Accepted Manuscript e B

MOLECULAR
STRUCTURE

Structural and spectroscopic investigations of nonlinear optical crystal I-phenylalanine
fumaric acid by DFT calculations

P.V. Sreelaja, C. Ravikumar

PII: S0022-2860(19)30265-0
DOI: https://doi.org/10.1016/j.molstruc.2019.03.013
Reference: MOLSTR 26282

To appear in:  Journal of Molecular Structure

Received Date: 23 May 2018
Revised Date: 28 February 2019
Accepted Date: 5 March 2019

Please cite this article as: P.V. Sreelaja, C. Ravikumar, Structural and spectroscopic investigations of
nonlinear optical crystal I-phenylalanine fumaric acid by DFT calculations, Journal of Molecular Structure
(2019), doi: https://doi.org/10.1016/j.molstruc.2019.03.013.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.molstruc.2019.03.013
https://doi.org/10.1016/j.molstruc.2019.03.013

ACCEPTED MANUSCRIPT

Graphical abstract




Structural and spectroscopic investigations of nonlinear optical crystal L -
phenylalanine fumaric acid by DFT calculations
P. V. Sreelaja, C. Ravikumar*
Nanotechnology and Advanced Materials Researchr€ebepartment of Physics, CMS

College, Kottayam — 686 001, Kerala, India.
Abstract

The title compound L-phenylalanine fumaric acid Hasen synthesized in slow
evaporation solution growth technique. The crysti#yl of the crystal is confirmed by powder
X-ray diffraction studies. Complete vibrational &sés and optimized molecular structure is
obtained using density functional theory calculagio The vibrational contribution of each
normal mode is figured out by calculating potengiaérgy distribution with the aid of vibrational
energy distribution analysis (VEDA 4) program. Esipeental FT-infrared and FT-Raman
spectra are recorded and analyzed. The second higrrgeneration (SHG) efficiency of the
grown crystal is measured by Kurtz — Perry techaidthe calculated first hyperpolarizability
and the highest occupied molecular orbital (HOMOIpwest unoccupied molecular orbital
(LUMO) energies confirm the nonlinear optical aityivof the compound. The theoretical and
experimental cutoff wavelength corresponding tcctetmic transitions are obtained. The most
important hyper conjugative interactions leadingthe stability and intramolecular charge
transfer of the system is elucidated by naturaldoorbital analysis. Information regarding the
charge density distribution and chemical reactigitgs of the compound has been obtained by

mapping molecular electrostatic potential.
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1. Introduction

Nonlinear optical (NLO) crystals having good stapil high transparency in the visible
region and superior nonlinear susceptibilities acteworthy due to their influence on the
development of laser technology and optoelectrandustry. In recent years, amino acid
complexes having chiral symmetry along with zwitieic nature due to the occurrence of donor
acceptor groups have been identified to have divapplication in science and industry [1-4].
Several L-phenylalanine crystals have been recegnés efficient NLO organic crystals due to
their high transparency in the range 380-800 nm high damage threshold [5-11]. L-
phenylalanine is a naturally occurring aromatiajrophobic andx-amino acid produced by the
biological breakdown of protein in the body. It lmmtes a phenyl ring having a side chain
substituted with an electron withdrawing -COOH ntpiand electron donating NHnoiety. The
occurrence of these donor-acceptor groups inflietioe optical proficiency of the crystals [12].
The wide transparency of organic acids makes theraxaellent associate for amino acids to

fabricate highly efficient nonlinear optical matds [13,14].

Theoretical studies of structural dependence on NlGperties are analyzed and normal
modes of vibration of L-phenylalanine fumaric aci®PAF) are studied. First order
hyperpolarizability, molecular electrostatic potahtatnd Mulliken charges obtained by density
functional theory level calculation are utilized @égplore the molecular dynamics and chemical

behavior of PAF.



2. Materialsand Methods

2.1Sample preparation

Transparent, colourless crystals of PAF has be@&paped from the saturated aqueous
solution of L-phenylalanine and fumaric acid in 1atio as described by Alagat al [15]. The
resulting needle like crystal was repeatedly ciiyzéal in double distilled water to obtain clear

crystals within 2 weeks.
2.2Powder X-Ray diffraction measurement

The powdered sample of PAF crystal was subjectefiritxer D8 advanced powder X-ray
diffractometer (PXRD) with Cu & radiation of 40 kV, 30 mA. The specimen was scdriioe
the angular range 20-8@ theta with the step size 0.0289°. The recorgadttsum is given in
Fig. 1. The PXRD data indicates that, PAF belomgsitlinic crystal system in P1 space group.
Lattice parameters of PAF are a=5.7144 A, b=11.5A8%=11.6149 A and cell angles are
0=67.6972, p=81.13086, y=79.3863. Cell volume, V=694.048 A All these parameters go in
agreement with the reported structural data andiroos the identity of the grown crystal [15].
The sharp nature of the peak indicates the punty @ystallinity of the crystal grown in the

laboratory.
2.3 Spectroscopic measurements

FT-infrared (FT-IR) spectrum of the grown sam@enalyzed with compact Spectrum two
Lit A of Perkin Elmer. FT-IR spectra of the titl@mpound in KBr pellet was recorded in the
range 4000 - 400 crhat a resolution of 0.5 ch The NIR-FT Raman spectrum of LPF crystal
was taken between 3500-50 tmsing Bruker RFS 27 stand alone FT-Raman speattopteter

which uses 1064 nm Nd:YAG laser source having 100 power. Ge-diode cooled with liquid



nitrogen is used as detector. The spectral resolig 2 cnf. The UV-visible spectrum was
recorded in the range 200-500 trim water solvent, using Jasco V-650 high resotutiV/-
visible spectrophotometer with double beam optias ghotomultiplier tube detector. Resolution

of the measured spectrum is 1.0 nm.
2.4 Second harmonic generation analysis

The grown crystal of PAF was graded with a stand&ue to reduce the particle size (r) to
150<r<180 um. Q switched high energy Nd:YAG lasavihg an incident wavelength of 1064
nm with a repetition rate of 10 Hz is used for ®HG measurement by powder reflection
technique [16]. 95% of the fundamental laser isitgrwas focused on to the sample and the
remaining 5% intensity was utilized as a referetaceontrol fluctuations in incident beam. The
experimental second harmonic intensity deviatiomiog out from the sample as a function of
the fundamental intensity is plotted in Fig. 2. TM&F sample produced an output energy of 8.36

mJ which is 0.94 times that of potassium dihydrogleosphate (KDP).
3. Computational techniques

All the quantum chemical computations performedhia present study is achieved using
Gaussian '09 program package [17]. The hybrid exgbdunctional Becke thrdese-Yang-Parr
(B3LYP) is utilized along with the basis set 6-3ti{5{or obtaining structural optimization and
harmonic frequency calculation. The normal modeuencies obtained are real and establish
that the optimized structure corresponds to a tngal minimum. The stereo electronic
interactions are interpreted by NBO 3.1 progranoiporated in Gaussian '09 program at density
functional theory (DFT) level. The quantitative épation of normal mode contributions of the

theoretical frequencies obtained from the poterngia¢rgy distribution (PED) assignment is



completed using vibrational energy distribution Igsia program (VEDA 4) [18]. The group
contribution greater than or equal to 10% to eamtmal mode of vibration is interpreted after
repeated optimization. The theoretical IR and Raspgettra simulated by Gaussian calculations
have been plotted with full width at half maximufWHM) of 10 cm' using pure Lorentzian
band shapes. At the same time simulated Ramanrapiscplotted with computed Raman
activities Gi) converted to relative Raman intensitig3 by means of Eq. (1) obtained from the
basic theory of Raman scattering [19, 20]. In Hgv§ is the exciting frequency in ¢hv; is the
vibrational wavenumber of th& normal mode, h, ¢ and k are universal constant$ fais the

suitable scaling factor suitably commonly chosearalbthe peak intensities.
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Experimental and simulated IR and Raman spectradepécted in Fig. 4 and Fig. 5

respectively for visual comparison. The structwatimization is achieved by iteratively solving
the self-consistent field equation. This optimizadlecular geometry produced 3N-6 positive
frequencies thus ensuring a minimum on the poteatiargy surface. The systematic errors of
calculated vibrational wavenumbers produced by nmaete basis set, ignoring anharmonicity
and electron correlation were corrected by a sgdhotor 0.9613 [21-23].

The components of the hyperpolarizability tensdcudated by density functional theory
(DFT) method for the title compound are given inblBaS1 (Supporting information). The
components of the first hyperpolarizability areccdéhted according to Thanthiriwatte and Silva

[24] by keeping the center of mass of the compoasdhe origin of the Cartesian coordinate



system [24-25]. The first order hyperpolarizability PAF is calculated as 2.79x1%esu which

is 4 times greater than the standard referenceriaa@®P for whichpy is 6.85x10" esu [7].

4. Resultsand Discussion

4.1 Optimized geometry

The structural optimization of the PAF molecule veahieved using Gaussian '09 program
package. The optimized geometrical parameters rddtaibby DFT method using B3LYP
functional are tabulated in Table 1 and the optaiigtructure is given in Fig. 3. The magnitude
of bond angle &-C,;-Oz3has enhanced by 5.88ompared to the experimental data [15] due to
the intramolecular hydrogen bonding ofs@tom with B4 atom of aliphatic fumaric acid. The
lowering of bond angle {5C,:1-O23 (112.15) compared to that of &Cy1-O2, (117.45), and
elongated bond length of,E0,3 compared to that of &0, is due to the intramolecular
hydrogen bond formed between phenylalanine anddibarboxylic acid. The presence of
intramolecular hydrogen bonding is affirmed by tleerease in & Hy4 distance and increase in
bond length of @-H,4 as well as &-O,3. The increase in £-C,;-O,3bond angle also supports
the above inference. Likewise, there exists stigsd O interaction between Nand Q;which
is reflected in the lengthening 0%60.7, N1~Hzo bonds and short distance betweesny HD,.
Lengthening of these bonds is due to the hypergative interaction between lone pair orbital
LP1(027) ando*(N17-H20) [26]. The occurrence of these two hydrogen boridestactions gives

increased stability for the system.

e Position for Figure 1
e Position for Figure 2

e Position for Figure 3



* Position for Table 1

4.2 Natural Bond Orbital and “bond bending” Analysis

For the analysis of electronic wavefunction, ndtis@nd orbital (NBO) method is used by
NBO 3.1 program [21]. The NBO analysis incorporaellection of mathematical procedures
to describe wavefunction in terms of Lewis to nawlis form of contributions. The most
significant exchanges among donor Lewis type NB@d acceptor non-Lewis NBOs are
reported in Table 2. The quantitative contributmins and p-character, occupancy of natural
bonds and lone pairs, are calculated and are givehiable 2. Stabilization energ)E; is

evaluated using second order perturbation theopy@sosed by Reeet.al.[22].

Stability of the donor-acceptor interaction is aled by the amount of electron density
delocalization among the bonding and antibondingONBThe strong intramolecular O-8
hydrogen bonding and charge delocalization is ceftd in the stabilization energy’ Bf LP
(Oz3) to antibonding kKy-Ozs. The electron density (ED) value (0.03149 e) & #mtibonding
o*(H24-0O2s) is a measure of intramolecular charge delocatinaind hence the weakening of the
bond marked by the elongation of bond length-Gs. The stabilization of the system is
achieved by hyperconjugative orbital overlap intéom betweent(C-C) andz*(C-C) of the

phenyl ring.

The hyperconjugative interaction between lone h& (O27) with 6*(Ni7~-Hzg) is of much
importance because of the decreased electron gefisibn-Lewis orbital, and its effect on bond
length and molecular stability. The elongation qf-N,, bond length is due to the increased p-
character ob(N17-Hag) ie. 2.72 %. When the percentage p contributiohR{O,7) is 42.79%
while that of LB(O,7) is 99.62 %. ie. L¥O,7) is comparable to a puretype lone pair orbital

participating in electron donation to thg§N17-Hyg) orbital for the interaction L#O,7) - o*(N17-



H20). The low ED value o6* (N-H) can be due to the electron density rediatidn effect which

is significant for N-H O bonds [26]. The electron density 0.03039 &'¢N;-Hg) leads to a
moderate stabilization energy 15.12 kJthahile E? of 6*(H24-O5s) for LPy(O23) » 6*(H24-Ozs)

is 38.514 kJmat. The variances in Eenergies are due to accumulation of electron tensit
only from the n(O) of hydrogen-acceptor but alsanfrthe whole molecule. The? Balues of
donor acceptor interaction among LP.fOand LP (Q;) with o*(H24-O25) and o*(N17-Hzo)
respectively enumerate the strength of intramobechldrogen bonding. Interactions between
LP, (O25) » 7*(C26—0»7) gives out an enormous energy due to the accuionlat charge density

and intensive interaction between N-H leading torgd delocalization.

The natural hybrid orbital (NHO) directional anafys the NBO output exhibits the angular
variation of NHO with the direction of line joininthe two nuclear centres giving an insight
about deviation (DEV) and thereby charges tran#felso presents evidence about the direction
of geometry changes followed due to optimizatiorthed molecular structure. For NHOs dn
bonding orientation, DEV values axe0°, whereas perpendiculartype orientation corresponds
to DEV =~90° [23]. The DEV tabulated in Table 4 gives begdangles of most significant
bonds. The existence of deviation for all the raigms represents the conjugative effect and
increase of strains at the active centre of thepmamd[27]. Among the ring carbon atoms, C
shows highest DEV due to substitution effect [28-8milarly, a remarkable deviation of 2.9°
is obtained for @ atom participatings (C1-Cys) due to the presence of zwitterionic groups
NHs" and COQ The extent of resonance interaction is high wlepis in the same plane with
fumaric acid moiety. Due to strong4H24 * Oz intramolecular hydrogen bonding interaction of
stabilization energy 38.514 kJriiplOz; is twisted away from the line of centera{Cy1—0,3) by

angle 2.9°. @ and Gg shows a markable deviation of 5.1° and 4.0° frben ltne of center of



bondsc (H24~O.5) ando (O5—Cye) respectively whereas the NHO ob4fjoes in line witho
(H24~0y5) axis and DEV value comes under the thresholdipgrimit of 1.0°. The alignment of
H.4 atom is not deviated froma (H24-O25) bond axis since it lies in the strong charge gfan

path.

+ Position for Table 2
* Position for Table 3
* Position for Table 4

4.3Vibrational spectral analysis

The vibrational spectral analysis is completedrenbasis of the characteristic vibrations
of the substituted pyridine. The experimental FT-FH- Raman spectra and B3LYP/6-31G(d)
level simulated theoretical spectra are shown igs.F4 and 5. The detailed analyses of
vibrational wavenumbers and the confirmation of firesence of various functional groups
(Table 5) are discussed below. The wavenumber epaacies of simulated and experimental
spectra are owing to the dissimilar circumstangeswhich they are obtained. Theoretical
spectrum is achieved from an isolated optimizedecudk in gas phase and experimental spectra

is measured in solid phase, which may get infludrmeinter and intramolecular interactions.

» Position for Table 5
» Position for Figure 4
* Position for Figure 5
4.3.1Phenyl ring vibrations
Normal mode vibrations of monosubstituted benzeng is studied and assigned with

Wilson’s numbering system [30]. Monosubstitutedzsere has five C-H stretching modes 2, 7a,



7b, 20a, and 20b out of which only 20a, 20b, 2 anudie 7a are active in the IR spectrum. A
very strong band at 3061 ¢nin Raman spectra is assigned as mode 20a whitersgspeak at
3029 cnt in the IR spectra corresponds to mode 20b. Thd Bmmd at 3041 cthin Raman is
identified as mode 2. The strong band in IR at 3660 and medium band at 3008 ¢nin
Raman is assigned to mode 7a of the phenyl ring. iltensity of the C-H ring stretching is
reduced and multiple weak bands are observed iaréRnd 3029 cih because Nk and CH
group stretching vibrations fall in the same redi@h]. Two doubly degenerate C-C stretching
of the benzene ring is attributed to modg and g,. The mode 8a appears as strong peaks at
1591 cm and 1601 ci in IR and Raman respectively, while 8b is found aaower
wavenumber 1586 cmas a medium intensity peak in Raman. Mode 19asiaed to weak
band at 1491cthin Raman and a strong peak at 1490'¢mIR whereas mode 19b is identified
at 1446 critin IR as weak band and at 1445t Raman spectra as medium peak. Normal
mode 14 is found as a medium band at 1302 inmR and a weak band at 1312 tin Raman.
Among the C-C aromatic stretching modes 8a, 19aldndre simultaneously active in both IR
and Raman measurements which is an indication afgehtransfer interaction. Modes 8a and
19a are coupled with C-H bending motion of the pheing to a greater extend which is clearly

depicted in Table 5.

The C-H in plane bending vibrations are assignedddes 3, 9a, 15, 18a and 18b. The bands
at 1339 crit and 1341 clin both IR and Raman respectively correspond tder® The weak
band at 1165 cthin IR corresponds to mode 9a and a medium barid® cm' in Raman
denotes mode 15. The medium peak at 1075 in IRsrédemode 18b. Radial skeletal vibrations
of monosubstituted benzene is denoted by 1, 12n6abb in Wilson’s numbering system [30].

The frequency of 6a is highly variable from 300 tta 530 crit while that of 6b is identified at

10



a rather stable range 605-630t{80]. The weak bands found in the Raman spectgd atcnt

and 620 cnt are identified as 6a and 6b modes respectivelytréng polarized peak around
1000 cnt* is expected in Raman for mode 12 [30]. The stiosigd appearing in Raman at 1002
cm® is assigned for mode 12. Other radial deformations of plane CH bending and skeletal

vibrations are indicated in Table 5.
4.3.2CH, Vibrations

The CH antisymmetric stretching is expected around 2988 in IR and Raman [32]. The
strong band observed at 2949t IR and a strong band at 2948°tin Raman is attributed to
asymmetric CHistretching. The shifting of stretching vibrationadonger wavenumber side is
due to the strain on the phenyl ring. The,@tdgging mode is at 1270 ¢hand 1275 ciin IR

and Raman respectively which is well inside theyeaof 1400-900 cth[32, 33].
4.3.3Carbonyl vibrations

Amino acids in the zwitterionic form having depnotted carboxyl group COQ@jives two
significant characteristic bands, due to asymmesmc symmetric stretching. Asymmetric
stretching falls in the region 1605-1585 tiwhereas symmetric stretching is expected within
1425-1393 cii [34-35]. The medium IR band present at 1695cand a strong Raman
equivalent at 1690 cis assigned for asymmetric stretching of COe blueshifting is due to
the intramolecular O-HO hydrogen bonding, thereby increasing the forgestamt of the bond.
Symmetric COO stretching is observed as medium bands in Ramat2&6 cnt. The
wavenumbers corresponding to this mode is founteasignificantly lowered owing to the

decrease in double bond character of CO groupdwering of the COOsymmetric stretching

11



wavenumber is an indication of hydrogen bond fornme@,s-H,4 *O,3 since hydrogen bonding

to COO can decrease the wavenumber upto 60 [38].
4.3.4NH3" Vibrations

N-H stretching falls in the region 3500 to 3200 ti84]. The position of absorption is
sensitive to the degree of hydrogen bonding andopation results in broadening and
weakening of the peaks. The expected range of agymanstretching after protonation is amid
3300-3100 cni [34,36]. The broad very strong band at 3079'dm IR is assigned to Nfi
asymmetric stretching. Lowering of asymmetric stnetg wavenumber is due to N-i
hydrogen bond formation. For amino acids with igroup, the symmetric stretching come in
between 3100-2800 ¢Mm[35]. The strong Raman band formed at 2977* dmassigned for

symmetric stretching of NA which confirms the formation of zwitterionic st48¥,38].

The strong band at 1612 &nn IR corresponds to Nf asymmetric deformation which comes
in its normal range 1615-1580 &nfi7]. A medium band expected within the range 15500
cm™ for symmetric deformation is found slightly bluéstd as a strong band at 1567 tin the
IR spectrum. The rocking mode of NHis heavily coupled with stretching and bending
vibrations of Ge-O,s which is mentioned in Table 5. Simultaneous presaf a medium band in

IR and a very weak band in Raman at 48%ésdue to G;-Cis-Ny7.
4.3.5C-C, C-H, and C-N vibrations

C-H stretching vibrations in Raman spectrum is eiganear 3000 ch[32]. The strong band
at 2926 crit in Raman is identified as C-H stretching vibraticthe characteristic C-N
stretching vibration of the C-Nfiis found around 1000 ¢f{39]. This range comes well with

in stretching vibrations of C-C [39]. The mediuneinsity band present at 994 ¢rin IR is

12



assigned for C-N stretching coupled with C-C shrietg. The CCH bending of fumaric acid
moiety is identified as strong band in IR at 1266 evhile that of phenylalanine moietyfisund
at 1210 critas a medium band in Raman due to its coupling GO stretching vibration. CH
deformation of zwitterionic amino acid falls in thenge 1340-1315 cm32]. The weak peak at
1370 cnin IR and a medium peak at 1368 tin Raman is due to deformation involvingsC

and Heg.
4.3.6Carboxylic acid vibrations

Isomeric unsaturated dicarboxylic acids exhibityeroad band in the region 3400-3600tm
for O-H stretching vibration [32]. The broad banmd IR at 3416 cil corresponds to O-H
stretching of carboxylic group in the fumaric aawbeity. The normal range of C=0 in
carboxylic acid is 1725-1700 é¢mwhile intramolecularly hydrogen bonded acids lowiee
frequency range to 1680-1650 ¢if82]. The strong peaks at 1712 ¢im IR and at 1706 cthin
Raman corresponds to3£0s3 stretching which agrees well with the normal rangée
stretching of Ge=0,; gives a downshifted strong band in IR at 1631*@nd medium band in
Raman at 1641 ct The redshifting is due to its strong couplinghwitHs" bending vibrations
indicating the formation of strong intramoleculaydrogen bond between ;NH,yO,7. The
hyperconjugative interaction between LP(1);@nd LP(2) @; with *(N17-H2g) resulting in a
high stabilization energy value of 15.12 and 20kdnol* respectively shows the presence of
intramolecular charge delocalization and therebgrbgen bond formation. The strong peak at
1408 cnt' in IR and a weak peak at 1411 tin Raman is due to interacting C-O stretch and C-

O-H in plane deformation vibration of carboxyliadgroup.

4.3.7Hydrogen bonding

13



The formation of hydrogen bonds in phenyl alaninenpounds is important because bond
formation stabilizes the protein structures throdgivole interactions [40]. The presence of ]H
and COO makes it a zwitterion stabilized with O=#D and N-H'O intramolecular hydrogen
bonds. The bond distance betweess &hd Qs is 2.6 A which comes in the range of strong
hydrogen bonds (2.4 — 2.7 A) [41]. The band at @20 in Raman is assigned to the torsional
vibration of G1-O.3'H24Oss and a very strong peak observed at 72 ésrassigned for bending
of O5-H,4 O3, The stretching of @ Hasis found to be coupled with Nftorsional vibration.

An overview on the vibrational band assignmentsnpaut that blueshift of stretching
wavenumbers and redshift of deformation modes filmenfree ion values are the consequences

of strong O-H"O hydrogen bonding.

4.4 Absorption spectra and solvent effects

The electronic absorption wavelengths of PAF comgpuh the gas phase and in aqueous
solvent are presented in Table 6. The solvent effes calculated using polarizable continuum
model (PCM) method at TD CAM-B3LYP/6-31G(d) levd@lhe experimental UV-vis spectra

using aqueous solvent and simulated spectra iplyzse as well as water are shown in Fig. 6.

» Position for Figure 6
» Position for Figure 7

+ Position for Table 6

The electron donating highest occupied moleculbitalr(HOMO) is concentrated over the
substituted phenyl ring of amino acid moiety anaddst unoccupied molecular orbital (LUMO)
of fumaric acid moiety receives the electron. Tietqpial representation of HOMO-LUMO is
presented in Fig. 7. Thus, a charge transfer iotiera takes place within the compound from

molecular orbitals 74 to 75 with ‘A’ symmetry. Thedectron transference from HOMO to

14



LUMO is depended on the energy difference betwbemtwhich has significant role in electro-
optic properties, reactivity and absorption in Ulible spectra. The energy gap calculation at
B3LYP/6-31G(d) level in gas phase is calculate®.d93 eV, which is much smaller than most
of the phenylalanine and fumaric acid complexed40®.eV for L-phenylalanine-benzoic acid,
5.983 for 4-Chloro-DL-phenylalanine, 5.532 eV fowalinium fumarate, 5.932eV for N-acetyl-
L-phenylalanine [8,38,42,43]. The formation of sigaO-H O and N-H O hydrogen bond amid
the charged moieties reduced the energy gap stiaditawith the formation of charge transfer

axis [7].

The experimental absorption spectrum in water gavefrong transition at 209 nm owing to
themr — n transition in the aromatic ring. The simulatedcipem with water solvent shows a
strong transition at 234 nm with oscillator stréngt 0.0102. A high transmittance percentage in
the entire visible region (380 nm — 800 nm) maké$ R promising candidate for nonlinear
optical applications.

The conceptual DFT is a valuable tool to obtainngi@tive information about the chemical
reactivity of compounds [44, 45]. In the conceptD&T, electronic density is the fundamental
tool to describe the electronic states of atomsmakécules. A series of chemical concepts such
as electronegativity, hardness is quantitativelydistd by using a set of chemical reactivity
indices derived from HOMO and LUMO energy [45, 46hemical reactivity indices such as
chemical hardness)), chemical potential (1), softness (S) and elg@ttilecity index @) were
calculated by the following equations [47-52].

n=(-H)/2 ()
H=-(+H)/2 3)

S = 1/f) (4)

15



© = /2 (5)

where | and H are ionization potential (I =ndmo) and electron affinity (H = -kgwo) of a
molecular system. Electron affinity denotes theac#y to receive just one electron from a
donor. Nevertheless, in several types of bondikg kovalent hydrogen bonding, fractional
charge transmission occurs within the system. Qatied value of global reactivity coefficients
of PAF are presented in Table 7. The negative vafughemical potential (-7.73 eV) indicates
that the compound is stable while the low magnitailehemical hardness (1.90 eV) suggests

charge transfer interaction [53, 54].
4.5Mulliken atomic charge and molecular electrostapotential (MEP) Analysis

Dipole moment, polarizability and electronic sturet of a molecular system are influenced
by the atomic charge distribution. The Mullikenrato charges calculated at B3LYP/6-31G(d)
level using Gaussian '09 is shown in Fig. 8. Amdhg hydrogen atoms and oxygen atoms
present in PAF, B and Qs, which are involved in hydrogen bonding interastjpossess the
highest positive (0.470 e) and negative (-0.65Jatejmic charge respectively. So, extensive
charge delocalization is suggested by the negatihee of Q3 and positive atomic charge of
H,4. Atomic charges corresponding to all phenyl rirgbon atoms are negative except far C
pointing to the fact that electronic delocalizatiefiect is additionally strong among carbon
atoms leading to charge transfer between substgu€n atom which is attached to the electron
withdrawing Q3 atom exhibits the highest positive charge in otdguull out the partial charges

from the compound.

» Position for Figure 8
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MEP mapping allows visual comparison of electrostgtotentials of each atom in a
molecular system by providing different colors lited, orange, green, blue in the decreasing
order of potential. MEP surface analysis allowgeizing the reactive sites for electrophilic as
well as nucleophilic attack in hydrogen bonded rextdons. The MEP surface plotted by
mapping the electrostatic potential onto the islaser range of -0.08847 to +0.08847 showing
the relative polarity of LPF molecule obtained &8 P/6-31G(d) level is given in Fig. 9. The
MEP map suggests electron density is mainly comattt over lone pair of electronegative
oxygen atom making it the most reactive part ofrti@ecule while highest positive potential is
found around nucleophilic H atoms in BHgroup. These electrophilic and nucleophilic sites
thus give a pictorial representation of regionsnfravhere the compound can have intra

molecular interactions and confirm the existenctl-4d O bond formation.

» Position for Figure 9

5. Conclusion

The experimentally synthesized PAF crystals wesadyaed for elaborate vibrational spectral
investigation by FT-IR, FT-Raman and UV-visibledies. Molecular structure optimization and
harmonic vibrational frequencies are obtained usiegsity functional theory at B3LYP/6-
31G(d) level. Existence of O-HD and N-H'O hydrogen bond leading to the charge transfer
interaction responsible for the nonlinear optiaathaty is studied by NBO analysis. Down shift
of NH3" stretching wavenumber and upshift of NHleformation indicates the presence of N-
H~O hydrogen bonding. The appearance of normal madel8a and 14 of the phenyl ring
simultaneously in FT-IR and FT-Raman spectra iseailence for charge transfer between
phenylalanine and the dicarboxylic acid moietiesaplging of molecular electrostatic potential

suggests oxygen in COQ@roup as strong electrophilic site and hydrogeNkty" as nucleophilic

17



site from where PAF can form intramolecular hydmodmnd. The low HOMO-LUMO energy
gap and transparency to the entire visible regioygests PAF a potential candidate for NLO

application.

18
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Figure captions

Fig. 1 Powder X-ray diffraction pattern of PAF

Fig. 2 Variation of SHG in PAF for the particle size 150480 um as compared to KDP
Fig. 3 Optimized structure of PAF calculated at B3LYP/653d)

Fig. 4 (a). The FT-IR spectrum of PAF molecule in the wawaber range 4000-400 €m
(b). The simulated infrared spectrum of PAF moleadmputed at B3LYP/6-31G(d) basis set.

Fig. 5 (a). The FT-Raman spectrum of PAF molecule in taeemumber range 4000-50 ¢m
(b). The simulated Raman spectrum of PAF molecafeputed at B3LYP/6-31G(d) basis set.

Fig. 6 (a) Experimental UV-Vis spectrum of PAF moleculenater solvent

(b) Simulated UV-vis spectrum in water for PAF emlle calculated with the PCM CAM-
B3LYP/6-31G(d) method

(c) Simulated UV-vis spectrum of PAF molecule ie thas phase

Fig. 7 (a) HOMO plot of PAF at B3LYP/6-31G(d) (b) LUMO glof PAF at B3LYP/6-31G(d)

Fig. 8 Mulliken charge distribution chart of PAF molecule

Fig. 9 Molecular electrostatic potential map of PAF moleatalculated at B3LYP/6-31G(d)
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Table 1. Optimized geometrical parameters of PABBLYP /6-31G(d) in comparison with
XRD data.

Bond length (A) Bond angle) Dihedral angle?)

Parameterl Cal | Exg | Parameter Cal EXp Parameter Cal EXp

Ci-C, 1.39 | 1.39| C;-Cx-GCs 119.91| 120.23 G-C,-C3-Cy -0.15 -1.13
Cr-Cs 1.40 | 1.38| Cy-Cs-C4 120.97| 121.07 G-C3-Cy-Cs 0.26 0.83
Cs-Cy 140 | 1.39| GCz-Cs-GCs 118.66| 117.91 G-C4-Cs-Cs -0.16 0.27
Cs-Cs 140 | 1.38| CsCs-Cs 120.39| 120.84 G-Cs-Cs1-H7 179.79 | -179.19
Cs-Cs 1.39| 1.38| GCs-Ci-H; | 120.22| 120.44 H-C:-Cx-Hg -0.12 0.29
Ci-Hy 1.09| 0.93| C;-C-Hg | 120.22| 119.89 G-Cx-Cs-Hg 178.74 | 178.90
Co-Hg 1.09| 0.93| Cx-Cs-Hg | 119.45| 119.45 G-C4-Cs-Hyc -179.97| -179.77
Cs-Hg 1.09| 0.93| C4-Cs-Hic | 119.16| 119.52 G-Cs-Cs-Ha1 179.61 | 178.89
Cs-Hyc 1.09| 0.93| Cs5-Ce-Hi; | 119.53| 119.60 G-C3-C4-Cy -179.68| -179.29
Cs-H11 1.09 | 0.93| Cs-Cs-Cyiz | 121.01| 120.86 G-C4-Ci2-Hia 159.27 | 141.40
Cs-Cyz 1.52| 1.51| C4-Ci-Hiz | 109.48| 108.56 G-C4-Ci-Hag -138.6 | -155.04
Ci2-His 1.10| 0.97| C4-Cix-Hig 110.4| 108.52 G-Cy-C12-Cys 103.15| 83.23
Ci2-Hig 1.09| 0.97| GCi2-Cyis | 115.37| 11491 | G-Cy12-Cis-Hae -170 172.19
C12-Cys 1.53 | 1.54| C12-Cis-Hie | 109.36| 107.83 | G-C12-Cy5-N17 | -51.65 | -69.39
Cis-Hae 1.10 | 0.98| Cy12-Cy5-N17 | 113.78| 111.96 | G»-Cis-Ni-Hie | -74.75 | -56.04
C15-N17 1.51| 1.49| Cis-Nis-Hie | 115.47| 109.47 | G-Ci5-Ni7-Hie | 161.2 | -176.04
Hig-N17 1.02 | 0.89| Ci5-Niz-Hic | 101.55| 109.48 | G-Cis-Ni-Hyc | 53.64 | 64.01
Hi1g-N17 1.05| 0.89| Cis-Niz-Hac | 111.89| 109.47 | G-C12-Cy5-Cyy 68.58 | 54.30
H2o0-N17 1.04 | 0.89| C12-Cy5-Cy1 | 115.24| 111.08 | HeCi5-Cp1-Oy; | -84.97 | -46.70
Ci5-Cx1 1.58 | 1.52| Ci5-Cy1-O2; | 117.45| 117.97 | N7-Ci5-Cp1-O7 | -18.35 | 17.80
C21-022 1.23 1.25 C15-C21'023 112.15| 115.22 Q5-C21-023'"H24 105.09 89.31
Co1-0Oy3 1.29 1.25| Cz1-Ou37'Hyy | 115.62| 129.89 G1-O227'Ho4-Oo¢ -91.12 | -105.16
O3 'Hy4 1.58 1.83| 0y5-C51-Oy3 | 130.39| 124.56 Q3'H24-Ou5-Coe 15.08 10.47
H24-025 1.02 0.82 023"'H24-Oz5 175.76| 168.16 H4-025-C25-027 -1.17 5.75
O25-Cae 1.32 | 1.32| H24-O25-Coe | 112.55| 109.46 | H4O25-Cos-Coe | 179.1 | -174.76
CosO27 | 1.23| 1.21| O25-Cp6-027 | 126.23| 123.65| Q7Cr6CogHag | -177.17| -172.75
Co6-Cos 1.49 | 1.48| Ox5-CosCos | 111.81| 112.71 | Q5CpsCogCso | -176.93| -172.24
CogHzo | 1.08 | 0.93]| CoeCogHoo | 117.08| 119.92 | GgCoe-Cso-Ha1 | 0.06 2.29
Cas-Csp 1.34 | 1.32| Cy6CosCsp | 120.89| 120.09 | GeCogCs0-Cs2 | 179.57 | -177.70
Cso-Hzr | 1.09 | 0.93| Cpg-Csp-H3z1 | 120.41| 118.36 | GgCz0-Cs2-0O33 | -179.05| 169.16
Cs0-Cs2 1.48 | 1.49| Cpg-Cz0-Czx | 124.53| 123.30 | GgC30-C32-O34 0.92 -11.15
C32033 | 1.21 | 1.20| C30C32033 | 123.69| 121.66 | (Go-C32-O34-Hszs | -179.91| 168.16
O34Cs2 1.36 | 1.31| C3p0-C32-O34 113.6| 113.05
H35O34 | 0.98 | 0.82| C3-Os34-Hss | 105.92| 109.44
H20"'Oz7 1.81 2.05
023 "Hig 1.84 | 2.18

®Taken from Ref [15]



Table 2. NBO results showing the formation of Leeu&l Non-Lewis orbitals by the valence

hybrids corresponding to the intramolecular N®lhydrogen bonds of PAF

BOND (A- Energy EDa( 0 0 0
B) ED (e) (kImol) %) EDg(%) NBO S (%)| P (%)
) L 0.8679 (s) 100.00| -
X _ 7
o'(Hzs-Oz) | 0.03149| 2148302 75.33  24.67 . ,oc (sh™)o | 33.84 | 66.08
) L 0.8144 (sp®)c | 32.86 | 67.02
¥ _ 7
6*(Co1-O3) | 0.05995| 1605.266| 66.38  33.6 10.5803(sp )y | 40.87 | 58.83
. A . 0.5705(sp%)o | 32.93| 67.00
6*(025-Cog) | 0.08052| 1050.270, 32.54  67.46 0.8213(sp e | 29.01 | 70.75
] ] . 5 0.5803(sp™)c | 32.86 | 67.02
LP(O2) | 1.96023| -1633.294 - - i) 58.98 | 40.99
LP(O2s) | 1.96843| -1405.482 - - Sy 33.07| 66.83
LP1(O7) | 1.96963| -1825.304 - - $6 57.16 | 42.79
LPy(O2) | 1.87653| -529.672 - - gp* 0.13 | 99.70
LPy(O2;) | 1.86146| -736.32 - - $p* 0.17 | 99.62
. 0.5492 (sp™)y | 23.30| 76.64
o(Ni7Hig) | 1.99274| -2121.574 69.8%  30.16 = Joocs S 100 )
0.8415(sp ™)\ | 24.16 | 75.79
o(Ni7Hig) | 1.99147| -2107.56| 70.80  29.20 "¢ 403(s) 100 )
0.8531(sg""n | 26.85| 73.11
o(Ni7Hzo) | 1.99092| -2106.754 7279  27.21 ~ o0 s 100 )
. . 0. 5492 (sp™)y | 23.30| 76.64
o* (Ni7Hig) | 0.01085| 1545.96 | 30.16  69.84 = "o 0 S 100 )
. 0. 5403 (sp*)n | 24.16 | 75.79
0" (Ni7Hig) | 0.00801| 1590.446| 29.20  70.80 ™ "o (S 100 )
0.5217 (sp’)n | 26.85| 73.11
* q
0" (Ni7Hzo) | 0.03039| 1702.948 27.21 7279 © “oroy s 100 )




Table 3. Second-order perturbation theory analysiock matrix in NBO basis

ED() @ 1y | EG) - E®)° | F(, j)arb.

Donor () | ED() (e) | Acceptor |) © E“4kJImol™) (arb. units) units)

7(C—C3) 168821 7 (C1—Ce) 0.31273 78.162 0.30 0.067

' 7*(C4—Cs) | 0.33411 84.63 0.30 0.070

i 7 (C1—Ce) 0.31273 84.378 0.29 0.069

m(CaCs) | 165703 7 (C—~Cs) | 0.33444 89.586 0.28 0.069

7 (Cr—G3) 0.33444 89.796 0.29 0.070

(Ci-Co) | 166722 m*(C4—Cs) | 0.33411 85.47 0.29 0.069

0*(C15Cay) | 0.11178 90.888 0.57 0.099

M(Oz2) | 1.86585 5*(C21-O22) | 0.05995 92.148 0.79 0.120
From unit 1 to unit 2

N1(O23) 1.96023| o*(H24-025) | 0.03149 38.514 1.45 0.103
From unit 2 to unit 1

Ny (O27) 1.96963| o*(N17Hzg | 0.03039 15.12 1.36 0.062

ny(Oz27) | 1.86146| o*(N1~Hx) | 0.03039 20.412 0.94 0.062

Within unit 2
Ny (Ozs) | 1.76508| 7*(Cos-Os7) | 0.29420 248.598 0.32 0.125
N2(Osa) 1.81836| n*(C3-0s3) | 0.24092 212.478 0.37 0.123




Table 4. NHO directionality and “bond bending” (d&ions from line of nuclear centers)

Bond (A-B) Deviation at A (°) Deviation at B (°)
5(C1-Cy) 2.6 2.2
o(Ci-Cy) 2.3 1.9
6(C-Cg) 1.8 1.8
o(Cs-Cy) 1.3 2.7
6(C4-Cs) 3.0 1.3

6 (C1~Cis) 1.6 2.9

0(C26-027) 4.2 4
1(C26-O27) 87.3 87.5
6(Cs2-Os0) 4.6 3.8

7 (Cs-Os3) 87.7 87.7
6(C21-O22) 5.3 4.6

7 (C21-O29) 86.6 87.6

6 (Co1—O3) 3.2 2.9

6 (H24-05) -3 5.1

6 (025-Coe) 3.9 4.0




Table 5. Vibrational assignment of PAF by normald@analysis based on Scaled Quantum
Mechanical force field calculations

Vi—l Scaled ViR, VRaman | | ingd Raman| Force Assignments with
(cm?) Vi (cm®) | (cm™) act | constants PED (%f
3701 3560 | 3416 br - 0.35 3.48 8.5874 | vOs4H3s5 (100)
3515 3378 | 3079 vs - 0.62 2.92 7.8733 | NH'as (93)
3238 | 3110 - 3061vs 4.6 0.33 6.7152 | **A/CHar (96)
3234 | 3109 - - 1.59 2.62| 6.7568 | vCH (95)
3218 | 3094 - - 2.57 3.72] 6.681 | vCH(83)

3208 | 3084 - - 1.25 4.51| 6.645 | vCHar(88)
3196 3072 - 3041sh 2.68 2.58 6.5672 | &CHar(90)
3186 3062 | 3029 s - 6.32 249 6.496 | >°YCHar(86)
3167 | 3045 - - 11.93 4.65| 6.2906 | NH'ips (89)
"*yCHar (75),

3041 | 3000s| 3008 m 1.19 1.74
3162 6.4123 NH'ips (14)

NHs"ips (82),vCHar

3159 3037 - 2977s 1.57 0.89 6.2975
(10)
2949 s | 2948 s
3115 | 2994 11.77 2.43 | 6.2624 | CHas (90)
2926 s
3081 | 2963 | - 241 | 811 | go713 | VCrsHhe (88), CHss
(11)
CHass (79)vCisH16
2929 - 2863 m  2.13 2.77
3047 5.845 (11), Chias (10)
2817 | 2712 - - 16.64 | 13.54 5.0706 | vOzsH24 (89)

1827 1760 1712 s 1706 $ 20.36 17.4617.8781 | vC3,=033 (78)

1798 1726 | 1695m| 1690s  43.86 0.39 18.6142| COGas (78)

- 0,6=Cy7 (51),

1694 1631s 1641m 7.06 1.6% Vii26=127
1762 5.6138 NH3+opb (19)
vCysCso (64),

1718 1651 - - 2.12 18.36| 9.2503
6H 29C28C30 (10)
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V026=C27 (21)

8yCcCar (51), Rtrigd
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NH3+rk (38),\/025026
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TH16C15C21 (32),
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OH29C28Cs30 (13),
V025C25 (12)

CHywag (18),
vC12Ci5 (10)

OH29Co8Cs0 (44)

COQss (47),
6H 16C15C21 (11)
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35.05

13.17

2.32

3.51

0.5

39.35

7.72

2.54

82.98

7.82

9.69

58.64

0.13

2.5

2.08

1.83

6.3

1.03

1.37

0.74

0.8

0.3

3.36

1.23

0.19

6.89

0.21

0.16

1.2

1.9

0.76

1.4386

b 1.513

1.4106

1.0366

1.4889

0.9276

1.0909

1.2131

1.0245

0.7576

1.4616

1.2704

0.6961

3.5576

0.7544

0.762

2.0993

1.0464

0.7264

OH29C28Cs30 (50),
vO25C26 (16)

oC H2(3 1), vC4Ci2
(22)

ACH(17),
Cszag(lS),vC4012
(11), 5CHar(10)

%5CHar(62),vCCar
(23)

6C320h (45) ,VC30C32
(22), dH29C28C30 (15)

1%8CHar(73)

CNHgst (25),
0H16C15Co1 (24)

vCCar (30)2*5CHar
(25)

CNHjst (30),vCCar
(11),tH16C15C21 (10)

1C21023 "H24025(45),
1C28COH,4(26)

vCCar (46)*Rtrgd
(22)

VC12C15 (2 1) y vCN
(17)

T C30H (89)

0CCar (52)yCCar
(36)

°tCHar (73)

17&CHar (68),tCCar
(19)

vC26C28(53),
0C30C2¢C (10)

vCi12Cy5 (15),
CHywag (22)

1% CHar (72)
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0.35

271.69

2.15

2.73

15.23

102.34

233.44

107.87

8.5

130.09

16.46

6.09

47.18

108.43

9.93

88.88

225.76

3.37

12.4

}

3

5.2

1.16

1.99

2.47

0.61

2.53

0.03

5.02

0.98

0.48

3.4

3.82

2.82

1.59

0.68

2.06

1.97

0.39

2.33

1.188

2.2424

1.2644

0.5591

1.4786

1.3292

3.1671

1.4141

0.7341

0.6232

1.4337

0.5781

1.495

0.9262

0.96

0.3674

0.5239

0.9126

0.8818

1CeH (65),70CO
(19)

vC32034(76)

vCN (20),:COO
(12)

%% CHar (91)

VCl5C21 (22), o0COO
(20)

8COO (17),vCN
(16), tCHar (15)

1COCO (85)

oCCar (36) vC4Cio
(16),7COO (13),
Rtrigd (10)

HrCHar (37),:CO0
(14)

“Rpuk (47)xCHar
(24)

50Cy60 (54)

’ISOngO (69),’EC28H
(19)

®Rsmd (80)

0C4C12 (14), Rasmt
(13), Rpuk (11),
3COO (11)

0033C32034 (57),
50C,60 (11)

1C3,00H (58)

’EC3200 H (3 1) y
VC15C21 (14), o0COO
(13)

0C2sC26C (71)

OCCN (46) ,VC]_5C21
(16),vCN (11)
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361
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183

168
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467
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381
348

302

246
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213
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139
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86

78

67

462 vw

418 vw

315w

208 m

120 sh

101 vs

72 Vs

10.85

79.28

1.79

1.58

272.71

31.73

164.95

439.49

252.54

1873.6!

21.85

51.31

1.28

177.46

59.64

774.2]

0.98

25.33

17.27

3.36

1.57

1.48

0.16

1.72

1.21

0.75

6.55

8.33

3.16

4.61

6.56

3.59

3.91

6.1

11.34

16.21

6.71

15.62

0.5843

0.4802

0.7019

0.3239

0.2669

0.1606

0.3168

0.0678

0.1665

0.0884

0.1239

0.0956

0.0735

0.0746

0.0405

> 0.0465

0.0393

0.0262

0.021

1**'Rasmt (38), Rtrigd
(14)

tNCC (24),**Rasmt
(18)

0CCO (33),VC30C32
(11)

tCCar (72)fCHar
(12)

5C210,3 (59)
basCcCar (48)

0Co8C30C (30),
5CCO (14),
0025H24 023 (10)

TNHs" (36),
vO23"Haz4 (21)

TNCC (21),tCCar
(15),0C4C12 (11)

tNHs" (19),
vOs37'Hos (13)

1CC (41),xCCar (14)

TC28C30 (32),
’IIC28COH24 (13)

1023 "H24 (30),
5C6CaoC (12)

vO23"H24 (23),
0025H24 023 (15),
5C26CaeC (12)

’I?023"'H24 (77)

1023 "H24(50),
5C4C1z (12)

T O23'H24(61)
002s5H24023(30)

T CosCOHy4 (12),
0025H24023(10),




T C28C30 (10)

0C25C30C(24),
0025H24 " 023(12),

60 56 - - 7.02 42.64| 0.0126 | 10,5'H24(11),5
C4Cr12 (10), 5C,cOH
(10)

52 51 - - 0.08 63.31| 0.0095 | 1C4C1, (62)

34 33 - - 0.04 15.91| 0.0046 | 10,3 H24(62)

19 19 - - 45.98 | 99.63 0.0013 | tCOO (61)
1023 'H24(30),
CoCao(21),

15 - - 72.82 | 54.75 Tho2830
15 0.0011 1CoiCOe (19),

0025H24 " O23(14)

br, broad; vs, very strong; s, strong; m, mediumséoulder; w, weak; vw, very weak;

R / ar; Aromatic ringy, stretching; ss, symmetric stretching; as, asymamstretching;ips, in
plane stretching; ops, out of plane stretching;sgimmetric bending;B/ bending; ipb, in plane
bending; opb, out of plane bending; t, torsion; scissoring; rok, rocking; ipr, inplane rocking;
opr, out of plane rocking;df, deformation; trigdsigbnal deformation; smd, symmetric
deformation; asmd, asymmetric deformation; smt, regtnic torsion; ast, asymmetric torsion;
puk, puckering.

& Calculated IR intensities.

P Relative Raman intensities normalized to t0&qn. (1).
¢ Only PED values greater than or equal to 10% &eng



Table 6. Calculated absorptions, energy and osmilkrength of LPF using PCM method at TD
CAM-B3LYP/6-31G(d) level

Gas phase Water
Oscillat Wavelength Oscillat
oL Wavelengthl Energy o (nm) Energy
Excitation (nm) (k Jmorl) or Excitation (k Jmorl) or
strength Cal. | Exp. strength
67— 75
69— 75 gg : ;g
72— 75 280.92 11587.60 0.0006 69> 75 257.23| - 12655.0 | 0.0024
74— 75 70— 75
74— 75
67— 75
68— 75 68— 75
69— 75 . 69— 75
73, 75 260.00 12454.3 0.0016 69> 78 243.99| - 13341.5| 0.0004
74— 75 70— 75
74— 75
67 — 75
73— 76 71— 75
73— 78 256.00 12696.4 0.0020 72— 75 | 234.00| 209 | 13994.2| 0.0102
74— 77 73— 75
74— 75




Table 7. Calculated HOMO-LUMO energy and globakteadty coefficients of LPF crystal

Parameter Values (eV)
HOMO -9.63
LUMO -5.84
HOMO-LUMO Energy gap 3.79
Chemical hardnesg) 1.90
Chemical potential (u) -7.73
Chemical softness (S) 0.53
Electrophilicity index &) 15.79
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Highlights

e FT-Raman, FT-IR and UV-Vis spectrawere used to investigate L-Phenylalanine fumaric acid crystal.

» The vibrational analysis explicates the NLO activity and various electronic effects of the molecule
supported by using density functional theory (DFT) calculations.

* The solvent effect was calculated using TD B3LY P/6-31G(d) method

¢ Mulliken charge analysis and molecular electrostatic potential mapping have been studied.



