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Single crystals of p-hydroxybenzaldehyde (PHBA) were grown by the slow evaporation technique and
vibrational spectral analysis was carried out using near-IR Fourier transform Raman and Fourier trans-
form IR spectroscopy. The density functional theoretical (DFT) computations were also performed at
the B3LYP/6-311++G(d,p) level to derive the equilibrium geometry, vibrational wavenumbers and inten-
sities. The detailed interpretation of the vibrational spectra has been carried out with the aid of normal
coordinate analysis (NCA) following the scaled quantum mechanical force field methodology. The various
NIR_FT-RAman spectroscopy intramoleculaf interactiqns that i§ responsiblg for the stabilization of the molecule was revealed by nat-
FT-IR spectroscopy ural bond orbital analysis. Vibrational analysis based on the NIR-FT-Raman, FT-IR and computed spec-
DFT trum reveals that the CH in-plane bending of the aldehyde group interacts with its stretching mode
ICT via Fermi Resonance and evidence for intermolecular interaction can be well identified as two CH bands
in IR spectra at 2740 and 2804 cm~! aldehyde group of the p-hydroxybenzaldehyde dimer. The red shift
of the O-H stretching wavenumber is due to the formation of strong O-H-: - -O hydrogen bonds by hyper-

Keywords:

conjugation between the carbonyl oxygen lone electron pairs and the O-H c* anti-bonding orbitals.
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1. Introduction

The search for new materials with non-linear optical (NLO)
properties has been the subject of intense research due to their
application in a wide range of technologies such as optical comput-
ing and optical communication [1,2]. In the past years much atten-
tion has been paid to organic NLO materials due to their promising
applications in optoelectronics technology [3,4], their large non-
linear response, extremely fast switching time and convenient
optimization routes through molecular engineering compared to
the currently studied inorganic materials [5]. It has been generally
understood that for a material to have useful and highly efficient
NLO properties, the constituting molecules need first to exhibit
large molecular hyperpolarizabilities, which are generally charac-
terized by a highly extended m-conjugated chain with strong elec-
tron donor-acceptor pairs at the ends (D-m-A) [6]. Since a large
molecular hyperpolarizability j is the basis of a strong second har-
monic generation (SHG) response; organic molecules with long
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conjugation systems that usually exhibit large g values are cer-
tainly candidate molecules for NLO materials.

The benzaldehyde and substituted benzaldehydes have been
subjected to various spectroscopic studies [7-24]. Mono-, halo-,
methoxy and ethoxy-substituted benzaldehydes, among others,
have attracted the attention of the spectroscopists. o- and m-Chlo-
robenzaldehydes have been shown to have trans and cis conform-
ers by Matrix Isolation IR spectroscopy [25]. Vibrational spectral
studies of the molecules can provide deeper knowledge about
the relationships between molecular architecture, non-linear re-
sponse, and hyperpolarizability and support the efforts towards
discovery of new efficient materials for technological applications.
NIR-FT-Raman spectroscopy combined with quantum chemical
computations have recently been used as effective tools in the
vibrational analysis of drug molecules biological compounds natu-
ral products and NLO active compounds [26-30], since fluores-
cence free Raman spectra and computed results can help
unambiguous identification of vibrational modes as well as the
bonding and structural features of complex organic molecular sys-
tems. The present work deals with detailed vibrational spectral
investigation of p-hydroxybenzaldehyde (PHBA) dimer (Fig. 1)
molecules using NIR-FT-Raman and FT-IR spectra, along with den-
sity functional theoretical computations to study the structural
and bonding features, nature of hydrogen bonding and vibrational
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Fig. 1. Optimized structure of PHBA dimer calculated at B3LYP/6-31++G(d,p).

interactions of the molecule supported by scaled quantum
mechanical (SQM) force field calculations.

2. Materials and methods
2.1. Sample preparation

The title compound 4-hydroxybenzaldehyde (98% Aldrich) was
obtained from Sigma-Aldrich and was recrystallized from
ethylacetate by slow evaporation [31] to obtain good quality
crystals.

2.2. IR and Raman measurements

The FT-IR spectrum of PHBA was recorded using Perkin Elmer
RXI spectrometer in the region 4000-500 cm~!, with samples in
the KBr. The resolution of the spectrum is 2 cm~'. The NIR-FT-Ra-
man spectrum of PHBA crystal was obtained in the range 3500-
10cm™! using Bruker RFS 100/S FT-Raman spectrophotometer
with a 1064 nm Nd: YAG laser source of 100 mW power. Liquid
nitrogen cooled Ge-diode was used as a detector. Spectra were col-
lected for samples with 1000 scan accumulated for over 30 min
duration. The spectral resolution after apodization was 2 cm™'.

3. Computational methods

The DFT computations has been used to calculate the equilib-
rium structures of PHBA in the form of Becke’s three-parameter ex-
change functional in combination with the Lee, Yang and Parr (LYP)
correlation functional (B3LYP) combined with split valence basis
sets 6-311++G(d,p). Equilibrium molecular geometry was fully
optimized and harmonic vibrational wavenumber analysis was
then performed to confirm the minima on the potential energy sur-
face. All calculations were performed using the Gaussian’09 pro-
gram package [32]. In order to assist assignments of vibrational
modes, the theoretical infrared and Raman spectra were calcu-
lated. The calculated vibrational wavenumbers were scaled [33]
with the scale factors in order to figure out how the calculated data
were in agreement with those of the experimental ones. The vibra-
tional modes were assigned on the basis of PED analysis using
Scaled Quantum Mechanics (SQM) program [34]. The infrared
intensities were calculated on the basis of the dipole moment
derivatives with respect to the Cartesian coordinates. The Raman
activities (S;) calculated by the Gaussian-09 program have been
converted to relative Raman intensities (I;) using the following
relationship derived from the basic theory of Raman scattering
[35,36].

Fvo —v)*s;

ey
vl - exp()]

(M

where v, is the exciting frequency (in cm~' units), v; is the vibra-
tional wavenumber of the ith normal mode, hc and k are universal
constants, and f is the suitably chosen common scaling factor for
all the peak intensities. The simulated IR and Raman spectra have
been plotted using pure Lorentzian band shapes with full width at
half maximum (FWHM) of 10 cm™ 1.

4. Results and discussion
4.1. Crystal structure

PHBA crystallizes in space group P2;,c. From the single crystal
XRD data [31] it is observed that the crystal belongs to monoclinic
system with the following cell dimensions: a=6.6992A, b=
13.5550 A, c=7.1441 A, o=7=90°, #=112.871°. Crystal packing
is stabilized by intermolecular O-H. - -O interactions between the
hydroxyl and aldehyde groups which link the molecules into
chains in a zigzag pattern along the [1 1 0] plane of the unit cell.

4.2. Optimized geometry

The optimized geometrical parameters are given in Table 1 with
the comparison of the XRD data. The global minimum energy of
PHBA monomer and dimer calculated by DFT structure optimiza-
tion method is —420.9188 Hartrees and —841.8522 Hartrees,
respectively. The molecules in PHBA dimer (Fig. 1) are bound to-
gether via O7-Hyg- - -O14 hydrogen-bonded interaction. This inter-
action arises largely through the one equivalent stable hydrogen
bonded O;7-H;¢- - -014 and contacts that result in increased stabil-
ization. By examining Table 1 it becomes evident that 017-H;g
(0.016 A) and C;=014 (0.01 A) bonds are significantly elongated
while Ci3-017 bonds are shortened. The shortening of the C;g-
0,7 bond (single) upon dimerization is due to the redistribution
of partial charges on the O atoms as the unpaired electron is signif-
icantly delocalized and thereby the C;3-0,7 bond shows consider-
able double bond character typical of a carbonyl group. The
intermolecular hydrogen bond O;7-Hjg: - -O14 is 1.793 A which is
slightly lower as compared to that reported values [31]. The opti-
mized geometry shows that OH and CHO groups substituted in
para position of phenyl ring which predicts maximum conjugation
of molecule with donor and acceptor groups. The C15-047 [1.348 A]
and C;-C; [1.460 A] bond lengths are only slightly shorter than
normal C-0 and C-C single bonds, indicating conjugation between
the two aromatic ring systems.
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Table 1

Optimized Geometry of PHBA monomer and dimmer by B3LYP/6-31++G(d,p) in comparison with XRD data.

Bond length (°) Bond angle (°)

Torsion angle (°)

Parameter Values Parameter Values Parameter Values

Monomer Dimer XRD Monomer Dimer XRD Monomer Dimer XRD
Ci-G, 1.402 1.401 1.395 C1-Co-C3 120.78 120.71 119.35 C1-Co-C3-C4 0.0034 0.0112 0.7
C1-Cs 1.383 1.407 1.395 Cy-C3-C4 119.41 119.39 121.50 Cy-C3-C4-Cs —0.0004 —0.0046 -0.8
Ci-C; 1.474 1.46 1.448 C3-C4-Cs 120.44 120.51 118.39 C3-C4-Cs-Ce —-0.0023 —-0.0036 -0.2
C-C5 1.383 1.387 1.374 C4-Cs-Cs 119.62 119.63 120.61 C7-C1-C-C3 179.99 -179.83 -179.78
Cy-Hg 1.086 1.085 0.930 C,-C1-Cg 119.11 119.2 120.02 Hg-C,-C3-C4 -180 —179.96 -178.88
C3-Cy 1.398 1.399 1.395 Ce-C1-C5 121.06 121.26 122.62 Ho-C3-C4-Cs 179.99 -179.98 178.76
C3-Hg 1.086 1.085 0.930 C-C1-C, 119.84 119.54 119.9 010-C4-Cs5-Cq 179.99 -179.98 —179.85
C4—Cs 1.402 1.404 1.395 Hg-Co-C3 119.62 119.63 120.3 Hy1-Cs-Cs-Cq —180.00 —179.96 -179.25
C4-0O1o 1.361 1.356 1.354 Ho-C3-C4 120.1 120.13 1203 Hy3-C6-C1-C; 180.00 -179.92 179.23
Cs-Cs 1.383 1.381 1.372 010-C4-Cs 117.01 116.87 117.30 H13-010-C4-C3 —0.0482 0.0169 —4.96
Cs-Hiq 1.083 1.083 0.930 010-C4-C3 122.56 122.62 122.68 014-C7-C1-Co 0.0045 0.2198 3.34
Ce-Hi2 1.084 1.083 0.930 Hq1-Cs-Cg 121.59 121.62 119.9 Hy5-C;-C1-C, 0.0112 0.1223 2.38
0O10-Hi3 0.964 0.964 0.930 H,-C6-Cq 118.6 118.81 119.9 Hy5-C7-014-His - 3.1178 —158.31
C7-014 1.213 1.223 1.219 H13-010-C4 110.2 110.54 104.4 C7-014- - ‘H16-017 - 12.258 -76.20
C;-His 1.111 1.107 0.930 014-C7-C; 125.22 124.83 126.7 0O14---H16-017-Cyg - —174.96 —149.55
Ci5-017 1.361 1.348 1.354 Hy5-C-C4 114.44 115.29 116.7
O14---Hie - 1.793 1.92 014-C7-His 120.34 119.87 116.7 - - - -
Hi6-017 0.964 0.98 0.82 O14---H16-017 - 174.13 171.0 - - - -
O14---017 - 2.769 2.731 - - - - - - - -

4.3. Conformational analysis

In order to reveal all possible conformations of PHBA, a detailed
potential energy surface (PES) scan in C;—C;-0;-Hy5 and Cs-Cq,—
014-H;5 dihedral angles was performed (Fig. 2). The scan was car-
ried out by minimizing the potential energy in all geometrical
parameters by changing the torsion angle every 10° for 180° rota-
tion around the bond. The shape of the potential energy as a func-
tion of the dihedral angle is illustrated in Fig. 3.

The energy of monomer 1 is predicted at —420.918973677 a.u.
(relative energy is at 0 k] mol~!) by B3LYP/6-311++G(d,p) level of
theory. The relative energy of monomer 3 is determined at
0.385 k] mol~". The energy of monomer 2 is predicted at —420.888
761785 a.u. According to monomer 2, the relative energy of mono-

Monomer 1

mer 4 is determined at 0.709 k] mol~'. The monomer 1 is the most
stable because of their high energy (Fig. 2).

4.4. Natural bond orbital analysis

NBO analysis is proved to be an effective tool for chemical inter-
pretation of hyperconjugative interaction and electron density
transfer (EDT) from filled lone electron pairs of the n(Y) of the “Le-
wis base” Y into the unfilled anti-bond ¢* (X-H) of the “Lewis acid”
X-H in X-H---Y hydrogen bonding systems [37]. NBO analysis has
been performed on PHBA dimer in order to elucidate intermolecular
hydrogen bonding, intermolecular charge transfer (ICT), rehybrid-
ization, delocalization of electron density and cooperative effect
due to n(0O) - o* (O-H). The intermolecular O-H---O hydrogen

Monomer 2

Monomer 3

Monomer 4

Fig. 2. Optimized structure of all conformer of PHBA calculated at B3LYP/6-31++G(d,p).
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Fig. 3. Potential energy surface scan for dihedral angles C;—C,-0;-H;5 and Cs—C;,—
014-Hjs. (@) Monomers 1 and 2. (b) Monomers 3 and 4.

bonding is formed by the orbital overlap between the n(O) and c*
(O-H) which results ICT causing stabilization of the H-bonded sys-
tems. Hence hydrogen bonding interaction leads to an increase in
electron density (ED) of O-H anti-bonding orbital. The increase of
population in O-H anti-bonding orbital weakens the O-H bond.
Thus the nature and strength of the intermolecular hydrogen bond-
ing can be explored by studying the changes in electron densities in
vicinity of O---H hydrogen bonds.

The NBO analysis of PHBA in comparison between monomer
and dimer clearly manifests the evidences of the formation strong
H-bonded interactions between oxygen lone electron pairs and ¢*
(O-H) anti-bonding orbitals. The magnitudes of charges trans-
ferred from lone pair of n(0,7) of the hydrogen bonded O atoms
into the anti-bonds ¢* (O;7-H;s) being the H-donors, respectively
was significantly increased (0.05099e and 0.0479e) upon dimerisa-
tion providing unambiguous evidence about the weakening of both
bonds, their elongation and concomitant red shifts of their stretch-
ing wavenumber. Similar conclusion can be obtained while consid-
ering the energy of each orbital. The stabilization energy E(2)
associated with hyperconjugative interactions n;(O14) — ¢* (Oq6—
Hi7) and ny(0y4) - o* (06-H;7) are obtained as 6.05 and
18.02 kcal mol~!, respectively (Table 2) which quantify the extend

Table 2

Second order perturbation theory analysis of Fock matrix in NBO basis.
Donor (i) Acceptor (j)  E(2)? (kcal mol™')  E(j)-E(i)® (a.u.)  F(ij)° (a.u.)
Within unit 1
n1(010) o* (C3-C4) 6.55 1.15 0.064
n5(010) m* (C5-Cyq) 3231 0.35 0.101
11(014) o (C;-His)  3.21 1.10 0.053
n1(014) o* (C1-C7) 17.36 0.79 0.106
n(014) o* (C;-Hys) 15.44 0.72 0.096
From unit 1 to unit 2
11(014) o* (Hig-047) 6.05 1.15 0.075
n1(014) o* (Cx3-Hy7)  0.11 1.19 0.010
n(014) o* (Hig-0q7) 18.02 0.77 0.107
Within unit 2
n1(0¢7) o* (013-Ci9) 0.73 1.11 0.025
n1(047) 0" (013-Cp3) 7.31 1.11 0.081
n5(017) m* (015-Ca3)  34.97 0.34 0.103
n1(030) G (C31-Cy3) 1.86 1.16 0.042
n1(030) 0" (Cas-Hp) 1.05 1.09 0.031
n1(030) o" (Cy1-Cpg)  18.71 0.73 0.016
15(030) o" (Cys-Hao) 2236 0.67 0.111

2 E(2) means energy of hyperconjugative interactions.
> Energy difference between donor and acceptor i and j NBO orbitals.
€ F(ij) is the Fock matrix element between i and j NBO orbitals.

of intermolecular hydrogen bonding. The differences in E(2) ener-
gies are reasonably due to the fact that the accumulation of elec-
tron density in the O-H bond is not only drawn from the n(O) of
hydrogen-acceptor but also from the entire molecule. Further,
the second order perturbation theory analysis of Fock matrix in
NBO basis shows that the n,(0;4) and n,(014) can readily interact
with the ¢* (C;-Hys) and &* (Cy3-Hj7) anti-bonding orbitals,
respectively. H-bonded NBO in terms of natural atomic hybrids
also demonstrates that the redistribution of natural charges in
the O-H bonds as the hydrogen side of the bond becomes less po-
sitive (—0.00585e at H;g) which destabilizes the H-bond. Because
hyperconjugation and rehybridization act in opposite directions,
the compression and elongation of the bond O-H is a result of a
balance of the two effects. However the hyperconjugative interac-
tion is dominant and overshadows the rehybridization effect
resulting a significant elongation in O-H bond (0.01853 A) and a
concomitant red shift in stretching wavenumber.

4.5. Vibrational spectra

The vibrational spectral assignments have been carried out with
the help of normal coordinate analysis. The detailed vibrational
assignments of fundamental modes along with the calculated IR
and Raman intensities and normal mode description (characterized
by PED) are reported in Table 3. For visual comparison, the ob-
served and simulated FT-IR and FT-Raman spectra are presented
in Figs. 4 and 5, respectively.

4.5.1. Hydroxyl group vibrations

The hydroxyl stretching and bending bands can be identified by
the breadth and strength of the band, which are dependent on the
extent of hydrogen bonding [38-40]. The non-hydrogen bonded or
free hydroxyl group absorbs strongly in the 3700-3584 cm™!
region while the existence of intermolecular hydrogen bond
formation can lower the O-H stretching wavenumber to the
3550-3200 cm™! region. The DFT computations give the wave-
number of this band at 3343 cm™! for the O-H stretch. The O-H
stretching vibration appears at 3165 cm~! as strong IR band with
slight broadness, which reveals the presence of strong intermolec-
ular hydrogen bond network. The appearance of the red shift of the
016—H;7 stretching wavenumber is clearly due to the formation of
a O-H-: - -0 hydrogen bond. Interaction of lone pairs of oxygen (elec-
tron donor) with the O-H anti-bonding c* orbital leads to an in-
crease of electron populations in this orbital, followed by a
weakening of the O-H bond which is accompanied by a lowering
of the O-H stretching wavenumber, which is justified by the natu-
ral bond orbital analysis (Table 3).

DFT calculation shows that the OH in-plane bending vibrations
are mixed with the C-C-H bending and C-C stretching vibrations.
The band corresponding to OH in-plane bend is identified in the IR
and Raman spectrum around at 1451 cm™~'. The O-H out-of-plane
bending vibration gives rise to a broad band in the region 700-
600 cm~'. The position of this band is dependant on the strength
of the hydrogen bond the stronger the hydrogen bond, the higher
the wavenumbers. The broad band at 698 cm™! in the infrared
spectrum is attributed to the O-H out-of-plane bending mode. In
presence of hydrogen bonding, the characteristic weak band due
to the out-of-plane bending mode of C-O-H bend is observed
[38-42] at 450-350 cm~'. The band correlated with the out-of-
plane bending mode of the C-O-H mode was identified at
338 cm~! in the Raman spectra. Similar band positions of the
out-of-plane bending mode of the C-O-H mode have been ob-
served for other molecules with intermolecular hydrogen bonding
[24]. Hence, the bands position of the C-O-H may serve as a sen-
sitive measure of the strength of the interaction between the O-
H group and the lone pair electron of the neighboring oxygen atom.



Table 3
Observed and calculated wavenumbers (cm™"), PED and assignment for PHBA dimer at B3LYP/6-311++G(d,p) level.
DIMER B3LYP/6-311++G(d,p) MONOMER B3LYP/6-311++G(d,p) Exp. IR Exp. Raman Assignments PEDY (%)
Scaled wavenumbers® I ° IRaman®  Scaled wavenumbers® I ° IRaman®
11 0.014 0.119 C-0-H-O torsion I'c18-017-H16-014(100)
12 0.057 0.103 0-H-C o.p bend + 0O-H-0 o.p bend YH16-014-c7(47), Yo17-H16-014(46)
15 0.073 0.110 H-0-C-C torsion + O-H-0O-C torsion Thoo-c-c(58), T'o_n-0-c(38), T'c_c_o_n(11)
45 0.062 0.078 C-C-0-H torsion + O-H-0-C torsion T'c_c.0-u(58), T'o-n-0-c(19), T'h_o0-c_c(16)
55 0.022 0.713 0-0 stretch + O-H-C o.p bend V014-017(12), YH-0-c(51), Yo-n-0(24)
91 0.174 0.294 93 s 0-0 stretch + C-C-C o.p bend V014-H16-017(56), Yc-c-c(10)
99 0.176  0.443 96 0.526 0.195 108 s C-C-C-0 torsion + C-C-C-C torsion Tccc-0(26), Tc_c_c-c(23)
112 0.024 0.505 121w H-0-C-C torsion + C-C-C-0 torsion Thoo-c-c(25), Tc_coc-0(17), Tc_c-c—c(17)
189 0219 0.018 185 2.199 0.996 181w C-C-C-0 torsion + H-C-C-0 torsion Tccc0(38), Thoc_c_c(13)
190 0.245 0.490 C-C-C-0 torsion + H-C-C-C torsion Tc_c.c-0(52), T'h_c-c_c(16)
194 0.306 1.150 193 1.546 0.350 C-C-C o.p bend + C-C-0 o.p bend Ye-c-c(65), Ye-c-o(11)
231 1.076 2.458 223 w C-C-C o.p bend + O-H stretch Vo-H(20), Yc_c-c(50)
313 0.035 0.209 313 0.295 0.173 C-C-C-C torsion + C-C-C-0 torsion + H-C-C-C torsion Tcococ-c(23), Tc_c-c-0(22), T_c_c-c20)
315 0.185 0.024 C-C-C-0 torsion + C-C-C-C torsion + H-C-C-C torsion Tccoc-0(22), T'c_c-c-c(23), T_c-c-c(22)
368 5237 6.624 347 36.78 0.677 338 w H-0-C-C torsion Thoo-c-c(94)
388 0.982 40.22 378 0.975 1.606 C-C stretch + C-C-0 o.p bend + C-C-C o.p bend Ve_c(13), Yc_c-0(46), Yc_c_c(14)
390 0.053 18.23 C-C stretch + C-C-0 o.p bend + C-C-C o.p bend Ve-c(27), Yec-c(39), Yc-c-o(15)
414 0.081 13.01 411 0.528 1.027 C-C-C-C torsion + C-C-C-H torsion T c_c-c(60), Tc_c_c_n(17)
417 0.045 0.554 C-C-C-C torsion + C-C-C-H torsion Tce_cocc(59), Tcc_c_n (21)
417 0.559 0.328 413 6.644 21.21 416 m C-C-C o.p bend + C-C-0 o.p bend + C-C stretch 6a Yc_c-c(37), Yc-c-0(36), ve-c(12)
440 0.137 1.411 452 w C-C-0 o.p bend Ye-c-o(56)
499 0.846 0.066 497 5.144 3.061 C-C-C-H torsion + C-C-C-C torsion + O-C-C-C torsion T ccn (46), Tcccc(21), To_ccc(11)
501 0.587 0.219 C-C-C-H torsion + C-C-C-C torsion Tc_c.con (52), Teec_c_c(19)
598 1.628 0.359 597 8.594 4.682 C-C-C o.p bend + C-C-0 o.p bend Ye-c-c(24), Yc-c-0(20)
602 2139 2.736 603 vs 604 m C-C-C o.p bend + C-C-0 o.p bend 6bY c_c-c(32), ¥ c-c-0(19)
630 0.017 0.669 C-C-C o.p bend Yc-cc(38)
631 0.784 6.785 631 0437  37.61 641s 645 m C-C-C o.p bend 4 yc_c-c(36)
684 0364 0.398 671 0.012 2.764 C-C-C-H torsion + C-C-C-C torsion Tcc.c-c(43), Tc_c_c-n(19)
692 0.807 0.071 698 sbr C-C-C-C torsion + O-H-0-C torsion + C-C-C-H torsion Tc_c.c-c(29), To_n-0-c(15), Tc_c_c_u(11)
715 2.688 3.157 H-0-C-C torsion + C-C-C-C torsion To-n-c-c(34), Th_o-c_c(15), Tc_c_c_c(13)
772 0.355 6.430 C-C stretch + C-0O stretch + C-C-C o.p bend + C-C-0 o.p bend  vc_c(27), Vc-0(13), ¥ 0-c-c(13), ¥ c-c-c(19)
774 0412 2.396 768 1.422 7.420 C-C stretch + C-0 stretch + O-C-C o.p bend + C-C-C o.p bend  vc_(25), vc_o(15), ¥ 0-c-c(12), ¥ c-c-c(22)
788 1.196 8.636 782 10.29 0.605 789 792 w C-C-C-H torsion + H-C-C-O torsion Tc_cc-u(64), Th_c_c-o(25)
804 0.974 0.352 C-C-C-H torsion + H-C-C-0 torsion Tc_c_c_n(65), T'i_c_c-0(20)
825 2309 3.301 821 9.891 0.446 C-C-C-H torsion + H-C-C-O0 torsion Tc_c_c-u(56), Th_c_c_o(24)
827 0910 3.518 C-C-C-H torsion + H-C-C-0 torsion Tc_c.c-u(47), Thu_c_c-o(28)
835 1.117 0.280 834 10.77 100 832 vs 836 w C-C stretch 1 ve(72)
837 1.414 1.407 859 s 862 m C-C stretch 12 ve (71)
917 0.014 0.183 904 0.278 0.207 C-C-C-H torsion + H-C-C-O0 torsion Tc_c_c-u(56), Th_c_c_o(24)
922 0.000 0.067 C-C stretch Vc_(66)
958 0.001 0.026 960 0.000 0.683 945w C-C-C-H torsion + H-C-C-H torsion Tc_c_cn(34), Ty_c_c_n(40)
962 0.001 0.188 C-C-C-H torsion + H-C-C-H torsion Tc_c.c-n(42), Th_c_c_u(38)
988 0.003 3.580 C-C-C o.p bend + C-C stretch + C-C-H o.p bend Ye-c-c(31), ve-c(32), Ye-c-n(32)
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988

991

998
1088
1090
1140
1141
1151
1194
1204
1225
1258
1271
1286
1288
1333
1362
1373
1378
1425
1437
1492
1494
1559
1564
1589
1590
1669
1693
2741

2804
3013
3017
3031
3038
3040
3047
3052
3060
3343
3651

0.012
0.057
0.047
0.323
0.678
10.24
11.03
3.683
6.027
5.550
9.015
8.176
7.453
1.369
1.992
0.956
5.284
0.097
0.352
0.363
1.051
2.360
2412
22.38
3.341
25.29
2451
24.06
13.46
5.831

2.712
0.391
0.401
0.336
0.076
0.174
0.005
0.240
0.118
100

4.868

1.283
1.002
0.184
4.292
10.12
0.016
19.70
1.919
0.616
3.370
3.913
19.00
2.607
2.232
33.73
45.03
4.592
25.87
3.112
1.651
0.573
5.030
23.20
11.01
3.144
100

89.41
2.450
0.073
1.431

0.784
3.638
1.730
0.970
0.677
0.354
10.14
4.404
4.593
4.782
4.971

989
993

1087

1140

1152

1191

1248

1283
1328

1374

1423

1489

1567

1592

1703

2749

3011

3027

3044

3057

3654

0.005
0.489

3.950

61.98

36.84

17.14

45.20

11.12
7.285

1.150

0.288

11.59

41.59

63.80

100

39.50

3.580

2.900

0.053

1.105

28.43

0.564
4.774

1.456

37.44

5.253

32.56

14.17

1.092
2.864

1.238

4.149

2.429

24.39

65.08

64.71

13.19

4.086

7.294

2.660

7.945

3.996

1009 w 1014 w

1113 s

1159 vs 1163 vs

1217 vs 1218 s
1240 m 1238 vwsh

1284 vs 1286 m
1315s 1315m

1387 m 1395 vw
1423 vwsh 1422 vvw
1452 vs 1451 m

1518 m

1583 vvs 1586 vvs
1665 vs 1666 vs

2789 w 2790 w

2831w

2879 w 2880 w

3016 wsh 3021 w

3044 w 3043 w
3066 w

3088 vwsh 3094 vw
3165 sbr

—C o.p bend + C-C stretch + C-C-H o.p bend
-C-H torsion + H-C-C-0 torsion

-C-H torsion + H-C-C-0 torsion

stretch + C-C-H i.p bend

C-C stretch + C-C-H i.p bend

C-C stretch + C-C-H i.p bend

C-C stretch + C-C-H i.p bend

C-C stretch + C-C-H i.p bend + C-O-H i.p bend
C-C stretch + C-C-H i.p bend

C-C stretch + C-C-H i.p bend

Ring stretch + C-C-H i.p bend + C-O-H i.p bend
Ring stretch + C-C-H i.p bend + C-0 stretch
Ring stretch + C-C-H i.p bend + C-O stretch
Ring stretch + C-C-H i.p bend +

Ring stretch + C-C-H i.p bend +

Ring stretch + C-O-H i.p bend

Ring stretch + C-C-H i.p bend + C-O-H i.p bend
C-C-H i.p bend + C-O-H i.p bend

C-C-H i.p bend + C-O-H i.p bend

Ring stretch + C-C-H i.p bend +

Ring stretch + C-C-H i.p bend + C-O-H i.p bend
Ring stretch + C-H i.p bend

Ring stretch + C-H i.p bend

Ring stretch

Ring stretch

Ring stretch

Ring stretch

C=0 stretch

C=O0 stretch

Aldehyde C-H stretch

Aldehyde C-H stretch

Aldehyde C-H stretch

Aromatic C-H stretch

Aromatic C-H stretch

Aromatic C-H stretch

Aromatic C-H stretch

Aromatic C-H stretch

Aromatic C-H stretch

Aromatic C-H stretch

Aromatic C-H stretch

O-H stretch

O-H stretch

NnNNNN

-C
-C
-C
-C

Y c-c-c(31), vec(32), ¥ c-c-u(32)
Tcccn(67), Fccc-0(24)
Tcc-c-n(66), 'c-c-c-0(22)
dc-c-H(56), ve-c(23)

18b 8c_c_n(54), ve_c(23)
dc-c-n(67), ve-(23)

dc-c-H(59), vc-c(20)

18a 8¢_1(19), ve-c(22), dca-o010-113(49)
Vc-(57), 8c-c-n(23)

Vc-(53), 8c-c-n(19)

15 8c-c-1(19), vec(30), c18-017-H16(16)
Vc-0(52), 8c-n(12), ve(18)
Vc-0(47), 8c-c-1(23), vc-c(18)
dc_c-H(45), vc-c(28)

3 3c-c-n(61), vc(14)

14 ve_c (63), Sm13-010-ca(19)
Vc-c(45), c-c-u(15), 8cig-017-H16(25)
dc-c-n(31), 3030-c28-H29(47)
3c-n(28), do14-c7-115(44)

19b ve_(34), dc-c-n(29)
Vc-c(28), 8c-c-n(26), 8c-0-n(21)
Vc-(33), 8c-c-n(46)

19a ve_(41), 8c_c-n(47)
Vc-c(64)

8b vc_(64)

Vc-(65)

8a vc_(64)

Ve7=014(79)

Vc2s=030(85)

Ucag-120(99)

Uc-H

Vc7-115(99)

70c-n(99)

Vc-1(99)

20b ve_p(99)

Vc-1(99)

20a vc_(98)

Vc-H(99)

Vc-1(99)

2 ve_p(99)

Vo17-116(100)

Vo10-113(100)

v - Stretch, 8 - in-plane bending, ¥ - o.p plane bending, I" -torsion.
3 Obtained from the wavenumbers calculated at B3LYP/6-31++G(d,p) using scaling factors 0.967 (for wavenumbers under 1800 cm~') and 0.955 (for those over 1800 cm™').

b Relative absorption intensities normalized with highest peak absorption equal to 100.

¢ Relative Raman intensities calculated by Eq. (1) and normalized to 100.

4 (Dimer forms) Total energy distribution calculated B3LYP/6-311++G(d,p) level of theory. Only contributions >10% are listed.
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Fig. 4. (a) FT-IR spectra of PHBA (b) simulated IR spectra of PHBA dimer and (c)
simulated IR spectra of PHBA monomer.
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Fig. 5. (a) FT-Raman spectra of PHBA (b) simulated Raman spectra of PHBA dimer
and (c) simulated Raman spectra of PHBA monomer.

4.5.2. Vibrations of aldehyde group

The aldehyde C-H stretching vibration can be distinctly ob-
served in both IR and Raman spectra, by its band position in the
low wavenumber region, compared to other C-H stretching vibra-

tions. The C-H stretching vibration of aldehyde group can occur in
the region 2900-2700 cm™! in the benzaldehye derivatives [7-24].
DFT computation provides the C-H stretching vibrations of PHBA
dimer associated with the wavenumbers at 2741 and 2804 cm™',
respectively. The weak IR bands at 2879 and 2789 cm~! may be
considered as first overtone of 1452 cm™! and combination band
(1452 +1387) cm™', respectively. The shift of band position can
be attributed to the possible interactions of C-H stretching mode
with the overtone of C-H in-plane bending, which reduces the
intensity of C-H stretching band via Fermi resonance [10-20].
Therefore we confirmed that these two bands are the partners in
the C-H doublet of PHBA.

Though the DFT computation gives the C=0 stretching wave-
number to be 1669 cm~, the conjugation of C=0 bond with the
phenyl ring is expected to lower the stretching wavenumber to
1665 cm™', evident from the NBO analysis. The C=0 stretching
vibration is further influenced by intermolecular hydrogen bond-
ing between aldehyde group and hydroxyl group (Fig. 1). The
above two features are additive and the band position is further
lowered to produce very strong band in IR at 1665 cm™! and a very
strong Raman band at 1666 cm™!. The C-O stretching vibrations in
alcohols and phenols produce a strong band in the 1260-
1000 cm~! of the spectrum. The C-O stretching mode is coupled
with the adjacent C-C stretching vibration and hence these modes
can be described as an asymmetric C-C-0 stretching vibration. The
medium IR band at 1240 cm~' corresponds to the C-O stretching
vibration are coupled with C-H in-plane bending and C-C stretch-
ing modes. The I'c_c_c_o vibrations manifest as weak IR bands at
1009 cm™!, which is coupled with I'c_c_c_y vibrations.

4.5.3. Phenyl ring vibrations

The aromatic structure shows the presence of C-H stretching
vibrations in the region 3000/3100 cm~! which is the characteristic
region for ready identification of this structure [38-41]. In this re-
gion, the bands are not affected appreciably by the nature of the
substituents. In benzene derivatives, the C/H stretching wavenum-
ber arise from the modes a;4 (3062 cm™"), ey, (3047 cm™), by,
(3060cm™") and e;, (3080cm™!). The weak Raman band at
3094 cm~! with weak IR absorption at 3088 cm™! is assigned to
mode 2 of benzene, which corresponds to the aromatic C-H
stretching. The weak infrared band at 3016 cm~! and the corre-
sponding weak Raman band at 3021 cm™~! have major contribution
from 7b. The C-H stretching mode 20a observed on the low wave-
number side of benzene mode 2, can be found as a weak shoulder
in Raman spectrum at 3066 cm~!. The weak Raman band at
3043 cm~! and the corresponding weak band in IR band at
3044 cmlis attributed to the C-H stretching mode 20b. These
assignments are in good agreement with PED results also.

The ring stretching vibrations are very much prominent in the
spectrum of benzene and its derivatives are highly characteristic
of the aromatic ring itself. Benzene has two doubly degenerate
vibrations e (1596 cm™') and e;, (1485 cm™') [41]. On the re-
moval of the degeneracy, the components of this vibration appear
separately (8a, 8b) [38-41]. DFT computation gives the vibrational
modes 8a and 8b at wavenumbers, 1590 cm™! and 1564 cm™! and
such a splitting cannot be observed experimentally which is con-
trary to the selection rule allowed for p-disubstituted phenyl ring.
The degeneracy of mode 8 remains unperturbed and the mode 8a
appears in both IR and Raman with equal and high strength at
1583 cm™' and 1586 cm™', respectively. This can be interpreted
as the result of intermolecular charge transfer between m-electron
donor (OH group) and acceptor (CHO group) via conjugated path
which contributes to the hyperpolarizability enhancement of the
PHBA. The appearance of ring mode 8 with equal intensity in IR
and Raman can be considered as a strong vibrational spectral
evidence of intramolecular charge transfer and subsequent
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Fig. 6. HOMO-LUMO plot of PHBA monomer at B3LYP/6-31++G(d,p).

hyperpolarizability enhancement as reported earlier [42,43]. With
donor substituents, the 19a mode in p-disubstituted benzene can
be expected above 1500 cm~! with higher intensity and 19b ap-
pears as weak band around 1400 cm~! [38-41] The vibrational
modes 19a, 19b and 14 are computed at 1494 cm~!, 1425 cm™!
and 1333 cm™!, respectively. The modes corresponding to 19a
can be found at 1518 cm™! in IR spectrum. 19b can be observed
as a weak band at 1423 cm~! in IR spectrum and the corresponding
band in Raman are very weak at 1422 cm™'. Vibration 14 can be
observed as a strong band in IR at 1315cm™! and as a medium
band in Raman at 1315 cm ™' and the ring mode are coupled with
H;3-010-C4 in-plane bending. It is evident that the intermolecular
interactions are not affecting the band positions of the tangential
C-C stretching vibrational modes. The simultaneous activation of
ring C-C stretching modes 8 and 14 provide apparent evidence
for the charge transfer interactions [42,43].

In p-disubstituted benzene the phenyl modes 3, 15, 18a and 18b
have been reported to have C-H in-plane bending character and
can be expected in the region 1300 cm~'-1000 cm~'. The mode 3
appears as strong band in IR at 1284 cm™! and in Raman at
1286 cm™'. The strong band observed in IR at 1217 cm™! and a
medium band appears in Raman at 1218 cm™! is assigned to the
vibrational mode 15. The IR bands observed at 1159 and
1113 cm™! are assigned to the 18a and 18b mode, respectively.

The mode 18a appears in Raman at 1163 cm™!. These assignments
are in agreement with values given in the literature [38-40].

The absorption bands arising from C-H out-of-plane bending
vibrations are usually observed in the region at 1000-675 cm ™!
[38-40]. The C/H out-of-plane deformation result from by
(985cm™"), ey, (970cm™), ey, (850 cm™") and ay, (671cm™)
modes of benzene. The in-planar carbon bending vibrations are de-
rived from non-degenerate by, (1010 cm™!) and degenerate ey,
(606 cm™!) modes of benzene. The C-H out-of-plane vibrations
and ring breathing modes (1, 12, 6a and 6b) are shown in Table
3. This is in good agreement with literature values [38-41].

4.6. First-order molecular hyperpolarizabilities of p-hydroxybenzal-
dehyde monomer and dimer

The first-order molecular hyperpolarizability (j,) of this novel
molecular system, and related properties (f, oo and Ao) of PHBA
are calculated using HF/6-31++G(d) basis set, based on the finite-
field approach. In the presence of an applied electric field, the en-
ergy of a system is a function of the electric field. First hyperpolar-
izability is a third rank tensor that can be described by a3 x 3 x 3
matrix. The 27 components of the 3D matrix can be reduced to 10
components due to the Kleinman symmetry [44]. The components
of p are defined as the coefficients in the Taylor series expansion of
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Fig. 7. HOMO-LUMO plot of PHBA dimer at B3LYP/6-31++G(d,p).

the energy in the external electric field. When the external electric
field is weak and homogeneous, this expansion becomes,

E=Ey—Y pF - % > wF'P — % > BuF'PF - 21—4
i ij ijk
x Y VP FFF 4. (2)
ijkl

where E, is the energy of the unperturbed molecules, F is the field
at the origin w;, o, fj and y,, are the components of dipole mo-
ment, polarizability, the first hyperpolarizabilities, and second
hyperpolarizabilities, respectively. The components of the hyperpo-
larizability tensor are shown in Table S1 (in supporting informa-
tion). The calculated first hyperpolarizability of PHBA is predicted
for the first time 3.749 x 1073 esu and 1.1747 x 1072° esu, for
monomer and dimer, respectively.

The m-conjugated systems having large values of molecular sec-
ond-order polarizabilities (), were analyzed with the help of
vibrational spectroscopy [42,43,45]. The peculiar features observed
in Raman and infrared spectra are simultaneous activation of some
of the vibrational modes. The experimental behavior is well ac-
counted by ab initio calculations in m-conjugated molecules that
predict exceptionally large Raman cross-sections and infrared
intensities for the same normal modes. Selection rule predicts
the splitting of vibrational mode 8 in p-disubstituted phenyl ring
and the vibrational mode 8a possesses higher wavenumber. No
such splitting can be observed in IR and Raman spectra of PHBA,
contradicting the selection rule. Also the bands at 1665 cm™,
1593 cm~', 1452cm™!, 1315cm™!, 1284 cm™!, 1217 cm™! and
1159 cm™! observed in IR have their counterparts in Raman at
1665cm~!, 1586cm™!, 1451cm™!, 1315cm~', 1286cm™!,
1218 cm~! and 1163 cm™}, respectively and their relative intensi-
ties in IR and Raman spectra are comparable.

The conjugated molecules are characterized by a small amount
of highest occupied molecular orbital-lowest unoccupied molecu-
lar orbital (HOMO-LUMO) separation, which is the result of a sig-
nificant degree of ICT from the end-capping electron-donor groups
to the efficient electron-acceptor groups through m-conjugated
path. The HOMO-LUMO energy gap for PHBA was computed at
the B3LYP/6-31++G(d,p) level. The eigen values of LUMO and
HOMO and their energy gap reflect the chemical activity of the
molecule. Moreover the lower in the HOMO and LUMO energy
gap explains the eventual charge transfer interactions taking place
within the molecule. The atomic orbital compositions of the fron-
tier molecular orbitals of PHBA monomer and dimmer are shown
in Figs. 6 and 7.

5. Conclusions

The single crystals of PHBA have been grown by slow evapora-
tion technique. The detailed interpretation of the vibrational spec-
tra has been carried out with the aid of normal coordinate analysis
(NCA) following the scaled quantum mechanical force field meth-
odology. The various intramolecular interactions that is responsi-

ble for the stabilization of the molecule was revealed by natural
bond orbital analysis. NIR-FT-Raman and FT-IR spectral studies re-
veals that the O-H stretching vibrational wavenumber is red-
shifted owing to the formation of strong O-H- --O hydrogen bonds
by hyperconjugation between carbonyl oxygen lone electron pairs
and O-H o* anti-bonding orbitals. The C-H stretching of aldehyde
group interacts with the overtone of CH in-plane bending via Fermi
Resonance. The lowering of HOMO and LUMO energy gap clearly
explicates the charge transfer interactions taking place within
the molecule.
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