

can be assigned to the CC stretching mode 8a of G4AB. The wave-
number corresponding to the mode 8b is found to be at 1428 cm−1 in IR
and 1454 cm−1 in Raman spectrum. The wavenumber corresponding to
19a mode of G4AB is identified at 1520 cm−1 in IR spectrum. The
strong band observed in IR spectrum at 1395 cm−1 can be assigned to
mode 14 of G4AB. The DFT calculations predicted the normal vibra-
tions of the CC stretching modes 8a, 8b, 19a, and 14 at 1613 cm−1,
1446 cm−1, 1520 cm−1 and 1331 cm−1, respectively, for disubstituted
benzene ring of G4AB. The bands observed in the IR spectrum at
3489 cm−1 and 3395 cm−1 are attributed to the asymmetric and sym-
metric stretching modes, respectively, of the ring substituted amino
group and corresponding Raman bands were absent in the spectrum.
The calculated wavenumbers for these modes were predicted with PED
contributions of 100% at 3488 cm−1 and 100% at 3398 cm−1. The
observed intensity and sharpness of the IR bands for these bands in-
dicate the non-involvement of the NH2 group in H-bonding in the solid
as well as the gas phases of G4AB. The scissoring mode of the amino
group is calculated to be a pure mode which is obtained at 1700 cm−1

with PED of 95%. The rocking mode of NH2 group is expected in the
region 1100-1000 cm−1 [73]. The medium strong bands observed in IR
and Raman spectra at 1138 cm−1 are attributed to the rocking modes of
the amino group. The normal co-ordinate analysis gives the band po-
sition of these modes at 1137 cm−1 with PED of 21% and at 1076 cm−1

with PED of 33%. The bands related to the wagging vibrations of the
amino group are identified as medium strong bands in the IR spectrum
at 640 cm−1 and Raman band at 642 cm−1.

The asymmetric and symmetric stretching vibrations of the car-
boxylate group are expected in the regions 1600-1540 cm−1 and 1300-
1100 cm−1, respectively. In G4AB, the asymmetric stretching mode of
the carboxylate group was inactive in the IR spectrum and also the
Raman counterpart was observed with very weak intensity at
1730 cm−1, whereas in the case of symmetric stretching mode, the IR

band is active which was observed as medium strong band at
1121 cm−1 and the corresponding band was inactive in the Raman
spectrum. The DFT calculations give very small PED contributions for
the asymmetric and symmetric stretching modes of the carboxylate
group which were calculated to be at 1731 cm−1 with the PED of 11%
and at 1127 cm−1 with the PED of 16%, respectively. This is due to the
involvement of H-bonding interactions with the neighbouring amino
group in guanidinium cation and also due to the strong π-conjugation
and n→π* hyperconjugation within the carboxylate group. The Raman
spectrum shows a weak band at 1553 cm−1 for the stretching modes of
the non-hydrogen bonded C11=O15 bond and a related IR band ob-
served as a strong band at 1583 cm−1. PED gives the contributions of
the stretching vibrations of the C11=O15 bond at 1553 with 53%. The
stretching vibrational mode of the hydrogen bonded C11=O16 bond of
the carboxylate group is identified as very strong bands with high in-
tensity in both the IR and the Raman spectra at 1375 cm−1.

5. Conclusion

The G4AB crystal was successfully grown by slow evaporation
technique. The dielectric permittivity and dielectric modulus reveal the
behaviour of a single relaxation that is observed in the crystal. The
presence of grain and grain boundary was studied using complex im-
pedance spectra. The low dielectric constant value of the crystal has
been established by the dielectric study and high thermal stability
shows the possibility of crystal in photonic laser experiments and NLO
device applications. The red shifted NH stretching wavenumbers and
the broadening of corresponding bands in the solid state as well as the
gas phase spectra, optimized molecular geometry and NBO analysis
have confirmed the presence of N-H⋯O hydrogen bonding in G4AB.
Due to the combined effect of n→π*, n→σ*, σ→σ* and π→π* the
amounts of charge transferred increase with increasing binding energy.
Similarly, the electron densities at the respective bond critical points
vary fairly linearly with the strength of interaction, while their
Laplacians also show a general increase with the binding energy. The
total dipole moment, isotropic mean polarizability, anisotropic polar-
izability, static and dynamic first & second hyperpolarizabilies for the
isolated gas phase molecule of G4AB were theoretically calculated and
were compared with those values of similar NLO active organic mole-
cules. The third order nonlinear optical property extensively studied by
z-scan technique revealed high third order nonlinearity in the form of
self-defocusing, two-photon absorption with saturable absorption. The
calculated values of the HOMO-LUMO energy gap and the NLO re-
sponse properties suggested the superior nonlinear optical activity of
the molecule. The correlation between the nonlinear optical and di-
electric properties was established.
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Table 5 (continued)

Scaleda FT-IR FT-Raman Mode IR intensityb (KM/
Mole)

Raman Intensityc (Å4/
AMU)

Assignment of each mode with PED in %

71 79 s 0.33 0.66 τ(C19N18) (17), τ(C1C11) (14), υ(O⋯H) (14), δ(CO⋯H) (13), ω(NH2)g (10),
τ(O⋯HNC) (9)

29 0.67 1.57 υ(O⋯H) (32), ω(C11O16H17H21) (18), ω(NH2)g (18), τ(C19N18) (8)
23 0.43 1.03 δ(CO⋯H) (31), ω(C11O16H17H21) (17), τ(C11O16) (15), υ(O⋯H) (11), δ(NH⋯O) (8)
8 0.23 1.63 υ(O⋯H) (38), δ(CO⋯H) (26), δ(NH⋯O) (12)

ν: stretching, γ:scissoring, ω: wagging, τ: torsion, ρ: rocking, Γ: twisting, β: in-plane bending, δ: out-of plane bending, Rbr: ring breathing, s: symmetric, as: anti-
symmetric, vs: very strong, s: strong, ms: medium strong, vw: very weak, w: weak, ug: unperturbed amino group of guanidinium, g: guanidinium, р: puckering, in: in-
plane, out: out-of-plane, ring: benzene ring.

a The wavenumbers obtained at B3LYP/6-311G(d) level were scaled using NCA based on SQM Force field calculations.
b Relative IR absorption intensities normalized with the highest peak absorption equal to 100.
c Relative Raman activities normalized to 100.
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