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Abstract- 4-amino-3-(4-chlorophenyl)-butanoic acid(4ACBA) otherwise commonly called as Baclofen is a
drug used for the treatment of alcohol dependence The solid phase FT-IR and FT-Raman spectra of 4ACBA
were recorded in the regions 4000-400 cm-" and 3500-100 cm-' respectively. Theoretical vibrational
frequencies, geometric parameters (bond lengths and bond angles), thermodynamic properties,frequency and
intensity of the vibrational bands, Natural population analysis and Mulliken atomic charges of 4ACBA were
obtained by the Restricted Hartree—Fock (RHF) and density functional theory (DFT) using 6-31G(d,p) basis set.
The harmonic vibrational frequencies for 4ACBA were calculated values have been compared with
experimental values of FTIR and FT-Raman spectra. The observed and the calculated frequencies are found to
be in good agreement. Stability of the molecule arising from hyperconjugative interactions and charge
delocalization has been analyzed using natural bond orbital (NBO) analysis. The electronic dipole moment (ID)
and the first hyperpolarizability (Bw:) values of the investigated molecule were computed using HF and
(DFT/B3LYP) with 6-31G+(d,p) basis sets.The calculated results also show that the (4ACBA) molecule may
have microscopy nonlinear optical (NLO) behavior with non zero values. 'H and **C NMR spectra were

recorded and chemical shift of the molecule were calculated using the gauge independent atomic orbital
(GIAO) method.
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1. Introduction

Alcoholism is a primary, chronic disease with genetic, psychosocial, and environmental factors
influencing its development and manifestations. The disease is often progressive and fatal. It is
characterized by impaired control over drinking, preoccupation with the drug alcohol, use of alcohol
despite adverse consequences, and distortions in thinking, most notably denial. Each of these

symptoms may be continuous or periodic.” This definition recognizes alcoholism as a disease, i.e., as
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an involuntary disability. It accepts a genetic vulnerability in some people and identifies the
phenomenon of denial as both a psychological defense mechanism and a physiological outcome of
alcohol's effect on the memory.It is medically considered a disease, specifically an addictive illness,
and in psychiatry several other terms are used, specifically "alcohol abuse” and "alcohol
dependence,” which have slightly different definitions[1]. ldentifying alcoholism is difficult for the
individual afflicted because of the social stigma associated with the disease that causes people with
alcoholism to avoid diagnosis and treatment for fear of shame or social consequences. The evaluation
responses to a group of standardized questioning are a common method for diagnosing alcoholism.
These can be used to identify harmful drinking patterns, including alcoholism [2].Baclofen (brand
names Kemstro, Lioresal, Liofen, Gablofen, Lyflex, Beklo and Baclosan) is a derivative ofgamma-
aminobutyric acid (GABA). It is primarily used to treat spasticity and is in the early research stages
for use for the treatment of alcoholism. It is also used by compounding pharmacies in topical pain
creams as a muscle relaxant.It is an agonist for the GABAB receptors[3,4]. Its beneficial effects
in spasticity result from actions at spinal andsupraspinal sites. Baclofen can also be used to
treat hiccups, and has been shown to prevent rises in body temperature induced by the
drug MDMA in rats[5].Baclofen is also used to treat muscle spasms caused by certain conditions
(such as multiple sclerosis, spinal cord injury/disease). It works by helping to relax the muscles.
Converging evidence suggest that the gamma-aminobutyric acid-B receptor agonist baclofen is a
promising agent for the treatment of alcoholism. Baclofen side effects include drowsiness, weakness,
dizziness, headache, seizures, nausea, vomiting, low blood pressure, constipation, confusion,
respiratory depression, insomnia, and increased urinary frequency or urinary retention. Abrupt
discontinuation of baclofen may cause seizures and hallucinations, high fever, rebound spasticity,
muscle rigidity, and rhabdomyolysis. Baclofen is a white (or off white) mostly
odorless crystalline powder, with a molecular weight of 213.66 g/mol. It is slightly soluble in water,
very slightly soluble inmethanol, and insoluble in chloroform. Baclofen Tablets USP 10 mg and 20
mg contain the following inactive ingredients: magnesiumstearate, microcrystalline cellulose,
povidone and starch (corn).lt is manufactured by LANNETT COMPANY, INC.Philadelphia, PA
19136 Made in the USA. (Vasanthy and Jeganathan 2007, Vasanthy et.al., 2008, Raajasubramanian
et.al.,, 2011, Jeganathan et.al., 2012, 2014, Sridhar et.al., 2012, Gunaselvi et.al., 2014,Premalatha
et.al., 2015, Seshadri et.al., 2015, Shakila et.al., 2015, Ashok et.al., 2016, Satheesh Kumar et.al.,
2016).

2. Experimental details
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The pure compound 4ACBA was purchased from USA with more than 98% purity and was used as
such without further purification to record FTIR and FT Raman spectra.The FTIR spectrum of the
compound is recorded in the region 4000400 cm ' in evacuation mode on Bruker IFS 66V
spectrophotometer using KBr pellet technique (solid phase) with 4.0 cm™* resolution. The FT Raman
spectrum is recorded using 1064 nm line of Nd:YAG laser as excitation wavelength in the region
3500-100 cm ‘on Bruker IFS 66V spectrometer equipped with FRA 106 FT Raman module
accessory. The spectral measurements were carried out at Sophisticated Instrumentation Analysis

Facility, 11T,Madras, India. The experimental FTIR and FT Raman spectra of CAS are presented in
the Figs.land 2.
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Fig.1. FTIR spectrum of 4ACBA molecule

4000 3500 3000

Fig.2. FTRAMAN spectrum of 4ACBA molecule

3. Computational methods

In the present work, the density functional method (DFT) [6] has been employed using
Becke’s three parameter hybrid exchange functional with the Lee—Yang—Parr correlation functional
[7,8] to optimize the structure of the molecule and also to calculate the electronic structure of the title
molecule. The entire calculations were performed at ab initio HartreeFock (HF) and DFT method
using B3LYP levels at 6-31G(d,p) basis sets on a Pentium V/1.6 GHz personal computer by using
Gaussian 03 W program package [9,10] and applied geometry optimization [11]. Initial geometry
generated, was minimized at the HartreeFock level using 6-31 G(d,p) basis set and also optimized at

DFT/B3LYP levels at 6-31G(d,p) basis set. The vibrational modes are assigned using Gauss-View
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molecular visualization program package. The optimized structural parameters were used in the
vibrational frequency calculations at the DFT levels to characterize all stationary points as minima.
The vibrational frequencies were calculated and scaled down by the appropriate scaling factor and
thereby the vibrational assignments are compared with observed values. Furthermore, in order to
show nonlinear optics (NLO) activity of title molecule, the dipole moment, linear polarizability and
first hyper polarizability were obtained. The natural bonding orbital (NBO) calculations [12] were
performed using NBO 3.1 program as implemented in the Gaussian 03W package at the above said
level in order to understand various second order interactions between the filled orbital of one
subsystem and vacant orbital of another subsystem, which is a measure of the intermolecular and
intramolecular delocalization or hyper conjugation. The molecular geometry was not restricted and
all the calculations (vibrational wave numbers,geometric parameters and other molecular properties)
were performed by using Gauss View molecular visualization program [13] and Gaussian 03
program package on a computing system [14]. (Manikandan et.al., 2016, Sethuraman et.al., 2016,
Senthil Thambi et.al., 2016).
4. Results and discussion
4.1  Molecular geometry

The optimized structure parameters of 4ACBA is calculated by DFT and HF level with 6-
31G(d,p) basis set shown in Table.lin accordance with the atom numbering scheme given in Fig.3
The comparative optimized structural parameters such as bond length, bond angle along with its
experimental data’s are presented in Table.1. The molecule has 26 atoms and 72 normal modes of
fundamental vibrations. All the 72 vibrations are active in both IR and Raman.A general priority for
reproducing the experimental bond lengths and bond angles [15] is not present among HF and DFT
levels. All calculated geometrical parameters obtained at the DFT level of theory are in good
agreement with the experimental structural parameters. The molecule has 10 C-C bond lengths, 2 C-
O and N-H bond lengths, nine C-H bond lengths, one C-N,O-H,C-CL bond lengths. The C-C bond
lengths in the optimized geometry of 4ACBAcalculated at both levels fall in the range; 1.394-1.515
A.lt is close agreement with the experimental values [16]. A similar trend has also been observed in
the case of the C-N, O-H,C-CL bonds. The nine C-H lengths (1.113 A) are almost equal at B3LYP/6-
31+G(d,p) basis set.From theoretical values, we found most of the optimized bond lengths are in
good agreement with experimental bonds lengths, but bond angles are slightly longer and shorter than

that of experimental values.

4.2  Vibrational assignments
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IR and Raman spectra contain a number of bands at specific wavenumbers. The aim of the
vibrational analysis is to decide which of the vibrational modes give rise to each of these observed
bands. According to the theoretical calculations, 4ACBA has a structure of C; point
groupsymmetry. The molecule has 26 atoms and 72 normal modes of fundamental vibrations (3N-
6).A satisfactory vibrational band assignment has been done.Almost all the 72 fundamental
vibrations are active in both IR absorption and Raman scattering.The frequencies of fundamental
vibrational modes together with intensities calculated on the basis of HF and DFT methods are
tabulated in Table 2.Chemcraft [17], a graphical interface, was used to assign the calculated harmonic
wavenumbers using scaled displacement vectors to identify the motion of modes.On the whole, the

predicted vibrational wavenumbers are in agreement with the experimental results.

C-NHj vibrations

The molecule under investigation possesses only one NH2 group and hence one expects one
symmetric and one asymmetric N— H stretching vibrations in NH2group. In all the primary aromatic
amines, the N—H stretching frequency occurs in the region 3300-3500cm *[18]. The asymmetric-
NH2 stretching vibration appears from 3500 to 3420 cm ™ and the symmetric- NH2 stretching is
observed in the range 3420— 3340 cm™ [19].Hence, the band in IR spectrum were located at 3307
cm *and Raman spectrum were located at 3275 cm ™ are assigned to N—H symmetric and asymmetric
stretching vibrations, respectively in NH2 group. These assignments agree well with the earlier
reports[20].The scaled NH2 symmetric and asymmetric stretching are in the range of 3308-3278 cm™
in B3LYP/6-31+G(d,p).The various vibrations NH2group of the title compound are also found to be
in good agreement with the experimental values.
C-H vibration

The existence of one or more aromatic rings in a structure is normally readily determined
from the C-H and C-C ring related vibrations. The substituted benzene like molecule gives rise toC-H
stretching, C-H in-plane and C-H out-of-plane bending vibrations. The hetro aromatic structure
shows the presence of C-H stretching vibration in the region 3100-3000 cm, which is the
characteristic region for the ready identification of C-H stretching vibration [21,22]. In this region,
the bands are not affected appreciably by the nature of the substituent. The aromatic C-H stretching
frequencies arise from the modes observed at 3062, 3047 cm™* and 3080 cm* of benzene and its
derivatives [23]. In our present work, the C-H stretching vibrations are observed at 2907 cm™* in FT-
Raman spectrum for C-H vibrations. The calculated values of these modes for the title molecule have
been found to be 2820 cm™ and 2911 cm™ at HF and B3LYP calculation level. In general the
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aromatic C—H stretching vibrations calculated theoretically are in good agreement with the
experimentally values.
C-C vibrations

The carbon—carbon stretching modes of the phenyl group are expected in the range from 1650
to 1200 cm . The actual position of these modes is determined not so much by the nature of the
substituent but by the form of substitution around the ring [24]. In general, the bands are of variable
intensity and are observed at 1625-1590, 15901575, 1540-1470, 1465-1430 and 1380— 1280 cm ™
from the frequency ranges given by Varsanyi [25] for the five bands in the region. In the present
work, the wave numbers observed in the FTIR spectrum at 1489,1400 cm ™ and FT-Raman spectrum
1460,1437,1413 cm™* have been assigned to C-C stretching vibrations.
CHy, vibrations

For the assignments of CH, group frequencies, basically six fundamentals can be associated
to each CH2 group namely CH, symmetric stretch; CH,asymmetric stretch; CH, scissoring and CH,
rocking which belongs to in plane vibrations and two out-of-plane vibrations, viz., CH, wagging and
CH, twisting modes, which are expected to be polarized [26]. The asymmetrical CH, stretching
vibrations are generally observed around 3000 cm™ while the symmetric stretch will appear between
3000 and 2900 cm ™ region [27,28]. In this study, the asymmetric stretching vibrations are observed
at 2975 cm* in FTIR and 2978 cm™ in FT-Raman spectrum and symmetric stretching vibrations are
observed at 2928,2912 cm™ in FTIR and 3198,3063 cm™ in the FT-Raman spectrum .These
experimental values correlates well with the HF and B3LYP calculation level .
Deformation vibrations

The C-C-C bending bands always occur below 700 cm™.Isopropyl benzenes [29,30] have a
medium intensity absorption band in the region 545-525 cm . The C-C-C vibration is found at 671
cm* in the FT-IR spectrum and 668 cm™ in the FT-Raman spectrum.This correlates well with the

calculated values.

4.6  Natural population analysis

Population analysis is the study of charge distribution within molecules.The calculation of
effective atomic charges plays an important role in the application of quantum mechanical
calculations to molecular systems [31].Our interest here is in the comparison of different methods
(RHF and DFT) to describe the electron distribution in 4ACBA is broadly as possible, and to assess
the sensitivity of the calculated charges to changes in the choice of the quantum chemical method.

The calculated atomic charge values from the natural population analysis (NPA) and Mulliken
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population analysis (MPA) procedures using the RHF and DFT methods are listed in Table 3. The
charge distribution of 4ACBA is shown in Fig.4. The NPA from the natural bonding orbital (NBO)
method is better than the MPA scheme. The NPA of 4ACBA shows the presence of Nitrogen atoms
in the hydrogen moiety [Ng= -0.95433(DFT) and Ng= -0.99946(RHF)] imposes positive charges on
the hydrogen atoms H,5=0.40392(DFT), H35=0.40987(RHF) and Hz= 0.40375(DFT), Hx=
0.41061(RHF). However the oxygen atom Og possess large negative charges, resulting in the positive
charges on the C; and Hy atoms.Moreover, there is no differences in charge distribution observed on
all hydrogen atoms except the Hjo,H2s,H26 Hydrogen atoms. The large positive charge on these
hydrogen atoms is due to the large negative charge accumulated on the Nj;; and Og atoms

respectively.

4.7  Thermodynamic properties

Several calculated thermodynamic parameters such as,rotational constants, zero point thermal
energy, specific heat capacity,entropy,dipole moment,Gibbs free energy have been presented in Table
4.Scale factors have been recommended [32] for accurate reductions in determining the Zero-Point
Vibration Energies (ZPVES) and the entropy, the variations in the PVEs seem to be significant. The
total energies and the change in the total entropy of 4ACBA at room temperature by different
methods are also presented in Table 4.The change in the Gibbs free energy of 4ACBA at room
temperature for both the methods are only marginal. The highest value of ZPVE of 4ACBA is
140.634 kcal mol™ obtained by HF/6-31+G(d,p), whereas the lowest one is 130.955 kcal mol?,
obtained by B3LYP/6-31+G(d,p) method. Dipole moment reflects the molecular charge distribution
and is given as a vector in three dimensions. Therefore, it can be used as an illustrator to depict the
charge movement across the molecule. As a result, the dipole moment of 4ACBA was observed at
2.3931D in HF/6-31+G(d,p) method whereas 3.4111D in B3LYP/6-31+G(d,p)method.

4.8  NLO properties

The first hyperpolarizability (Bo) of this novel molecular system and related properties (B, o,
Aa) of 4ACBA are calculated using DFT/B3LYP methods at 6-31+G(d,p) basis set based on the
finite field approach. In the presence of an applied electric field, the energy of a system is a function
of the electric field. First, hyperpolarizability is a third-rank tensor that can be described by a 3x 3 x 3
matrix. The 27 components of the 3D matrix can be reduced to 10 components due to the Kleinman
symmetry [33]. It can be given in the lower tetrahedral format. It is obvious that the lower part of the

3x 3 x 3 matrixes is a tetrahedral. The components of 3 are defined as the coefficients in the Taylor
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series expansion of the energy in the external electric field. When the external electric field is weak
and homogeneous, the expansion becomes
E =E° - Py Fo— 1/204p Fo Fp — 1/6Bup,Fo Fg Fy + ... (1)

where E° is the energy of the unperturbed molecules, F, is the field at the origin and py ,0qpand B
apyare the components of dipole moment, polarizability and the first hyperpolarizabilities
respectively. The total static dipole moment pp, the mean polarizabilityo, the anisotropy of the
polarizability Aa and the mean first hyperpolarizabilitypi: using the X, y, z components, they are
defined as

1/2

Hp = (W + Wy + p2)

o= axx + (ny + aZZ
—
AOL = 2_1/2 [(axx - ayy )2 + (ayy - azz)z + (azz' axx )2 + 6 (X,ZXX]:L/2
2 2 2 12
Brot = (Bt P+ B2 ) and
Bx = Bxxx+ Bxyy + szz
By = Byyyt By + Byzz

Bz = Bzzz +Bxxz + Byyz

The calculation of the total molecular dipole moment (pp), linear polarizability (o) and first
hyperpolarizability (Bw:) from the Gaussian output have been explained in detail previously [34],and
DFT has been extensively used as an effective method to investigate the organic NLO materials [35—
39]. In addition, the polar properties and dipole moment of the title compound were calculated at the
B3LYP/6-31+G(d,p) level using Gaussian 03W program package.
E=E°- Py Fo— 1/204p Fo Fp — 1/6Bup,Fou Fg Fy + ...

where E° is the energy of the unperturbed molecules, F, is the field at the origin and pix ,00pand B opy
are the components of dipole moment, polarizability and the first hyperpolarizabilities respectively.
The total static dipole moment Hp, the mean polarizabilityo, the anisotropy of the polarizability Aa

and the mean first hyperpolarizability i using the x, y, z components, they are defined as

1/2

Hp = (M + Uzy"' %9

O = Olxx + ayy + Olzz
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——

Ao =22 [(o - Olyy )2+ (oyy — 0z2)% + (0z- Oxx )2 + 6 ozzxx]ll2
Brot = (Bt B+ B%2)"™ and

Bx = Pxxx T Bxyy T Pxzz

Py = Byyyt Puxy + Byzz

Bz = Bzzz +Bxxz + Byyz

The calculation of the total molecular dipole moment (up), linear polarizability (o) and first
hyperpolarizability (Bi:) from the Gaussian output have been explained in detail previously,and DFT
has been extensively used as an effective method to investigate the organic NLO materials. In
addition, the polar properties and dipole moment of the title compound were calculated at the
B3LYP/6-31G (d,p) level using Gaussian 03W program package.

Urea is one of the prototypical molecules used is the study of the NLO properties of the
molecular systems. Therefore it was used frequently as a threshold value for comparative purposes.
The calculated dipole moment and hyperpolarizability values obtained from B3LYP/6-31G method
are collected in Table 5.The total molecular dipole moment of 4ACBA from B3LYP with 6-31+G
(d,p) basis set is 7.9313D which is five times greater than the value for urea (up = 1.3732D).
Similarly the first order hyperpolarizability of 4ACBA with B3LYP/6-31+G(d,p) basis set is 3.0539
x 10*%su which is greater than the value of urea (Bt = 0.372 x10%su). From the computation the
high values of the hyperpolarizability of 4ACBA are probably attributed to the charge transfer
existing between the phenyl rings within the molecular skeleton. This is evidence for nonlinear

optical (NLO) property of the molecule.
4.9.  NBO Analysis

Some electron donor orbital, accepter orbital and the interacting stabilization energy resulting from
the second- order micro-disturbance theory is reported [40,41]. The larger the stabilization energy
value, the more intensive is the interaction between electron donors and electron accepters, i.e. the
more donating tendency from electron donors to electron accepters and the grater the extent of
conjugation of the whole system. Delocalization of electron density between occupied Lewis-type
(bond or lone pair) NBO orbitals and formally unoccupied (anti-bond or Rydberg) non-Lewis NBO
orbitals corresponds to a stabilizing donor— accepter interaction. The intramolecular interaction are
formed by the orbital overlap between (C-C), *(C-C), (N- C),*(N-C), (C-C), —*(C-C) bond orbital
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which results intramolecular charge transfer (ICT) causing stabilization of the system. These
interactions are observed as increase in electron density (ED) in C— C anti bonding orbital that
weakens the respective bonds. These intramolecular charge transfer (c—o*, © —n*) can induce large
nonlinearity of the molecule.

The strong intramolecular hyper conjugation interaction of the r and p electrons of C—-C, N-C
and C-O to the anti C—C, C—H, N-C and C—O bonds leads to stabilization of some part of the ring as
evident from Table 6. NBO analysis has been performed on the molecule at the B3LYP/6-31G (d,p)
level in order to elucidate the intramolecular, re-hybridization and delocalization of electron density
within the molecule.For example the intramolecular hyperconjugative interaction of o (C7-C12)
distribute to o*(C1-C2),(C2-C3),(C3-C4),(C8-C9),(C10-C11) leading to stabilization of
22.76kJ/mol.NBO analysis clearly manifests the evidences of the intra-molecular charge transfer
from © (C8-C9) to n*(C7-12) anti-bonding Orbital’s as shown in Table 6, that clearly shows
stabilization energy of 21.07kJ/mol. The same leads to a strong stabilization energy of 20.56kJ/mol
of (C10-C11).

410 NMR -'H and **Cspectral analysis

The isotropic chemical shifts are frequently used as an aid in the identification of reactive
organic as well as ionic species.lt is recognized that accurate predictions of molecular geometries are
essential for reliable calculations of magnetic properties.*H and *3C chemical shift calculations of the
compound have been made by same method GIAO [42]procedure is somewhat superior since it
exhibits a faster concern of the calculated properties upon extension of the basis set used and *H and
3C NMR spectra as shown in Fig.5.Taking in account the computational cost and the effectiveness of
calculation,the GIAO method seems to be preferable from many aspects at the present state,the
density functional methodologies offer an effective alternative to the conventional correlated
methods, due to their significantly lower computational cost.The *H and **C chemical shifts are
measured in a less polar (DMSO) solvent.The results in Table7shows the range **CNMR chemical
shift of the typical organic molecule usually is > 100 [43] the accuracy ensures reliable interpretation
of spectroscopic parameters. The *CNMR chemical shift of C; and C; are observed larger than
carbons whereas their chemical shifts are lower than all other observed.This C; and C4 chemical
shifts are determined at 169.324 and 141.895 ppm for 4ACBA.The protons of 4ACBA are observed
at 9.149 for Hy; and at 8.211 for H,, ppm respectively.

Another important aspect is that hydrogen attached or nearby an electron withdrawing atom

or group can decrease the shielding and move the resonance of attached proton towards to higher
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frequency.By contrast electron donating atom or group increases the shielding and moves the
resonance towards to a lower frequency.Electronegative atoms such as nitrogen,oxygen and halogens
deshielded hydrogens. The extent deshielding is proportional to the electronegativity of the hetero
atom and its proximity to the hydrogen.Electrons on an aromatic ring, double bonded atoms, and
triple bonded atoms deshield attached hydrogens.The two oxygen atoms of 4ACBA show
electronegative property. The presence of electronegative atom attracts all electron clouds of carbon
atoms towards them of carbon atom and net result is increase in chemical shift. .Also the chemical
shifts obtained and calculated for the hydrogen atoms are quite low are due to shielding effect.The
oxygen atoms i.e more electronegative property polarizes the electron distribution in its bond and
decreases the electron density of the compounds.
5. Conclusion

The investigation of the present work, the compute vibrational and molecular structure
analysis has been performed based on the quantum mechanical approach by B3LYP/6-31G+(d,p) and
HF/6-31G(d,p) calculations. On the basis of the calculated and experimental results assignment of
the fundamental frequencies were examined. The available experimental results were compared with
theoretical data. The optimized geometry is tabulated in comparison with the experimental XRD data
and well discussed. The electric dipole moment, polarizabilities and the hyperpolarizabilities of the
compound studied that have been calculated by B3LYP/6-31G(d,p) and HF/6-31G(d,p) method.
NLO properties of the 4ACBA aniline are much greater than those of urea. NBO analysis was made
and it is indicating the intramolecular charge transfer between the bonding and antibonding orbitals.
Orbital energy interactions between selective functional groups were analyzed by density of energy
states. The Mulliken charges and natural atomic charges of the title molecule have been studied by
both the HF and DFT methods. The calculated normal-mode vibrational frequencies provide
thermodynamic properties by the way of statistical mechanics. Theoretical *H and **C chemical shift
values were reported and compared with experimental data, showing good agreement for both *H and
13C.This study demonstrates that scaled DFT/B3LYP calculations are a powerful approach for

understanding the vibrational spectra of medium sized organic compounds.
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