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Single crystals of pure and crystal violet dye-doped L-Argininium bis dihydrogen phosphate were grown using
slow evaporation technique. The crystalline nature and the structure parameters were confirmed by powder X-
ray diffraction technique. Blue and red shifting hydrogen bonds were predicted by DFT on the basis of vibra-
tional spectral (FT-IR & FT-Raman), AIM and NBO analyses. Bifurcated N—H---O and O—H---O intermolecular
hydrogen bonds in LADP molecule were visualized by Hirshfeld surface. 'C and 'H NMR spectroscopy con-
firmed the structure of LADP. Doped LADP crystal shows enhancements in the wavelength and longer lifetimes

as identified from photoluminescence spectra and decay analysis respectively. The high values of electron
mobility and low value of Aejectron reflect the applicability of LADP in OLED devices. Enhancement in nonlinear
optical parameters in dye-doped LADP crystal was revealed from the Z-scan technique which shows its useful-
ness in the fabrication of NLO devices.

1. Introduction

L-Arginine derivatives are good NLO materials due to their zwit-
terionic form which they acquire from the protonation of guanidyl and
alpha-amino groups as well as from the deprotonation of a carboxyl
group to either organic or inorganic salts, through inter and in-
tramolecular interactions [1-3]. Studies on organic and inorganic
complexes based on acid-base interactions showing high optical non-
linearity, mechanical strength and thermal stability [4], points out that
in such systems highly polarizable cations responsible for NLO prop-
erties are conjugated to inorganic anions through intermolecular hy-
drogen bonding which generates a non-centrosymmetric crystal struc-
ture. Bifurcated hydrogen bonds have been proved to be responsible for
the stability in the supramolecular architectures [5,6] and the charge
transfer from the organic part into the inorganic part leads to high
nonlinear response [7]. The network of hydrogen bonds in a single
molecule contribute to its large values of hyperpolarizability and
charge transfer interactions which make it useful in nonlinear optical
applications like frequency conversion, optical modulation and optical
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switching [8-10]. The rigorous research pursued on the 1-arginine
-phosphate crystals in both pure and doped forms shows its excellent
nonlinear optical properties [10-12] owing to its wide transparency
range, dipolar strength and chemical as well as thermal stability
[13,14]. Due to increasing applications in optoelectronic device fabri-
cation, researchers are attracted in the inclusion of dye in crystals
[15-18]. The crystal violet (triphenylmethane) dye alters the molecular
structures and has received more attention in both fundamental and
applied physical chemistry [21,22]. The chemical synthesis of crystals
by the addition of a dye produces intermolecular interactions which
enhance their luminescence efficiency [19,20]. The present study re-
ports the synthesis of crystal violet doped L-argininium bis dihydrogen
Phosphate (CVLADP) and an investigation of its photophysical, thermal
and structural NLO properties using Density functional theory (DFT)
and experimental spectral characterizations.
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2. Methods
2.1. Experimental methods

2.1.1. Crystal growth

Crystals of LADP were grown from aqueous solution by slow eva-
poration technique. High purity r-arginine [Kemphasol 98%] and or-
thophosphoric acid in the stoichiometric ratio 1:2 were mixed in mil-
lipore water to prepare the solution of LADP. Those crystals were
grinded well to make LADP powder. A saturated solution was prepared
using LADP powder and distilled water. The prepared solution was
filtered and then adds 0.7 mole CV dye was added to it. From the sa-
turated solution of dye-doped LADP, a small amount was poured into a
petri dish and covered with a glass paper with small holes in it. After 3
weeks small violet colored crystals are obtained. From these, crystals
with perfect morphology and those free from macro defect were se-
lected as seed crystals.

A seed crystal of minimum size was immersed in the saturated so-
lution of dye-doped LADP by using a nail and thread arrangement and
covered it with glass paper with a small hole in it. The growth of the
crystal was observed daily. Good quality large crystal of crystal violet
dye-doped LADP was grown after 50 days. Crystal was grown up to
55 x 8 x 5mm®>. The obtained seed crystal and grown crystals are
shown in Fig. 1.

2.1.2. Instrumentation details

The grown crystals were subjected to Powder X-ray diffraction using
the Rigaku MinFlex 600, tabletop XRD diffractometer operated at 40 kV
and 15 mA with monochromated Cu Ka radiation (A = 1.5406 10\). H
NMR and '3C NMR spectral analyses were carried out for the samples in
water solvent using Bruker 400 MHz NMR spectrometer. FT-IR spectra
of the sample were recorded using the Perkin Elmer Spectrum Two: FT-
IR spectrometer in the scan range 4000—-450 cm ™! with a resolution of
1 cm ™. FT-Raman spectrum was recorded using a BRUKER RFS27 FT-
Raman spectrometer. UV-Vis-NIR absorption spectral data of the
sample in water solution were obtained using JASCO V-760
Spectrophotometer in the region 187-800 nm. The photoluminescence
(PL) measurement was made on pure and doped samples using a Jobin
Yvon-Spex Spectrofluorometer with 450 W high-pressure xenon lamp as
an excitation source.

The Z-scan measurement of the sample was carried out using a
50 mW, 532 nm diode-pumped Nd: YAG laser beam which was focused
by a lens with 3.5 cm focal length. A 1 mm wide optical cell containing
the solution of the sample with around 63% transmittance was trans-
lated across the focal region along the axial direction (z-direction). The
intensity of the focused laser beam transmitted through the sample was
measured with the help of a digital power meter. The experimental set-

Fig. 1. (a) Seed crystals of LADP (b) grown LADP crystal (c) seed crystals of CV
dye-doped LADP (d) Grown CV doped LADP crystal.
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up for the demonstration of optical limiting under CW illumination is
very similar to the Z-scan geometry [34,35].

2.2. Computational details

Quantum chemical calculation was performed using the Gaussian
09 [23,24] program package supplemented with the standard B3LYP/6-
31+ +G (d,p) basis set for an isolated molecule. Detailed vibrational
assignments for the theoretical vibrational spectra for LADP were car-
ried out by potential energy distribution (PED) analysis using MOLVIB
7.0 program [25,26] with scaled quantum mechanical force field
(SQMFF) method and was compared with experimental FT-IR and FT-
Raman spectra. Natural Bond Orbital (NBO) analyses were performed
to investigate the intermolecular bonding and interaction [27]. The
electron densities at the bond critical points (BCP) were analyzed using
the atoms in molecules (AIM) approach using the AIMALL package
[28]. The dipole moment, mean polarizability and dynamic first and
second hyperpolarizabilities were calculated at the 532nm
(hw = 0.0857a. u) laser wavelength. The details used for the calculation
of dipole moment, polarizability, first order hyperpolarizabilities viz.
B(-2w; , w) and PB(-w; w, 0), second-order hyperpolarizability for
quadratic electro-optic Kerr effect, y(-w; w, 0, 0), and the DC electric
field induced, v(-2w; w, w, 0), are reported in literature [29,30].

3. Results and discussion
3.1. Powder X-ray diffraction (PXRD) analysis

The comparison between the PXRD patterns of grown crystals of
pure and dye-doped LADP with the simulated single crystal XRD [31]
spectral patterns are shown in Fig. 2. The PXRD pattern revealed that
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Fig. 2. (a) experimental PXRD pattern of pure LADP crystal (b) simulated PXRD
pattern from SXRD data [31] of pure LADP generated by Mercury 3.0 program
(c) experimental PXRD pattern of doped LADP crystal.
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Fig. 3. (a) & (b) are 13C NMR spectra of pure LADP and CV doped LADP in water (c) & (d) 'H NMR spectra of pure LADP and CV doped LADP in water.

exact identities of the grown pure and dye-doped LADP crystallize in
the orthorhombic system with non-centrosymmetric P2,2,2; space
groups. The lattice parameters were evaluated as a = 7.0692 A,
b=19.6321A, c=21.72814, a=p=y=90° for LADP and
a=7.0663A, b=9.6388A, c=21.74636A, a=p=y=90° for
dye-doped LADP. The calculated cell parameters obtained from the
PXRD are in good agreement with the reported values [31]. The sub-
stitutional or interstitial addition of CV dopant shows a slight change in
the unit cell parameters of CVLADP.

3.2. NMR spectral analysis

The '3C and 'H NMR theoretical calculations were done in water
solvent phase using the basis set GIAO-B3LYP/6-31 + + G (d,p), which
provides the effect of nuclear shielding in LADP molecule. The theo-
retical calculations, as well as the experimental values of LADP, are
shown in the Table TS1 (Supplementary Information). The experi-
mental *3C and 'H NMR spectra using D,O solvent in the pure and
doped LADP crystals are shown in Fig. 3 The absence of proton signals
of NH3*-amino and guanidyl group of the L-arginine cations in the 'H
NMR spectrum is due to the replacement of the protons by deuterium
atoms. The intense signal at 4.700 ppm manifests the residual shift of
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H,0 solution. The CH proton shows its signal at 3.775 ppm. The ali-
phatic CH, protons signals at 3.065, 1.778 and 1.498 ppm are assigned
to Cas, Ca4 and Co3 protons respectively. The OH protons of dihydrogen
phosphate anion shows signals at 3.764, 3.775 and 4.783 ppm are as-
signed to Oq;, Og , and O, respectively. The proton chemical shift of
doped LADP in Fig. 3(d) are similar to that of pure LADP.

Chemical shift of '3C NMR spectrums of pure and doped LADP
crystals in water solution are shown in Fig. 3(a) and (b) respectively.
The 3C NMR spectrum exhibits six signals with respect to six carbon
atoms of different chemical environments. From the spectrum, the
signal at 53.267 ppm is due to the presence of CH group in the r-argi-
nine cation. The signals at 27.12, 23.71 and 40.3 ppm are attributed to
the presence CH, carbons of Cy3, Co4, and Cos respectively for the -
arginine cations. An intense signal was observed at 156.704 ppm due to
the presence of carbon C,¢ atom in the guanidyl group. The signal at
173.043 ppm is due to the presence of carbonyl carbon C,;0f COOH
group in the r-arginine cation. The '*C NMR spectra in Fig. 3(b) shows
that the signals from doped LADP are similar to that of the pure LADP.

3.3. Thermal analysis

The thermal stability of pure and doped LADP crystals was



R. Ittyachan, et al.

100 - |20
80 - Lo
GD- @ I--20
40 4 0 3 [
] = L0
20 )
P l-60 £
X o] (b) s
Sz 934 -80
=100 L0 E
[=2] [ <
=80 F10 =
) =Y
=< 604 Lo
40 & l-10
-3 v
20 4 w I -20
0] [ 30
105 r
-20 . T T T — -40
0 200 400 600 800 1000 1200

Temperature ('C)

Fig. 4. Thermogravimetric analysis spectrum of (a) doped (b) pure LADP
crystals.

examined by thermogravimetric (TG) and differential thermal analysis
(DTA). The samples of pure LADP (weight-5.44 mg) and the crystal
violet doped LADP (weight-2.37 mg) was analyzed by UniversalV4.5A
TA Instruments between the temperature range 50 °C and 1100 °C in the
nitrogen atmosphere with heating rate 20 °C/min as shown in Fig. 4.
The DTA trace shows a sharp endothermic peak at around 100 °C which
is attributed to the melting point of LADP. The TG curve shows two
stages of significant weight loss pattern. Major weight loss started from
216 °C to 900 °C with the mass change of 75% and 82% in pure and
doped LADP respectively, which is assigned to the complete decom-
position of r-arginine cation [32]. The increasing weight loss percen-
tage in the doped LADP samples reveals the incorporation of crystal
violet dopant in the crystal lattice of LADP. The second stage of weight
loss starts from above 900 °C, which is due to the elimination of
phosphate anions [32].

3.4. UV-vis analysis

Optical absorption range and absorption peak position are im-
portant for NLO active compounds [71]. Fig. 5(a) shows that the ab-
sorption edge of the doped LADP crystals is shifted to the lower wa-
velength values. It is observed that the absorption edge present at 202
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and 192 nm in pure and doped LADP crystals respectively, corresponds
to strong n—n* transition associated with intermolecular hydrogen
bonding [70]. The band gap of doped sample is greater compared to
that of pure LADP, which lead to a blue shift as shown in Fig. 5 (b). The
doped crystal has increased transparency which indicates its potential
to be used as an excellent optical material [33].

3.5. Photoluminescence studies

The photoluminescence (PL) spectrum of LADP is due to the elec-
tron acceptor group of N—H sites of the cations and electron with-
drawing group of O—H sites in the hydrogen phosphate anion groups.
The emission spectrum in Fig. 6(a) was carried out in the wavelength
range 340-600 nm with the excitation wavelength 320 nm on pure and
CV doped LADP crystals at the water solvent. The pure and doped
samples show blue emission property which was inferred from the
presence of broad emission bands centered at 403 and 414 nm respec-
tively. This blue shifting of the PL spectrum of crystal violet doped
LADP is attributed to the inclusion of dye atoms in the interstitials cites
of LADP. Moreover, due to the dye doping, the effective band gap in-
creases which result in comparatively high energy values for the
emitted photons. Hence, these high energy photons give photo-
luminescence peaks at a shorter wavelength as evident from the PL
spectra. The decreased luminescence broadness of dye-doped crystals
indicates the usefulness of these crystals for developing coherent
sources in applications that require blue light. The PL spectrum re-
vealed that CV dye doping increases the fluorescence efficiency and the
sharpness of the emission band in LADP [4].

The fluorescence decay curve of the pure and doped LADP crystals
at 403 and 413 nm respectively under the excitation of 330 nm laser
light is shown in Fig. 6 (b). The fluorescence lifetime curves were fitted
with third exponential decay functions. The average fluorescence life-
time is found to be 2.95 ns and 8.49 ns for pure and CVLADP respec-
tively. The fluorescence decay time was increased by CV doping. The
decay component of lifetime and amplitude from the present study is
presented in Table 1. The quality of the curve fit was calculated by the
value of the reduced y? ratio; appropriate value for CVLADP than pure
LADP. The fluorescence lifetime results of the CVLADP gives blue
emission for a significant lifetime than the pure LADP for blue light
emitting devices.

The colour of the phosphorescence is calculated from the emission
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Fig. 5. (a) UV-vis-NIR absorbance plots of the pure and doped crystals in water solution(b) the tauc plot for pure and doped LADP.
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Fig. 6. (a) PL spectra of the grown pure and doped LADP crystal. (b) Luminescence decay of the pure doped LADP at 330 nm (c) CIE Chromaticity diagram of pure

and doped LADP crystal.

spectrum using the chromaticity coordinate based on the CIE 1931
(Commission International d’Eclairage) system. The chromaticity co-
ordinates of the pure and CVLADP crystals are (0.173, 0.177) and
(0.160, 0.0896) respectively, which indicate the light emission in the
blue region of visible region of electromagnetic radiation. Low values of
CIE coordinates illustrate the decrease in the fluorescence intensity of
CVLADP. From CIE chromaticity diagram Fig. 6(c), it is clear that the
colour is located in the blue region.

3.6. Z-scan studies

Third-order nonlinear optical quantities such as nonlinear refractive
index (n,),the nonlinear absorption coefficient () and nonlinear sus-
ceptibilities (x®) have been investigated through the Z-scan technique
developed by Sheik-Bahae et al. [34,35]. Nonlinear absorption and
nonlinear refraction was detected by placing an aperture in front of the
detector which is called closed-aperture Z-scan, whereas, pure non-
linear absorption was detected by the absence of aperture which is
called open aperture Z-scan. The ratio of closed to open is taken in order
to obtain pure nonlinear refraction. The values of n,, x(s), B and second
hyperpolarizability (y) were calculated using standard relations
[36,37]. Fig. 7(a) shows the closed aperture pattern of LADP and
CVLADP in which peak precedes the valley indicating a negative non-
linearity arising due to self-defocusing effect. The samples were focused
by the beam of continuous laser which induced thermal nonlinearity, to
the spatial distribution of temperature resulting in a distortion in the
propagating beam. The sample CVLADP shows higher peak-valley dif-
ference transmittance. Fig. 7(b) shows the open-aperture pattern of
LADP and CVLADP which reveals the presence of saturable absorption.
i.e. the absorption of light decreases with increase in the incident light
intensity [38]. The nonlinear absorption coefficient (f3), increases in
crystal violet dopant due to the enhancement of thermal agitation re-
sulting from the dopant. The calculated NLO coefficients of the samples
are summarized in Table 2. The doped and pure LADP samples exhibit
strong nonlinear refraction as compared to nonlinear absorption are
reported in the literature [40-44]. This is evident from the fact that the
real part of third-order nonlinear susceptibility is greater than the

Table 1
Fluorescence lifetime analysis data of pure and doped LADP crystals.

imaginary part of the third order nonlinear susceptibility. The crystal
violet doped LADP possesses the advantages of both crystal violet and
LADP leading to enhanced third order nonlinearity. The LADP crystal
shows optical nonlinearities due to the donor-acceptor intermolecular
interactions through bifurcated hydrogen bonds [39]. The electron
delocalization and intermolecular charge transfer make the LADP
compound to possess large molecular hyperpolarizability and thus
contribute to large third-order susceptibility (xm) [35].

3.6.1. Optical limiting study

Optical limiters are devices that provide linear transmission below a
threshold input power and hold a saturated value above the threshold
input power [38]. The optical limiting behavior of the samples was
tested by using a photodetector which measures the output power va-
lues with respect to their input laser power. Fig. 7 (d) shows that lim-
iting amplitude decrease with the addition of crystal violet dopant in
LADP crystal. This confirms that the limiting efficiency of LADP crystals
increases with the addition of crystal violet dopant. The limiting
threshold was found to be 4.4 and 4.00 mW for LADP and CVLADP
samples respectively.

3.7. Theoretical NLO studies

The enhancement of NLO parameters such as dipole moment (),
polarizability (o) and first and second hyperpolarizabilities (f and y)
values of the LADP crystal are due to the hydrogen bonded interactions
namely Ny;—HgyO15 (2.7548 A), Ny,—Has ....04 (2.7577 A), O3—Hg
....015 (2.6286 A) and Nyp—Hyg ....0g (2.93754) and Nyg—Ha; ....00
(2.9226 A) within the molecular system [45-48]. Molecular structures
containing O—H ....0 and N—H---O intermolecular hydrogen bond in-
teractions generally shows an enhancement in their molecular hy-
perpolarizability and optical properties [56]. The first-order hyperpo-
larizabilities for the static §(0; 0,0), the electro-optical Pockels effect
B(—w; w, w) and the second harmonic generation S(—2w; w, w) for
LADP were calculated to be 2.00 x 10~ esu, 112.270 x 10~ esu
and 17.263 x 10~ esu respectively. The static second-hyperpolariz-
ability y(0; 0,0,0), the frequency dependent second-hyperpolarizability

Single Crystal Analysis Lifetime (ns)

T1 T2
LADP Three exponentials 3.4883 1.1583
CVLADP 3.7754 11.445

Amplitude X
T3 Ay Ay As
0.57194 48.22 27.63 24.15 1.1742
0.7661 52.40 30.61 16.99 1.1353
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Fig. 7. (a) Closed aperture (b) Open aperture (c) ratio of closed to open aperture z-scan (d) Optical limiting curve for pure and doped LADP crystals.

for the quadratic electro-optic Kerr effect y (—w; w, 0,0) and the electric-
field-induced second harmonic generation y(—2w; w, w, 0) for LADP
molecule are 15.851 x 10 3®esu, 1508.64 x 10 *¢esu and
19.825 x 1036 esu respectively. The obtained values for LADP and
their pristine molecules are shown in Table 3 which reveals the field
dependent polarizability nature of the LADP molecule.

The red and green colour regions in the highest molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO) represents
positive and negative phases respectively. In LADP molecule, the
HOMO is located in guanidyl part of the r-argininium cation, whereas
LUMO is located in the carboxylic acid and NH;* groups in the 1-ar-
gininium molecule as shown in Fig. 8. It is clear that intermolecular
hydrogen bonds play an important role in the charge transfer me-
chanism in LADP molecule because dihydrogen phosphate anion
doesn't show any active sites. The theoretically calculated HOMO-
LUMO gap is 6.27 eV, which shows the semiconducting nature of LADP
[731.

3.8. Optimized geometry

The optimized molecular structure of LADP forms through the
proton transfer from O—H sites of two orthophosphoric acid molecules
to the guanidyl nitrogen atom and NH, groups in the L-argininium
cation. LADP molecule have L-argininium cation and two hydrogen
phosphate anion contact through N;;—Hsz4 ....072, Ny;—Hss ....O4,
Ni1g—Hs3y ....09 and Nog—Hyg-:-Og intermolecular hydrogen bonds and
03—Hg ....01, intermolecular hydrogen bonds between the two dihy-
drogen phosphate molecules as shown in Fig. 9(a). Table
TS2(Supplementary Information) shows the optimized geometric
parameters obtained by B3LYP/6-31+ +G (d,p) basis set and X-ray
diffraction data [17] of LADP. The strengthening of the bonds of the
proton donors in the amine group are identified with the bond distance
0.890 for N;7—Hasy, 0.890 for N17—Hss and 0.891 A for N17—Hsg in the
XRD data. The intermolecular contacts are within the Van der Waals
radii as shown in Table 4 which indicates the strength of the hydrogen
bond. The oxygen atoms O4 and O, are bifurcated hydrogen bonds and
manifests formation of nine atoms ring with the NHs " group as shown
in Fig. 9(b). The oxygen atom Og act as a bifurcated hydrogen bond
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acceptor to the N—H bonds in the guanidyl part of the L-argininium
molecule. The lengthening of N—H bonds such as N;;—Hs, (1.053 A),
Ni1,—Has (1.049), N1g—Hs, (1.021 A) and Nyg—H,g (1.020 A) are due to
the intermolecular N—H---O interactions. The strengthening of NHy"
bond with Nyy—H,; distance, 0.859 A, as compared to theN,y-H,, dis-
tance, 0.860 A, is due to the protonation of the gunidyl group. DFT also
predicts strong Oz—Hg ....015 hydrogen bonding interaction between
the dihydrogen phosphate anions for the molecule. For a detailed un-
derstanding of the nature of the local bonding situation, we have per-
formed DFT calculations on the gas phase molecules of r-arginine and
ortho-phosphoric acid with the same basis set as described above and
compared the results with LADP molecule. The shrinking of C—N bond
lengths in the NH," group from 1.40 A to1.33 A and the contraction
bond angle of bond angles of Nyy—Cy—N;g from 119° to 110°, the
contraction of NH;" bond angle Hy4—N1,—Has from 108° to103° and
the shrinking of C—N bond length from 1.52 A to 1.49 A) in the L-ar-
gininium cation suggests the twisted Intermolecular charge transfer
(TICT) interactions in the LADP molecule [57-59].

3.9. Natural Bond Orbital (NBO) analysis

The NBO analysis was performed on the donor-acceptor inter-
molecular charge transfer interactions via N—H---O and O—H---O hy-
drogen bonding in the cation-anion complex. The second order per-
turbation energies E® of the acceptor oxygen lone pairs in hydrogen
phosphate anion into the N—H and O—H antibonding orbitals are
shown in Table TS3(Supplementary Information). The hyperconjuga-
tive interactions LP5(0,5)—0%(03—Hg) and LP,(0;5)—0*(N,7,—Hay)
having stabilization energies 10.63 and 7.14kcal/mol, results in
O3—Hg---O15 and Nj;;,—Haz4---O15 intermolecular interactions respec-
tively. Likewise, the hydrogen bond occurred between LP;(Og)—
0*(N1g—H37) and LP;1(09)—0*(Nyp—H40) with stabilization energies
3.68 and 3.29 kcal/mol results in N;g—Hsy ....09 and Nyg—Hyg--Og
intermolecular interactions respectively. These two three-bonded in-
termolecular interactions are responsible for the charge transfer
through LP—o0* between the anion and cations. The other inter-
molecular interaction identified is LP3(04)—0*(N;,—Hss) which stabi-
lizes with 9.83 kcal/mol and results in N;;,—Hjs:--O, intermolecular
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£ interaction. The high electron densities of 0.03085e (0*(N;7,—Hsy4)),
g 0.02919¢ (0*(N17,—Hss)) and 0.03735e (0%(0s—Hg)) shows elongation
E [ @ of the corresponding bonds. The low electron density of o*(Noo—H40)
;fo § ) (0.01204e) compared to bifurcated hydrogen bonded o*(N;g—Hs7)
a -5 (0.01781e) shows the contraction of Nyp—H4o bond. The hyperconju-
gative interactions and electron density charge transfer in LADP mo-
:; lecule is the origin of blue or red shifting hydrogen bonds [66].
@ 3.10. Hirshfeld surface analysis
<
;‘; Hirshfeld surface and fingerprint plots indicate the presence of in-
E termolecular interactions within the crystal structure [49,50]. The
] normalized contact distance, d,om in terms d; and d. of Hirshfeld sur-
g 5 face are well correlated with fingerprint plots [28]. Fig. 10(a) shows
B that the deep red spots indicate N—H---O intermolecular interactions
gl 2 involving the N—H bond in the guanidyl group and NHs " group of 1-
ST 83 argininium cation with oxygen atoms in the dihydrogen phosphate
anions and O—H---O intermolecular interactions within the O—H bonds
o in the hydrogen phosphate anions. The fingerprint plots show the
TE strong intermolecular contacts such as O---H (31.8%)/H---O (30.7%)
| o and H—H (31.8%). The deep red colour on the O—H sites of the hy-
‘? %E drogen phosphate molecule in the d,om, the two spikes on the finger-
s|SE| T« print plot for strong hydrogen bonding interactions of O---H/H---O, a
& pale orange spot in the yellow background in the shape index and blue
H| o patches in the curvedness plot, as indicated in Fig. 9(b) supports the
E -5:; three-bonded hydrogen bonding in NH;* and dihydrogen phosphate
& E molecules inter contacts form two N—H---O intermolecular interactions.
E| » Similarly, the N—H---O contacts in N—H group in the the gunidyl part of
S e % 5 E L-argininium cations with oxygen atoms in the hydrogen phosphate
H]|BE | aa molecule is evident from d,om, curvedness and shape index plots on the
s 2 Hirshfeld surface.
sl 2
Bl
E = 3.11. Electron - hole transport properties: evidence to NLO & OLED
sle, |33
§ = - Electron-hole transfer rate depends on the structural factors such as
2 the degree of conjugation between the donor - acceptor sites in organic
“é, molecules. The vertical and adiabatic electron affinities (VEA & AEA),
ol B vertical and adiabatic ionization potential (VIP & AIP) and electron —
% ;“ﬁo 3 hole reorgamza.tlon energies (Aerectron & Anole) are important parameters
S| =~ °° for the evaluation of the transport rates of holes and electrons. The
qé- %3 electron-hole reorganization energies and vertical and adiabatic elec-
:; E tron affinities can be defined as follows [75]:
>
g| 2 Adearon = (By — EZ) + (E® — BQ) &)
;‘ c AEA = E- — EQ @
Tl E=]| 88
g SE| 323 VEA = AEA + (Ey — E°) 3
g where E{ and E_ are the optimized energy of the neutral and anionic
g v o states, and E; and E° are the energy of the neutral molecule at the
= @x “.’S < anionic state and the energy of the anionic molecule at the neutral state.
HEERED Anote = (B = E) + (EY — EQ) @
5 % AIP = Ef — B} (5)
S| -
% 'E . VIP = AIP + (Ef — E}) (6)
§ bl 83 where EJ and E; are the optimized energy of the neutral and cationic
% g states, and E; and E are the energy of the neutral molecule at the
E ”5 cationic state and the energy of the anionic molecule at the neutral
ég © state.
=] 2 The basic requirements for high quantum efficiency OLED materials
'%" E 5 E possess high electron mobility and low reorganization energy [63]. The
° N calculated values as shown in Table 5 reveal that the value of Agjectron 1S
~ § N % smaller than that of Anele. This result is necessary for OLED material,
% = g5 suggests that the electron transfer rate is better than that of the hole
S 2 = transfer rate [63]. The LADP complex possesses good electron transport
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Table 3

Comparison of static and field dependent first & second hyperpolarizability,
polarizability, and dipole moment for the pristine and LADP molecules are
calculated with DFT/B3LYP/6-31+ +G (d,p).

1-Arginine Phosphoric acid LADP

ptotal (Debye) 15.16 4.30 17.79
(0,0)x 10~ %*esu Ototal 16.07 4.50 28.05

Aa 6.97 0.77 8.05
a(-w,m) X 10~ 2*esu Qotal 16.65 4.62 29.42

Aa 7.51 0.78 9.06
B(0; 0,0) x10™%%esu 1.27 0.18 2.00
B(—w; w, 0) x10™ % esu 2.97 0.29 112.27
B(—2w; w, ) x10~* esu 4.45 0.34 17.26
7(0;0,0,0) x10~ 3 esu 11.59 0.78 15.85
y(—w; w, 0,0) Xx10™*®esu 14.95 0.89 1508.64
7 (—2w; w, @, 0) X103 esu —843.64 1.19 19.82

ELumo= -4.05 eV

Erumo-Enomo =6.27 eV

Enomo=-10.32 eV

9 ?

Fig. 8. Frontier molecular orbitals (HOMO and LUMO) of LADP.

properties and it is useful in light emitting materials with high quantum
efficiency. The negative value of VEA denotes the unbound nature of
anionic state [72].

Optical Materials 92 (2019) 111-124

Table 4

Hydrogen bond geometry in LADP.
D-H... A (A) p-HA) H..AG D ...AGR) D-H...A )
Niy—Has ....012 1.05 173 2.75 160.74
Niy—Has ....04 1.04 1.73 2.75 162.91
03—Hg-O15 1.01 1.62 2.62 170.34
Nao—Hag ....00 1.02 2.03 2.93 146.55
Nig—Hay .....00 1.02 1.99 2.92 149.96

3.12. Vibrational analysis

The FT-IR and FT-Raman spectra were analysed on the basis of
characteristic vibrations of i-arginine cations and dihydrogen phos-
phate anions. The theoretical assignments of the bands given by Normal
Coordinate Analysis (NCA) was followed by the recommendations of
Fogarasi and Pulay [25,26]. The experimental infrared and Raman
bands and the calculated harmonic wavenumbers with their corre-
sponding potential energy distributions (PED) are given in Table 6. The
theoretically simulated infrared and Raman spectra with corresponding
experimental FT-IR and FT-Raman spectra of LADP crystal resulted with
RMS deviation of 14.3 cm ™! are shown in Fig. 11&Fig. 12.

3.12.1. L-Argininium cation vibrations

The guanidyl part of the L-argininium cation consisting of NH, and
NH,* functional groups are strongly involved in hydrogen bonding
interaction with the oxygen atom of the bis dihydrogen phosphate
anion forming N—H ....O hydrogen bond, which can shift the position of
N—H stretching and bending vibrations. The NH stretching vibrations
were expected around 3350 -2700 cm™ ! [29]. The optimized bond
length for Nyo—H4 bond in the NH,* group were shortened by
0.005 A, which manifests the Nyg—Hyq---Og intermolecular interaction.
The vibrational spectra of LADP crystal show strong bands at
3421 cm ™! FT-IR which can be assigned for Hy;—Ngo—Hyo (NH,Y)
asymmetric and symmetric stretching vibrations. In the DFT calcula-
tion, NH, " stretching wavenumbers of the L-argininium and the LADP
molecules were 3643 and 3673 cm ™!, respectively, which implies
30cm ™! blue shift of the N—H stretching wavenumbers in LADP. It
should be emphasized that this result is completely different from the
similar L-argininium compound which shows NH," asymmetric and
symmetric stretching wavenumbers at 3333 & 3156 [74] and 3175 &
3000 cm ™~ ! [52] respectively. Moreover, the decrease in the intensity of
the N—H stretching band as revealed from the calculations, confirms
the presence of NH," .....O9 intermolecular blue-shifting hydrogen
bond in LADP [76,77]. Whereas, the band present at 3379 em~ ! s
assigned to the asymmetric stretching vibration of NH, group
(H3s—N19—H3g). The experimental values of symmetric and asymmetric
stretching vibrations of NH,* are blue shifted by 42 cm ™! compared to

Fig. 9. (a) Optimized geometry (b) Molecular graph at BCP of LADP by B3LYP/6-31 + + G (d,p) basis set.
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Fig. 10. (a)d,orm surface (b) Curvedness (c) shape index surfaces of LADP (d), (e), (f) and (g) bearing two-dimensional fingerprint plots for LADP molecule. Various

close contacts and their relative contributions are indicated.

Table 5
Ionization potentials (VIP & AIP), electron affinities (VEA & AEA), re-
organization energies calculated at B3LYP/6-31+ +G (d,p) level.

VEA (a.u) AEA (a.u) AIP (a.u) VIP (a.u) A clectron (A1) A hole (a.1)

—0.019 0.038 0.285 0.322 0.025 0.120

that of NH,. The N;g—Hs, stretching band is identified at 3328 cm !
with PED contribution of 82%. In DFT calculation, NH stretching wa-
venumbers of the L-argininium molecule and the LADP complex were
3562 and 3437 cm ™ !, respectively, which implies 125 cm ~ ! redshift of
N—H stretching wavenumbers due to the N;g—H3;-:-Og intermolecular
interaction. The corresponding asymmetric band of CVLADP crystal
was at 3425 cm ™' for Hiq;—Nag—Hao stretching in the FT-IR spectra
while the symmetric stretching band was absent in the FT-Raman
spectra, whereas for H3g—Nj9—H39 symmetric stretching vibrations the
bands were observed at 3377 cm™' in FT-IR and 3366cm™" in FT-
Raman spectrum, which also confirms the blue shifting. The symmetric
deformation bands of NH, group generally appear in the range
1638-1575 cm ™~ ! [50]. The bands appeared at 1629 cm ™! in FT-IR and
1574cm ™" in FT-Raman are assigned to the symmetric deformation
modes of LADP with 50% and 30% of PED contributions, respectively.
The band observed in the FT-Raman spectra at 1688 cm ™" is assigned
for asymmetric deformation mode of NH, group. DFT predicts the
asymmetric deformation mode of the L-argininium molecule and the
LADP complex at 1652 and 1715cm ™", respectively, which implies
63 cm ™' blue shift of the NH, asymmetric deformation mode in the
LADP complex. Whereas, the symmetric deformation mode of the L-
argininium molecule is at 1629 cm ™! and the LADP complex was at
1700, 1647 and 1610 cm™*, respectively, which implies blue shift of
the NH, symmetric deformation mode in the LADP complex [71]. In the
case of CVLADP, the symmetric deformation mode appeared at
1628 cm ™! in FT-IR which is found to be overlapping with the C—N
stretching vibrations of guanidyl group. In the case of CVLADP, the
symmetric deformation mode appeared at 1628 FT-IR cm ™! which is
found to be overlapping with the C—N stretching vibrations of guanidyl
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group. The bands due to the NH, rocking modes were identified at 1068
FT-Raman, 1441 FT-Raman and 529-FT-IR, 526 cm ™' -FT-Raman for
LADP crystal, and 1052 FT-Raman, 1450 FT-Raman and 519 FT-IR,
528 cm ™! -FT-Raman for CVLADP crystal.

The bands corresponding to the asymmetric and symmetric
stretching vibrations of NH;* group are expected in the ranges 3300-
3100cm ™' and 3100-2600 cm %, respectively [44]. NCA treats the
NH;" stretching bands in LADP molecule as an individual N—H
stretching vibration because of the N—H.--O interactions with the
oxygen atom in the dihydrogen phosphate molecule. The strong FT-IR
band at 3194 cm ™! is assigned for N;;,—Haq stretching vibration and
Raman bands at 2925 for N;;—Hj, and at 2919 cm ™! for N;,—Hss
stretching vibrations. In DFT calculation, NH3;* stretching wave-
numbers of L-argininium molecule is at 3501 and 3269 cm ™ ?, and that
for LADP complex were at 3425, 3034 and 2991 cm ™", respectively,
which implies red shift of the N—H stretching wavenumbers in LADP.
The N;,—Hs4 ....0y5 and N;,—Hgss---O4 intermolecular interactions
confirms the red shifting of NH; * stretching vibrations. The red shifting
of NH;™ stretching vibrations of LADP emphasises that the result is
completely different from the other L-arganinium compounds which
appeared at 3075 [52] and 3205 cm ™! [78]. The NH;* asymmetric and
symmetric deformation bands are generally expected in the ranges
1660-1610 and 1550-1485cm ™! respectively [30]. The weak FT-IR
band in LADP at 1648 cm ! is assigned to the asymmetric deformation
of NH;* group which is found to be coupled with C—N stretching. The
medium strong band identified at 1529 cm ™! for symmetric deforma-
tion vibration is theoretically predicted with 56% of PED contribution.
The NH;* rocking mode is identified at 1160 cm ™~ in the FT-IR spec-
trum of LADP crystal which is calculated with PED of 13%. The
asymmetric deformation mode of the L-argininium molecule and the
LADP complex were predicted by DFT at 1809 and 1707 cm™?, re-
spectively, which implies 102 cm ™! redshift of the NH; " asymmetric
deformation mode in the LADP complex. Whereas, the symmetric de-
formation mode of the L-argininium molecule is at 1633 cm ™' and the
LADP complex were at 1651, 1607 cm ™!, respectively, which implies
redshift of the NH;* symmetric deformation mode in the LADP com-
plex [71].
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Table 6

Optical Materials 92 (2019) 111-124

Experimental FT-IR, Raman and theoretical wavenumbers in (cm ™) assignments and PED contributions of LADP and CVLADP crystal by NCA based on SQM force

field calculations.

FT-IR" FT-Raman” FT-IR" FT-Raman” unscaled scaled" Vibrational assignments PED (%)
3774 3692 v(015—H,2) (100)
3767 3502 v(071—H;4) (100)
3751 3495 v(09—H;3) (100)
3713 3480 v(0s—Hy) (100)
3425s 3421s 3673 3417 Vas (N2og—H40—H41) (78), vs (N3o—H40—H41)(21)
3377 ms 3379ms 3595 3354 vs (N79—H3g—H3) (83), vas (N7o—Hz3—H30)(85),
3472 3339 vs (N7o—H3g—H30)(85), v(N;3—Hjz7,)(14)
3328w 3437 3326 vs (N15—H37)(82)
3194s 3194s 3425 3199 v(N37—H36)(100)
3115 3027 v(CH)(97)
3010w 3110 3002 v,s (CH3) (82)
3090 2974 v(NH3) (90)
3075 2971 a5 (CH2)(84), vy (CH2)(13)
2955s 2951s 3055 2955 v,s (CH») (77), vs (CHy) (19)
2935 3037 2940 vs (CH2)(59), v,s (CH3)(33)
2925s 3034 2923 v (N17—Hs4) (74), v (N1g—H37) (12), v (CH) (10)
2919s 3032 2916 v (N3,—H35)(81), vas (CHy) (11)
2991 2911 v (CH2)(96)
2643w 2650w 2643w 2631w 2873 2631 v (O3—He) (88), v (012—He) (6)
1723 ms 1715w 1718w 1729w 1827 1729 0,5 (CO2)(60)
1688w 1715 1658 8as (NH3) (47), v (CN) (14)
1659w 1659w 1648w 1707 1656 8.s (NH3)(28), v (CN)(22), p(Nys—H3,)(13)
1628s 1629s 1700 1643 8s (NH,) (50), v (CN) (34)
1651 1599 8as (NH3)(57), ©(0s—He) (17)
1647 1596 85 (NHo) (55), p(N15—H37) (19), v (CN) (18)
1574w 1610 1562 v (CN) (38), &; (NH>) (30), p(GU) (12), p(NH>) (11)
1531 ms 1529 ms 1607 1544 85 (NH3) (56), t(03—He) (28)
1519 1524 1485 v(CH2) (85)
1513 1474 ¥(CHy) (89)
1467 ms 1465 ms 1496 1463 v(CHy) (93)
1450 ms 1441 ms 1477 1434 v (CN) (29), p(N1s—H37) (26), @(CHy) (14)
1397w 1404w 1411w 1455 1413 ®(CHy) (62), B(OH) (11)
1434 1385 p(CH2) (30), 8(C22—Hazy) (18), v (CC) (11)
1374w 1362 ms 1399 1364 w(CHy) (63)
1335ms 1333 ms 1375 1340 I'(CH>) (32), w(CH) (23)
1331 ms 1328 ms 1360 1325 I'(CH») (41), p(CH) (14), B(OH) (10), w(CH2) (10)
1334 1301 w(CH)(47), T(CHy) (22)
1324 1294 I'(CH,)(52), w(CH»)(12)
1281 ms 1282w 1283mss 1285w 1318 1279 B(OH) (76), ©(03—He) (15)
1287 1246 8(Ca5—Hy7)(24), w(CH,)(21), I'(CHy) (17)
1234w 1233w 1278 1229 v (PO) (36), B(OH) (16), I'(CH,) (14)
1259 1226 v (PO) (24), I'(CH>) (20), (OH) (11)
1160s 1200 1165 p(CHy) (26), I'(CHy) (17), p(NH3) (13)
1192 1146 v (CN) (45), p(NH2) (33)
1178 1138 p(NHs) (22), vs (CO,) (12)
1108s 1116s 1152 1103 B(OH) (65)
1141 1096 v (COy) (18), 8(Ca2—Hz)(14), B(OH) (11), v,s (CO2)(10)
1119 1086 v (PO)(65), B(OH) (23)
1110 1078 v (CN)(22), I'(CH,)(15), p(NH>) (13)
1052 ms 1068 ms 1095 1066 p(NHy) (52), v (CN) (29)
1083 1055 B(OH) (78), v (PO)(12)
1071 1054 p(NHy) (23), p(CHz) (18), v (CN) (15), p(NH3) (11)
1037 ms 1036w 1070 1036 v (CC) (31), I'(CH,) (18)
1026s 1063 1030 v (CC) (66)
1003w 1036 1000 v (CC) (39), v (CN) (18)
984 ms 982s 973w 1023 974 B(OH) (54), v (PO)(40)
992 963 v (PO) (58), B(OH) (23)
943 ms 945 ms 986 952 v (CN) (39), v (CC) (20)
924w 984 923 v (PO) (76)
911 ms 952 919 v (CC) (19), v (CN) (17), p(CH,) (14)
876 ms 884w 875ms 879s 909 869 1(03—He) (49), T(P;—03) (23), B(OH) (18)
850w 893 855 p(CH3)(39), v (CC) (18), I'(CH,)(10)
811w 885 832 v (PO) (63)
857 828 v (PO)(22), v (CC) (14), p(CH)(12)
824 781 v (PO) (44), ®(NH>) (15), ©(C26—N15)(11)
765w 764w 823 769 v (PO) (91)
741w 744w 779 748 v (PO)(32), w(NH>) (22), ©(C26—N1g) (18)
758 736 ®(COy) (31), 1(C21—045) (17), p(CH3) (13)
747 720 p(CH2)(44), T(C25—Cz4) (14), T(C24—Ca3) (11)
722 698 ®(GU) (73)
717 691 v (PO)(27), B(OH) (17), w(NH,) (12)
686 662 v (PO) (59)
654w 669w 664 645 7(C21—045) (43), 8s (CO) (21)
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Table 6 (continued)

Optical Materials 92 (2019) 111-124

FT-IR? FT-Raman® FT-IR” FT-Raman® unscaled scaled® Vibrational assignments PED (%)
621w 592w 616w 641 624 1(C2;—045) (22), 8s (CO,) (22)
579 559 8(GU) (36), 8(N15—Hsy) (16)
519 ms 528 ms 529 ms 526 ms 536 523 p(GU) (52), T(CH2)(19), v(O—H) (10)
526 516 v(0—H) (16), B(OH) (11)
498w 503 489 B(OH) (26), 8s (PO) (18)
489 477 8as (PO) (24), B(OH) (18), ©(Ps—0o) (10)
483 469 T(N19—Cas) (22), B(OH) (18), w(NH>) (15)
478 463 B(OH) (27), ©(N17—Cz2) (14), 3as (PO) (14)
472 459 das (PO)(31), B(OH) (20)
454 442 8s (PO) (29), ©(N;7,—Co0) (17)
440 432 T(N17—Ca2) (27), p(PO) (13), 1(Pg—011) (12)
411w 426 417 8s (PO)(56), t1(P;—014) (14)
408w 412 399 I'(CH)(22), B(OH) (20)
395w 407 395 1(Pg—011)(27), I'(CH,) (13)
394 384 8as (PO) (16), v(0O—H)(12), B(OH) (11)
390 369 ®(NHy) (50), T(N2o—Cs) (30)
361 ms 378 363 T(N17—Cs2) (28), ©(03—Hs) (18), v(O—H)(11)
347 337 p(PO) (38), t(P,—05) (28)
344 330 T(N3p—Coe) (16), I'(CH,) (15), ®(NH,) (15), v(0O—H)(10)
334 322 p(PO) (18), T(N2p—Ca6) (14), ®(NH>) (14), das (PO) (13)
325 314 p(CO3) (16), o(0—H)(14)
319 305 ®(NH,) (37), T(N20—Cz6) (31)
315 304 ®(NH>) (23), p(PO)(23), t(N2—Co6) (20)
254w 281 267 ©(Pg—0o) (25), 8as (PO) (20), p(PO) (10)
232w 235 230 1(P;—0s) (24), v(0—H)(19), p(PO)(11)
215 212 v(0—H)(22), I'(CH,) (20)
193 189 v(0—H)(19), 8(N;5—Hs7) (10), ©(P;—0s) (10)
173 169 v(0—H)(17), B(OH) (16)
161 161 v(0—H)(38), ©(C23—Cs2) (14)
160 150 v(0—H)(27), ®(NH>) (15), t(C25—C24)(15), 1(Ca6—N3g) (14)
148 146 T(Ca5—Ca4) (34), 0(0O—H)(14)
143 139 B(OH) (33), v(0—H)(17)
127 128 v(0—H)(20), t(C24—Cs3) (15), B(OH) (12)
109 112 v(0—H)(25), B(OH) (12), T(Ca5—N3g) (10)
102 98 ®(NHy) (32), B(OH) (25), t(C26—N1g)(15)
101 94 B(OH) (29), ©(Ca3—Ca2) (24), ©(Ca5—Ca4) (21)
90 82 B(OH) (32), ©(Ca3—Ca2) (16), T(Ca5—Ca4q) (14)
81 76 B(OH) (51), (P1—014) (11)
66 61 B(OH) (26), ©(Cy3—Cy) (15), ©(Ca5—Ca4) (11), ©(C25—Nyg) (10)
54 48 B(OH) (53), T(Pg—012) (12), ©(P1—0,4) (11)
48 45 B(OH) (50), ©(Ca5—Nys) (14)
46 40 1(03—He) (34), B(OH) (20), T(P1—014) (15), ©(Co5—Nyg) (14)
45 38 ©(C25—N1g) (45), T(N17—Cz2) (12)
43 34 B(OH) (68)
37 29 1(C25—Ca4q) (44), B(OH) (25), T(C25—Nyg) (12)
31 24 T(P;—014) (43), B(OH) (18), ©(Ca5—Ca4) (14)
20 16 B(OH) (38), ©(C25—C24) (21), T(N17—C22) (14), T(Pg—0;2)(10)

v: stretching, v: scissoring, w: wagging, t: torsion, I': twisting, B: in-plane bending, 8: deformation, p:rocking, s: symmetric, as: antisymmetric, GU: guanidyl group, vs:

very strong, s: strong, ms: medium strong, w: weak.
& CVLADP crystal.
> LADP crystal.

¢ the wavenumbers obtained at B3LYP/6-31 + +G (d,p) level were scaled using NCA based on SQM Force field Calculations.

The vibrational spectral studies of characteristic bands in the car-
boxylate group give the strength of the hydrogen bonding in the crystal
structure [51]. The stretching vibrations of carbonyl C—O group gen-
erally appear in the region 1780-1700 cm ~ " [30]. The band present in
the FT-IR spectrum of LADP at 1718 cm ™" is assigned to C—O group
stretching vibrations, which is also seen as a weak band in the FT-
Raman spectrum at 1729 cm™~'. Similar to the case of LADP, sharp
bands present at 1723 and 1715 cm ™! in FT-IR and FT-Raman spectra,
respectively are assigned to the stretching vibrations of the carbonyl
group of CVLADP. The in-plane bending of C—O—H is observed at
1328 cm ™~ for LADP whereas at 1331 cm ™' as an intense FT-Raman
band for CVLADP. The carboxylate symmetric deformation bands were
identified for LADP at 616 FT-IR & 669 FT-Raman cm ~ ! and 621FT-IR
(592-FT-Raman) & 654 cm ™! for CVLADP. Figs. 11 and 12 show that
CVLADP reflects more intense bands than LADP spectra of carboxylate
group vibrations which confirms the increase in the conjugation and
formation of hydrogen bonding due to the doping of crystal violet in the
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LADP [52-54].

The CH, asymmetric and symmetric stretching vibrations occur in
the regions 3100-3000 and 3000-2900 cm ™! respectively [55-57]. The
sharp and moderate intense Raman active bands present at 2951 and
3010 cm ™" are assigned for CH, asymmetric stretching vibrations with
77 and 82% of PED contribution in LADP. The symmetric stretching
band is present at 2935cm™lin FT-IR and 2919cm ™! in FT-Raman
spectrum for LADP crystal. The variation in the wavenumbers of CH,
vibrations from the expected range is due to the electronic back do-
nation of the nitrogen atom in the adjacent side of the methylene group
[52]. The characteristic band of scissoring mode of CH, group is
identified at 1465 in FT-IR [53] and 1519 cm ™! in FT-Raman spectra of
LADP with 93 and 85% of PED contribution. The strong band in the FT-
Raman spectrum at 1160 cm ™! and moderate band at 850 cm ™! is as-
signed for rocking vibration of CH, group. The CH, wagging modes
identified at 1141, 1404, 1333 in FT-IR spectrum and 1411, 1362,
1328 cm ™ 'are coupled with C—H rocking mode in FT-Raman spectrum
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Fig. 11. (a) Simulated IR spectra of LADP molecule (b) Experimental FTIR
spectra of pure LADP (c) Experimental FTIR spectra of doped LADP crystals.

of LADP. CH, twisting band is observed at 1333 and 1233 cm ™! in FT-
IR and 1328 and 1160 cm™' in FT-Raman spectrum. The rocking,
wagging and twisting vibrational bands were identified and assigned
for CVLADP crystal.

The double bonded C=N stretching vibrations in the guanidyl
group was expected as an intense band near 1689-1657 cm ™' [64]. In
LADP, the prominent bands at 1688, 1629 and 1574cm™" in FT-IR
spectrum is assigned for C=N stretching vibrations of guanidyl group.
The C—N and C—C skeletal mode bands are usually observed in the
region 1150-850cm™' [65,66]. The bands at 1441, 1068, and
1003 cm ™~ ' in FT-Raman spectrum and 945 cm ™! in FT-IR spectrum are
assigned for C—N stretching vibrations. The C—C stretching vibrations
assigned for LADP at 1036, 1003 and 850 cm ™! in FT-Raman spectrum
and 945 cm ™! in FT-IR spectrum are coupled with C—N stretching vi-
brations. The C—C and C—N stretching vibrations assigned for CVLADP
shows significant deviation from the LADP, which indicates that doping
induces distortion in the skeletal modes of vibrations.

3.12.2. Vibrations of dihydrogen phosphate anions

The O—H stretching vibrational mode of the dihydrogen phosphate
anion is assigned to the band 2643cm™! in FT-IR and the corre-
sponding FT-Raman band at 2631 cm ™! with PED contribution 88%.
The redshifting in the wavenumbers of O—H stretching vibrations
confirms the existence of O—H-:--O intermolecular hydrogen bond
[60-62]. The in plane bending of P—O—H is coupled with P—O
stretching vibrations. The bands observed at 1404, 1283, 1233, 1116,
973 and 875cm~! in FT-IR spectrum and 1411, 1285, 973 and
879 cm™! in FT-Raman spectrum are assigned for in-plane bending
vibration of P—O—H. The intermolecular interactions of cation and
anion manifest shifting of P—O stretching vibrations into different
wavenumbers in vibrational spectra. The P—O stretching wavenumbers
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Fig. 12. (a) Simulated Raman spectra of LADP molecule (b) Experimental FT-
Raman spectra of pure LADP (c) Experimental FT-Raman spectra of doped
LADP crystals.

are observed at 1283, 1233, 973, and 764 cm ™! in FT-IR spectrum and
1285 and 924 cm ™! in FT-Raman spectrum. Similarly, the in-plane and
P—O stretching vibrations assigned in CVLADP crystal, shows new
bands at 498-FT-IR, 408-FT-IR, 411 FT-Raman, 741-FT-IR with 744 in
FT-Raman and 831 FT-Raman cm ™. The bands observed at 254 FT-
Raman for LADP and 498 FT-IR and 411 FT-Raman for CVLADP crystal
are assigned for asymmetric and symmetric POz deformation modes.

3.13. AIM analysis

The theory of atoms in a molecule (AIM) measures the strength of
the intermolecular hydrogen bond and is analyzed using the values of
electron density (p(r)), their Laplacians (Vzp(r)) and total electronic
energy density (H) at the Bond Critical Points (BCPs) [67]. In LADP
molecule, the cation-anion interaction through two three-bonded hy-
drogen bonds; the oxygen atom Og bonded with two N—H site of gua-
nidyl group, forms Pg—QOg---Hy4p—Nyo and Pg—Og---H3,—N;g inter-
molecular hydrogen bonds. NH;* group and hydrogen phosphate forms
two intermolecular hydrogen bonds Pg—O;5---H34—N;; and
Pg—0;5--Hg—03 as shown in Fig. 9(b). The electron density, p,, values
are greater than 0.04 a. u for Oq5---Hg, O15:--H34 and Oy4---Hjs indicates
the covalent nature of these intermolecular hydrogen bonds [68]. The
Laplacians (V?p,,y) and total energy density (H) are relevant quantities
determining the strength of nonbonded intermolecular interactions.
The negative values of both Laplacians, V?p(,y and H at their critical
points as shown in Table 7 confirms the covalent nature of O ....H in-
termolecular contacts [69].

The increasing electron density at BCPg shows a redshift in the
wavenumber bands in the corresponding bond vibrations [57]. Pure
and doped LADP vibrational spectrums shows O—H stretching bands
theoretically calculated at 2361 for O;,—Hg (PED-6%), 363 (PED-11%)
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Table 7

Characteristics bond critical point (BCP) of LADP.
Atoms Rho DelSqRho Ellipticity A G H
H6 — 012 0.052679 0.140928 0.021851 —0.04159 0.03841 —0.00318
03 — H6 0.295745 —1.61536 0.006549 —0.54048 0.068321 —0.47216
012 — H31 0.015425 0.042819 0.074265 —0.0117 0.010938 —0.00076
012 — H34 0.040923 0.118222 0.024193 —0.03066 0.03011 —0.00055
09 — H13 0.348557 —1.99976 0.013772 —0.63955 0.0698 —0.56975
04 — H35 0.041453 0.119836 0.028175 —0.03129 0.03062 —0.00067
09 — H37 0.024016 0.069368 0.074627 —0.01872 0.01802 —0.00069
09 — H40 0.022003 0.062972 0.086651 —0.01702 0.01638 —0.00064

for O1,—Hs4, 232(PED-19%) for O4—Hss and 523 cm ™! (PED-10%) for
O¢—H,o having corresponding experimental bands in both FT-IR and
FT-Raman spectrums as shown in Table 6, which confirms a shift in
bands with respect to the values of electron density at the BCP.

3.14. Bifurcated blue and red shifting N—H:--O hydrogen bonds

Hobza [76] proposed to interpret blue-shifting of hydrogen bonds
by evaluating electron density transfer from LP(Y)— o*(XH), the proton
transfer consequences, and the HX bond contraction leading to blue
shifting of vibrational wavenumbers. Alabugin and Weinhold [79] in-
terpreted the red and blue shifting hydrogen bonds in terms of hy-
perconjugation and rehybridization. The optimized geometry of LADP
shows NH,* group in the L-argininium cation participate in H-bond
interaction and its Nog—H,4o bond is slightly shorter by 1.010 A than
other N—H bond distances (1.015A) and their corresponding bond
lengths in XRD are 0.859 and 0.860 A respectively, which reveals blue
shifting of the hydrogen bond. In NH;* group, N—H bond distance is
Ni1,—Hay4 for 1.053 A, N;,—Has for 1.049 A and N;,—Hs for 1.028 A
and their corresponding bond lengths in XRD are 0.891, 0.891 and
0.890 A respectively, which reveals that N—H.---O interaction leads to
elongation in the respective bond, hence red shifting H-bonds. NBO
analysis predicts intermolecular hyperconjugative charge transfer en-
ergy of bifurcated hydrogen bond as 3.29kcal/mol in LP(Og)—
0*(Ngo—H40) and 3.68 kcal/mol in LP;(O¢)—0*(N;g—Hsy). The de-
crease of LP(Og)—0*(N29—Hyo) orbital interaction energy shows the
contraction of Nyg—H,o bond thereby contributing to blue shifting of
the corresponding stretching wavenumber [80]. On the contrary, in-
termolecular hyperconjugative charge transfer energy is 7.14 kcal/mol
for LP;(015)—0*(N;,—Hs4) and 10.63kcal/mol for LP,(0q5)—
0%(03—Hg). The increase of LP(0;5)—0*(N;;—Hs4) and LP5(0;5)—
0*(03—Hg) orbital interaction energy implies the elongation of
N;,—H34 andO3-Hg bonds and redshift of the corresponding stretching
wavenumber. The oxygen atom in the dihydrogen phosphate anion
strengthen the N—H bond in NH,* and weakens the NH; " groups in
the L-Argininium cations.

4. Conclusion

The slow evaporation technique was successfully employed to grow
crystal violet doped LADP crystals. The crystalline nature and lattice
parameters were determined by powder X-ray diffraction technique.
The twisted ICT ensuring the strong bifurcated hydrogen bond between
the cations and anions charged species makes LADP to be more NLO
active than other r-arginine derivatives. The vibrational spectral in-
vestigation predicts the blue shifting of N—H stretching wavenumbers
in NH,™* ... O and red shifting of NHs ™ ....O hydrogen bonds. The NBO
analysis explores the origin of blue-red shifts of bifurcated hydrogen
bonds caused by hyperconjugative and electron density charge transfer
interactions. In PL spectra, the luminescence broadness was found to be
decreased due to dye inclusion, making the doped material better useful
for blue light emitting applications with appreciable lifetime. The dif-
ference between the Aejectron and Apole suggests the LADP molecule is
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suitable for OLED devices. Thermal studies have demonstrated an in-
crease in the decomposition rate with dye doping. The Z-scan technique
has confirmed the enhancement of nonlinear absorption coefficient (f),
third order refractive index (n,), third order susceptibility (X(3)) and
second-order molecular hyperpolarizability (y) in the CVLADP crystal.
Theoretically and experimentally calculated field dependent second
hyperpolarizability values were in agreement. Crystal violet dye in-
corporation was confirmed from increased transparency in the
UV-visible region, band shifts in the skeletal vibrations of FT-IR and FT-
Raman vibrational spectrums and enhancement of third-order NLO
parameters. The bifurcated hydrogen bonded LADP molecule accom-
plishes high values of third-order nonlinearity and hyperpolarizability
than other reported r-arginine derivatives. The suggested results show
that crystal violet doped LADP crystal is more promising than pure
LADP for optoelectronic and nonlinear optical devices.
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