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The  solid  phase  FTIR  and  FT-Raman  spectra  of  4-butyl  benzoic  acid (4-BBA)  have  been  recorded  in  the
regions  400–4000  and  50–4000  cm−1, respectively.  The  spectra  were  interpreted  in terms  of funda-
mentals  modes,  combination  and  overtone  bands.  The  structure  of  the  molecule  was optimized  and
the structural  characteristics  were  determined  by density  functional  theory  (DFT)  using  B3LYP  method
with  6-311++G(d,p)  as  basis  set.  The  vibrational  frequencies  were  calculated  for  monomer  and  dimer
by  DFT  method  and  were  compared  with the  experimental  frequencies,  which  yield good  agreement
between  observed  and  calculated  frequencies.  The  infrared  and  Raman  spectra  were  also  predicted  from
the  calculated  intensities. 13C and 1H NMR  spectra  were  recorded  and 13C  and 1H  nuclear  magnetic
MR
V–vis spectra
-Butyl benzoic acid
imer

resonance  chemical  shifts  of the  molecule  were  calculated  using  the  gauge  independent  atomic  orbital
(GIAO)  method.  UV–visible  spectrum  of  the  compound  was  recorded  in the  region  200–400  nm  and  the
electronic  properties  HOMO  and  LUMO  energies  were  measured  by time-dependent  TD-DFT  approach.
The  geometric  parameters,  energies,  harmonic  vibrational  frequencies,  IR  intensities,  Raman  intensities,
chemical  shifts  and  absorption  wavelengths  were  compared  with  the  available  experimental  data  of the
molecule.
. Introduction

Benzoic acid is widely found in plants and animals and is used
n miticides, as contrast media in urology, for cholecystrographic
xamination and in the manufacture of pharmaceuticals. Benzoic
cids and their salts are permitted food preservatives in many
ypes of foods [1].  Benzoic acid inhibits bacterial development.
lthough these preservatives prevent or delay nutritional losses
ue to microbiological, enzymatic or chemical changes of foods
uring its shelf life, they are harmful at higher than permitted safety

evels. Therefore, their determination is a mandatory step in rou-
ine food analyses. Benzoic acid derivatives are used in medicine as

 protective drug against UV radiation in the diagnosis of gastroin-
estinal disorders and therapeutically in fibrotic skin disorders [2].
ubstituted benzoic acids are very important materials in chemical
nd pharmaceutical industries and can be prepared by oxidation
f the corresponding substituted toluenes [3–5]. A recent patent

eported that, their activity being related to novel synergistic com-
ositions that selectively control tumor tissue [6].

∗ Corresponding author. Tel.: +91 9442068405.
E-mail address: sundaraganesan n2003@yahoo.co.in (N. Sundaraganesan).

386-1425/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.saa.2011.09.058
© 2011 Elsevier B.V. All rights reserved.

Until now, the experimental and theoretical investigation of
benzoic acid molecule with various substitutions except butyl
group has been made [7–13]. In these works, the geometri-
cal parameters and vibrational frequencies were calculated and
were compared with the experimental results. To our knowledge,
no attempts to theoretically assign the experimental vibra-
tional spectra of 4-butyl benzoic acid (4-BBA) have been done
yet.

In the present work, in addition the above results, the first
order hyperpolarizability, NMR  analysis and UV spectral analysis
of 4-BBA have been investigated. The theoretically predicted values
have been compared with the experimentally measured data and
also the results have been discussed. Theoretical studies of phar-
maceutical compounds are of interest in order to gain a deeper
approaching on their action and thus helping in the design of new
compounds with therapeutic effects. Now-a-days, the progress of
various theoretical methods has made possible the calculation of
vibrational potential fields of medium size molecules with mod-
erate computational effort. Organic molecules able to manipulate
photonic signals efficiently are of importance in technologies such

as optical communication, optical computing, and dynamic image
processing [14,15]. The knowledge of physico-chemical properties
and sites of reaction of title compound will provide a deeper insight
of its probable action.

dx.doi.org/10.1016/j.saa.2011.09.058
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:sundaraganesan_n2003@yahoo.co.in
dx.doi.org/10.1016/j.saa.2011.09.058
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Table 1
The electric dipole moment (D), polarizability and first hyperpolarizability of 4-BBA.

a.u. esu (×10−24) a.u. esu (×10−33)

�xx 169.4434 25.1115 ˇxxx 329.0050 2842.3728
˛xy −5.5459 −0.8219 ˇxxy 75.8083 654.9310
˛yy 111.8403 16.5747 ˇxyy −31.2834 −270.2666
˛xz −39.5145 −5.8560 ˇyyy −11.3476 −98.0353
˛yz −17.9434 −2.6592 ˇxxz −337.7997 −2918.3525
˛zz 141.6800 20.9970 ˇxyz −33.3823 −288.3999
˛tot 140.9879 20.8944 ˇyyz 33.7733 291.7779
�˛  199.8076 29.6115 ˇxzz 228.6767 1975.6064
�x −2.6488 ˇyzz −4.6850 −40.4751
�y 0.6170 ˇzzz −127.2310 −1099.1870
80 M. Karabacak et al. / Spectroch

. Experimental

The 4-butyl benzoic acid (4-BBA) sample was purchased from
igma-Aldrich Company with a stated purity 97% and it was used
s such without further purification. The FTIR spectrum of molecule
as recorded in the region 400–4000 cm−1 on a Perkin Elmer FTIR
X spectrometer calibrated using polystyrene bands. The sample
as prepared using a KBr disc technique because of solid state. The

T-Raman spectrum was recorded using 1064 nm line of Nd:YAG
aser as excitation wave length in the region 50–4000 cm−1 on a
ruker RFS 100/S FT-Raman. The detector is a liquid nitrogen cooled
e detector. Five hundred scans were accumulated at 4 cm−1 res-
lution using a laser power of 100 mW.  The UV–vis absorption
pectrum of the compound was recorded in ethanol and water solu-
ion using a Shimadzu 1800 PC spectrophotometer in the spectral
egion of 200–400 nm.  NMR  experiments were performed in Bruker
PX 600 MHz  at 300 K. The compound was dissolved in DMSO, and
hemical shifts were reported in ppm relative to tetramethylsilane
TMS).

. Computational details

The molecular geometry is directly taken from the X-ray diffrac-
ion experimental results without any constraints. In the next step,
he DFT calculations with a hybrid functional B3LYP (Becke’s three
arameter hybrid functional using the LYP correlation functional)
t 6-311++G(d,p) basis set were performed with the Gaussian 03W
oftware package [16] and Gauss view visualization program [17].
he total energy distribution (TED) corresponding to each of the
bserved frequencies is calculated using VEDA 4 program [18]
nd it shows the reliability and accuracy of the spectral analy-
is. The isotropic chemical shifts are frequently used as an aid in
dentification of organic compounds and accurate predictions of

olecular geometries are essential for reliable studies of magnetic
roperties. The B3LYP method allows calculating the shielding con-
tants with accuracy and the GIAO method is one of the most
ommon approaches for calculating nuclear magnetic shielding
ensors. The 13C and 1H NMR  isotropic shielding were calculated
ith the GIAO method [19,20] using the optimized parameters

btained from B3LYP/6-311++G(d,p) method. UV–vis spectra, elec-
ronic transitions, vertical excitation energies, absorbance and
scillator strengths were computed with the time-dependent DFT
ethod. The electronic properties such as HOMO and LUMO ener-

ies were determined by time-dependent DFT (TD-DFT) approach.

. Prediction of Raman intensities and first order
yperpolarizability

The Raman activities (SRa) calculated with Gaussian 03 program
16] converted to relative Raman intensities (IRa) using the fol-
owing relationship derived from the intensity theory of Raman
cattering [21,22],

i = f (�0 − �i)
4Si

�i[1 − exp(−hc�i/kT)]

here �0 is the laser exciting wavenumber in cm−1 (in this work,
e have used the excitation wavenumber �0 = 9398.5 cm−1, which

orresponds to the wavelength of 1064 nm of a Nd:YAG laser), �i
he vibrational wavenumber of the ith normal mode (cm−1), while
i is the Raman scattering activity of the normal mode �i. f (is a con-
tant equal to 10−12) is a suitably chosen common normalization

actor for all peak intensities. h, k, c and T are Planck and Boltzmann
onstants, speed of light and temperature in Kelvin, respectively.

The first hyperpolarizability (ˇ0) of this novel molecular system,
nd related properties (ˇ, ˛0 and �˛) of 4-BBA are calculated using
�z 0.6586 ˇtot 683.1187 5901.6676
�  2.7983

B3LYP/6-311++G(d,p) method, 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 order hyperpolarizability is a
third rank tensor that can be described by 3 × 3 × 3 matrices. The 27
components of the 3D matrix can be reduced to 10 components due
to the Kleinman symmetry [23]. It can be given in the lower tetrahe-
dral format. It is obvious that the lower part of the 3 × 3 × 3 matrices
is a tetrahedral. The components of  ̌ are defined as the coefficients
in the Taylor series expansion of the energy in the external electric
field. When the external electric field is weak and homogeneous,
this expansion becomes:

E = E0 − �˛F˛ − 1
2˛˛ˇF˛Fˇ

− 1
6ˇ˛ˇ� F˛FˇF�

+ · · ·

where E0 is the energy of the unperturbed molecules, F˛ is the
field at the origin, �˛, ˛˛ˇ and ˇ˛ˇ� are the components of dipole
moment, polarizability and the first order hyperpolarizabilities,
respectively. The total static dipole moment �, the mean polar-
izability ˛0, the anisotropy of the polarizability �˛ and the mean
first order hyperpolarizability ˇ0, using the x, y, z components they
are defined as:

� = (�2
x + �2

y + �2
z )

1/2

˛0 = ˛xx + ˛yy + ˛zz

3
 ̨ = 2−1/2[(˛xx − ˛yy)2 + (˛yy − ˛zz)2 + (˛zz − ˛xx)2 + 6˛2XX]

1/2

ˇ0 = (ˇ2
x + ˇ2

y + ˇ2
z )

1/2

and

ˇx = ˇxxx + ˇxyy + ˇxzz

ˇy = ˇyyy + ˇxxy + ˇyzz

ˇz = ˇzzz + ˇxxz + ˇyyz

Since the values of the polarizabilities (˛) and hyperpolarizabil-
ity (ˇ) of the Gaussian 03 output are reported in atomic units (a.u.),
the calculated values have been converted into electrostatic units
(esu) (˛: 1 a.u. = 0.1482 × 10−24 esu; ˇ: 1 a.u. = 8.639 × 10−33 esu).

The total molecular dipole moment and first order hyperpo-
larizability are 2.7983 dB and 5.9017 × 10−30 esu, respectively and
are depicted in Table 1. Total dipole moment of title molecule
is approximately two times greater than those of urea and first
order hyperpolarizability of title molecule is 15 times greater than
those of urea (� and  ̌ of urea are 1.3732 dB and 0.3728 × 10−30 esu
obtained by HF/6-311G(d,p) method).

5. Results and discussion
5.1. Structural analysis

The optimized structural parameters bond length and bond
angle for the thermodynamically preferred geometry of 4-BBA
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Table 2
Comparison of the geometrical parameters of 4-BBA, bond lengths in angstrom, angles in degrees.

Bond lengths (Å) X-ray Monomer Dimer Bond angles (◦) X-ray Monomer Dimer

C(1)–C(2) 1.36a 1.40 1.40 C(2)–C(1)–C(6) 123a 121.5 121.4
C(1)–C(6) 1.42a 1.39 1.39 C(1)–C(2)–C(3) 118a 118.0 118.0
C(2)–C(3) 1.37a 1.40 1.40 C(1)–C(2)–C(14) 118.9 118.9
C(2)–C(14) 1.52 1.52 C(3)–C(2)–C(14) 123.2 123.1
C(3)–C(4) 1.41a 1.39 1.39 C(2)–C(3)–C(4) 122a 121.0 121.0
C(4)–C(5) 1.39a 1.40 1.40 C(3)–C(4)–C(5) 120a 120.4 120.4
C(5)–C(6) 1.39a 1.40 1.40 C(4)–C(5)–C(6) 119a 119.2 119.2
C(5)–C(9) 1.48 1.48 C(4)–C(5)–C(9) 119a 118.4 119.1
C(14)–C(15) 1.52a 1.53 1.53 C(6)–C(5)–C(9) 122a 122.4 121.7
C(15)–C(16) 1.51a 1.53 1.53 C(1)–C(6)–C(5) 118a 119.9 120.0
C(16)–C(17) 1.52a 1.53 1.53 C(2)–C(14)–C(15) 117.2 117.1
C(9)–O(10) 1.29a 1.36 1.32 C(14)–C(15)–C(16) 112.6 112.7
C(9)–O(11) 1.24a 1.21 1.23 C(15)–C(16)–C(17) 113.1 113.1
O(10)–H(21) 0.97 1.00 C(5)–C(9)–O(10) 118a 113.1 114.5
CH(ring)average 1.08 1.08 C(5)–C(9)–O(11) 122a 125.3 122.4
Intermolecular H bond lengths and angles O(10)–C(9)–O(11) 121.7 123.1
O–H·  · ·O 1.66 C(9)–O(10)–H(21) 106.5 110.2
O·  · ·O 2.66 CCH(ring)average 119.6 119.6
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O–H·  · ·O 179.8

a Taken from Refs. [24,25].

or monomer and dimer are determined at B3LYP/6-311++G(d,p)
evel. The optimized parameters are presented in Table 2 in accor-
ance with the atom numbering scheme of the molecule shown

n Fig. 1. The dimeric conformation of 4-BBA molecule is shown
n Fig. S1 (Supplementary Information). The molecules are linked
y short intermolecular and asymmetric O–H· · ·O hydrogen bonds
f 1.66 Å between oxygen atom and hydroxyl group of another
olecule to give rise to a dimer. Then, in order to test the

ffect of intermolecular interactions, the 4-BBA dimer formed by
–H· · ·O intermolecular hydrogen bonds is investigated by the-
retical methods. The computed value of O–H, O–H· · ·O, O· · ·O
ond distances and O–H· · ·O bond angle are 1.00, 1.66, 2.66 Å and
79.8◦, respectively. The geometry of the molecule under inves-
igation is considered by possessing C1 point group symmetry.
o the best of our knowledge, exact experimental data of the
eometrical parameters of 4-BBA are not available in the litera-
ure. Therefore, our optimized structural parameters are compared
ith the XRD data of closely related molecules benzoic acid and

utyric acid [24,25]. From the structural data, it is observed that the
arious C–C bond distances calculated between the ring carbon

toms and butyl group carbon atoms of monomer and dimer are
ound to be nearly the same with that of the experimental parame-
ers. With the electron donating substituents on the benzene ring,
he symmetry of the ring is distorted, yielding ring angles smaller

Fig. 1. The theoretical optimized geometric str
than 120◦ at the point of substitution and slightly larger than
120◦ at the other positions [26]. It is evident from the calculated
bond angles of C1–C2–C3 = 118◦ and C4–C5–C6 = 119.2◦ for both
monomer and dimer models, shown in Table 2. The butyl group is
slightly distorted with the benzene ring, because there is no con-
spicuous difference of the C–C bond length of the benzene ring,
but slightly higher bond length of C2–C14, C14–C15, C15–C16 and
C16–C17 bonds as compared to the C–C bonds on the benzene ring.
It could be attributed to the steric effect of the larger butyl group.
The C5–C9 bond length of 4-BBA is also longer, where the –COOH
group is attached. This is due to the electron withdrawing nature of
carboxylic acid group. The small difference between experimental
and theoretical bond lengths and bond angles may  be due to the
presence of intermolecular hydrogen bonding.

5.2. Vibrational analysis

Vibrational spectroscopy is one of the most useful experimental
tools for study of hydrogen bonded complexes. So the informa-
tion on calculated harmonic vibrational frequencies can be useful.

In our present study, we have performed a frequency calculation
analysis to obtain the spectroscopic signature of 4-butyl benzoic
acid for monomer and dimer. The 4-BBA molecule consists of 27
atoms therefore they have 75 vibrational normal modes. All the

ucture with atoms numbering of 4-BBA.
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Table  3
Comparison of the experimental and calculated vibrational wavenumbers and proposal assignments of 4-BBA.

Mode nos. Experimental
wavenumbers (cm−1)

Theoretical wavenumbers (cm−1) B3LYP/6-311++G(d,p) Assignments

FT-IR FT-Raman Unscaled Scaled IIR SARaman IRaman TED (≥10%)

1 3773 3615 105.81 159.02 0.04 � OH (100)
2  3072 3207 3072 1.57 99.38 0.05 � (CH)ring (96)
3 3198 3064 2.23 85.24 0.05 � (CH)ring (99)
4 3035  3163 3030 9.89 77.37 0.04 � (CH)ring (99)
5  3012 3161 3029 12.84 68.08 0.09 � (CH)ring (97)
6  2954 2960 3085 2956 44.57 138.51 0.02 �asym CH of CH3 (99)
7  3081 2951 69.36 25.41 0.02 �asym CH2 of CH3 (85) + �asym (CH2)1 (10)
8  2935 2931 3065 2937 27.03 33.48 0.00 �asym (CH2)3 (64) + �asym (CH2)2 (26)
9 2920 3042 2914 4.56 4.09 0.05 �asym (CH2)1,2,3 (95)

10 2898 2896 3024 2897 56.62 63.58 0.09 �sym (CH2)3 (57) + � CH of (CH2)1,2 (37)
11  3023 2896 17.79 120.77 0.19 �asym CH of (CH2)1,2 (77) + �sym (CH2)3 (19)
12 3020 2893 31.01 266.89 0.01 �sym CH3 (92)
13  2870 2872 3010 2883 12.21 11.36 0.13 �sym (CH2)1,2,3 (96)
14  2858 2851 3003 2877 7.64 172.06 0.23 �sym (CH2)1,2 (99)

2725 Overtone + combination
2670  Overtone + combination
2599  Overtone + combination
2553 Overtone + combination

15  1690 1782 1707 442.41 155.24 1.00 � C O (82)
16 1610 1613 1649 1621 80.17 227.86 0.02 � (CC)ring (82)
17  1576 1581 1607 1579 6.97 3.56 0.01 � (CC)ring (75)
18  1514 1540 1514 2.58 1.04 0.00 � (CH)ring (55) + � (CC)ring (29)
19  1512 1487 8.22 0.43 0.05 � {(CH2)1,2,3 + CH3} (64)
20  1475 1502 1476 1.98 7.52 0.06 � {(CH2)1,2,3 + CH3} (65)
21 1499 1474 8.26 8.47 0.01 t CH2 of CH3 (88)
22  1466 1456 1490 1465 0.15 2.17 0.24 � {(CH2)1,3 + CH3} (51)
23 1457 1442 1486 1460 0.89 34.85 0.02 � (CH2)1,2,3 (75)
24  1428 1419 1444 1419 18.29 2.25 0.00 � (CH)ring (35) + � (CC)ring (32)
25  1414 1390 3.11 0.33 0.05 w CH3 (96)
26 1374 1363 1388 1365 0.39 6.24 0.18 w (CH2)1,2 (65)
27  1363 1340 133.38 21.29 0.26 � O–H (30) + � C–O (24) + � C–COOH (16)
28 1355 1332 2.07 30.61 0.05 w (CH2)1,3 (51)
29  1330 1352 1329 10.69 5.37 0.01 � (CC)ring (59) + t (CH2)3 (13)
30  1321 1317 1338 1315 3.29 1.12 0.10 � (CH)ring (59) + � (CC)ring (21)
31  1295 1330 1307 1.46 11.58 0.01 t (CH2)1,2 (65)
32  1286 1303 1281 0.01 1.05 0.05 t (CH2)1,2,3 (63)
33 1245 1255 1280 1258 0.24 5.10 0.02 w (CH2)1,2,3 (58)
34  1209 1230 1209 0.56 1.85 0.25 r {(CH2)1,2 + CH3} (60) + t (CH2)3 (12)
35 1206  1225 1204 1.62 22.45 0.21 � C–(CH2)3 (35) + � (CC)ring (30)
36  1181 1216 1195 65.83 18.46 0.81 � (CH)ring (38) + � (CC)ring (26) + � O–H (21)
37  1179 1189 1168 208.63 68.95 0.02 � (CH)ring (37) + � O–H (24) + � (CC)ring (11) + � C–COOH (10)
38  1128 1132 1143 1123 1.84 1.97 0.45 � (CH)ring (51) + � (CC)ring (23)
39  1104 1105 1118 1099 18.55 33.03 0.04 r CH3 (27) + � (CCC)tail (25) + � (CC)tail (23)
40 1104 1085 115.72 2.66 0.01 � C–O (34) + � (CC)ring (16)
41  1070 1086 1067 71.00 0.82 0.18 � (CC)ring (21) + � C–O (14) + t {C–(CH2)3} (12)
42  1052 1034 0.88 11.61 0.00 � (CC)tail (89)
43  1020 1036 1018 16.58 0.23 0.08 ring deformation (94)
44  1005 988 2.79 4.81 0.00 � (CC)tail (81)
45 984  998 981 0.23 0.14 0.01 � (CH)ring (79)
46  947 985 968 0.36 0.35 0.00 � (CH)ring (68)
47  935 919 0.11 0.09 0.28 r {(CH2)3 + CH3} (43) + t (CH2)1,2 (29)
48  905 904 915 899 2.79 12.64 0.16 � (CC)tail (30) + r CH3 (26)
49  855 861 866 851 10.14 6.57 0.01 � (CH)ring (61)
50 834 837 855 841 0.49 0.47 0.66 � (CH)ring (95)
51  817 837 823 0.55 23.76 0.01 � (CC)ring (36) + � {(CH2)3–Cring} (16)
52  783 781 796 782 0.61 0.29 0.25 r {(CH2)1,2,3 + CH3} (59)
53  762 785 772 38.56 7.53 0.18 � CCOH (39) + � (CCC)ring (24)
54  732 741 729 39.37 5.09 0.00 � C–O (18) + � (Cring–COOH) (12)
55  735 723 1.97 0.01 0.04 r {(CH2)1,2,3 + CH3} (77)
56  702 705 719 707 37.10 0.89 0.29 � (CCC)ring (46) + � CCOH (21)
57  636 639 651 640 0.61 6.68 0.04 ring deformation (71)
58  622 611 30.09 0.77 0.09 � O–C O (40) + � (CCC)ring (12)
59  549 577 568 43.48 1.52 0.12 � OH (74)
60  520 522 513 48.74 1.68 0.06 � (CCC)ring (28) + � OH (13) + � (CCC)tail (10)
61  505 496 8.30 0.65 0.00 r COOH (70)
62  414 417 410 0.31 0.01 0.08 � (CCC)ring (97)
63  408 407 400 5.33 0.54 0.15 � (CCC)tail (25) + � C–COOH (15) + � (CC)tail (14) + � O–C O (11)
64  389 382 4.87 0.99 0.03 � (CCC)tail (27) + � (CCC)ring (15)
65  302 348 342 0.39 0.18 0.79 r (CH2)3 (61) + r COOH (12)
66  254 277 272 0.25 3.73 0.00 � (CCC)ring (28) + � (CC)tail (12)
67 237 241 237 0.05 0.02 0.01 � CH3 (91)
68 219 230 226 0.04 1.19 0.00 � (CCC)tail (35)
69  176 191 188 1.25 0.12 0.00 r COOH (80)
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Table 3 (Continued)

Mode nos. Experimental
wavenumbers (cm−1)

Theoretical wavenumbers (cm−1) B3LYP/6-311++G(d,p) Assignments

FT-IR FT-Raman Unscaled Scaled IIR SARaman IRaman TED (≥10%)

70 130 128 0.09 0.56 0.00 � (CCC)ring (40) + � (CCC)tail (29)
71  110 110 108 0.04 0.02 0.00 � (CCC)tail (84)
72 86 70 69 0.13 0.14 0.01 � (CCC)tail (71)
73 68 67 0.72 0.40 0.04 � CCO (91)
74 42 42 0.00 1.82 0.12 � (CCC)ring (48) + � (CCC)tail (19)
75  19 18 0.38 3.66 0.00 � (CH2)3 (86)
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IR, IR intensity (K mmol−1), SARaman, Raman activity (Å4 amu−1), �, stretching; �, in-
,  twisting. The CH2 groups are numbered according to Fig. 1.

requencies are assigned in terms of fundamental, overtone and
ombination bands. The recorded (FTIR and FT-Raman) and calcu-
ated vibrational wavenumbers along with their relative intensities
nd probable assignments with TED of title molecule are given in
able 3. The theoretical spectra were obtained from the B3LYP/6-
11++G(d,p) method using Lorentzian band shape with band width
n half-height 10 cm−1. This reveals good correspondence between
heory and experiment in main spectral features. The experi-

ental and theoretical spectra are shown in Fig. 2. In order to
imulate H bonding through COOH group we also calculated the
ibrational wavenumbers of dimeric form of title molecule. The
omputed wavenumbers for the dimer structure are also presented
n Table S2 (Supplementary Information). The computed vibra-
ional wavenumbers and the atomic displacements corresponding
o the different normal modes are used for identifying the vibra-
ional modes unambiguously. The calculated wavenumbers are
sually higher than the corresponding experimental quantities,

ue to the combination of electron correlation effects and basis
et deficiencies. After applying, the different scaling factors, the
heoretical wavenumbers are in good agreement with experimen-
al wavenumbers. In our present investigation, wavenumbers in

Fig. 2. Experimental and theoretical Infr
-bending; �, out-of-plane bending; r, rocking; w, wagging; �, scissoring; �, torsion;

the ranges from 4000 to 1700 cm−1 and lower than 1700 cm−1 are
scaled with 0.958 and 0.983 respectively, [27].

5.2.1. C–H vibrations
The existence of one or more aromatic rings in a structure is

normally readily determined from the C–H and C C–C ring related
vibrations. The substituted benzene like molecule gives rise to C–H
stretching, C–H in-plane and C–H out-of-plane bending vibrations.
The hetero aromatic structure shows the presence of C–H stretching
vibration in the region 3100–3000 cm−1, which is the characteris-
tic region for the ready identification of C–H stretching vibration
[28,29]. In this region, the bands are not affected appreciably by
the nature of the substituent. The aromatic C − H stretching fre-
quencies arise from the modes observed at 3062 (a1g), 3047 (e2g),
3060 (b1u) and 3080 (e1u) cm−1 of benzene and its derivatives [30].
In our present work, the C–H stretching vibrations are observed at
3072, 3035 and 3012 cm−1 in FT-Raman spectrum and there is no

peaks observed in FTIR spectrum for C–H vibrations. The calculated
values of these modes for the title molecule have been found to be
3072, 3064, 3030 and 3029 cm−1 for monomer and 3071, 3069,
3053, 3025 cm−1 for dimer at the DFT-B3LYP calculation level. As

ared and Raman spectra of 4-BBA.
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ndicated by the TED, these four modes involve approximately 99%
ontribution suggesting that they are pure stretching modes. The
symmetric C–H stretching vibration of methyl group is observed
t 2954 cm−1 in FTIR and at 2960 cm−1 in FT-Raman and the same
ibration is predicted for monomer at 2956 cm−1 by B3LYP method.
ll the computed wavenumbers of both models are in line with the
xperimental wavenumbers.

The aromatic C–H in-plane bending modes of benzene and its
erivatives are observed in the region 1300–1000 cm−1, the bands
re sharp but have weak-to-medium intensity. The C–H in-plane
ending vibrations predicted at 1315, 1195, 1168 and 1123 cm−1 by
3LYP/6-311++G(d,p) method show excellent agreement with FTIR
ands at 1321, 1179 and 1128 cm−1 and FT-Raman bands at 1317,
181 and 1132 cm−1. The C–H in-plane bending vibrations of dimer
re predicted at 1307, 1190, 1185, 1184, 1121 cm−1. The aromatic
–H in-plane bending vibrations have substantial overlapping with
he ring C–C stretching vibrations. The absorption bands arising
rom C–H out-of-plane bending vibrations are usually observed in
he region at 1000–675 cm−1 [31–35].  The C–H out-of-plane bend-
ng vibrations are observed as medium bands in FTIR at 984, 947,
55, 834 cm−1 and Raman active mode can be observed as medium
ands in Raman spectrum at 861, 837 cm−1. This also shows good
greement with theoretically scaled harmonic wavenumber values
f both monomer at 981, 968, 851 and 841 cm−1 and dimer at 983,
74, 852, 851, 843 cm−1 by B3LYP/6-311++G(d,p) method.

.2.2. Methylene group vibrations
The C–H stretching of the methylene groups are at lower fre-

uencies than those of the aromatic C–H ring stretching. The
H2 antisymmetric stretching vibrations are generally observed

n the region 3000–2900 cm−1, while the CH2 symmetric stretch
ill appear between 2900 and 2800 cm−1 [36,37].  The CH2 anti-

ymmetric and symmetric stretching vibrations were observed
t 2935, 2920 and 2898, 2870, 2858 cm−1 (FTIR) and 2931 cm−1

nd 2896, 2872, 2851 cm−1 (FT-Raman), respectively for 4-BBA
olecule. The calculated antisymmetric and symmetric CH2

tretching vibrations of the methylene group are at 2937, 2914
nd 2897, 2896, 2883, 2877 cm−1 (monomer), respectively (mode
os. 8–11, 13 and 14) by B3LYP method. For dimer molecule,
he antisymmetric and symmetric CH2 stretching vibrations are
ound to be 2956, 2952, 2925 cm−1 and 2887, 2877, 2875 cm−1

y the same method. Compared with the experimental data,
he predicted values of monomer are better reproduced than
he dimer. In the present assignment, the CH2 bending modes
ollow, in decreasing frequency, the general order CH2 defor-

ation > CH2 scis > CH2 wagg > CH2 twist > CH2 rock. Since the
ending modes involving the hydrogen atom attached to the
entral carbon atom falls in the 1450–875 cm−1 range, there is
xtensive vibrational coupling of these modes with CH2 defor-
ations, particularly with the CH2 twist. It is of some note that

oth �CH2 and rCH2 were sensitive to the molecular conforma-
ion. The recorded spectrum shows only two medium strong peaks
t 1466, 1457 cm−1 (FTIR) and at 1456, 1442 cm−1 (FT-Raman)
re assigned to CH2 scissoring vibrations. The computed values
f both models show good agreement with the above experi-
ental data. From the theoretical calculations, the CH2 wagging
odes are predicted at 1365, 1332, 1258 cm−1 (monomer) (mode

os. 26, 28, and 33). It shows excellent correlation with the
TIR and FT-Raman bands at 1374, 1245 and 1363, 1255 cm−1,
espectively and also shows the maximum TED contribution of
6%. The peaks observed at 1295 cm−1 in FTIR and at 1286 cm−1

n FT-Raman and the calculated wavenumbers 1307, 1281 cm−1
monomer) and 1315, 1298 cm−1 (dimer) are assigned to CH2
wisting vibrations. The CH2 rocking vibrations are also predicted
t lower wavenumbers with good correlation of experimental
ata.
cta Part A 85 (2012) 179– 189

5.2.3. Methyl group vibrations
The title molecule 4-BBA under consideration possesses one

CH3 unit which lies in the terminal group of molecule. For the
assignments of CH3 group frequencies, nine fundamentals can be
associated to each CH3 group [38]. The C–H stretching in CH3 occurs
at lower frequencies than those of aromatic ring (3100–3000 cm−1).
Moreover, the asymmetric stretch is usually at higher wavenumber
than the symmetric stretch. Methyl group vibrations are generally
referred to as electron-donating substituent in the aromatic rings
system, the antisymmetric C–H stretching mode of CH3 is expected
around 2980 cm−1 and CH3 symmetric stretching is expected at
2870 cm−1 [39,40]. The first of these results from the antisymmetric
stretching of CH3 mode in which the two C–H bonds of the methyl
group are expanding while the third one is contracting. The second
arises from the symmetric stretching, in which all the three C–H
bonds expand and contract in phase. The CH3 symmetric stretch-
ing mode is predicted by B3LYP method at 2893 cm−1 for both the
case, it shows above 90% of TED contribution suggesting that it is a
pure stretching mode. There is no peak observed for CH3 stretching
vibration in both FTIR and FT-Raman spectra.

For methyl substituted benzene derivatives, the antisymmetric
and symmetric deformation vibrations of methyl group nor-
mally appear in the region 1465–1440 cm−1 and 1390–1370 cm−1,
respectively [41–43].  The band at 1466 cm−1 in FTIR and the bands
at 1475, 1456 cm−1 in FT-Raman are attributed to CH3 scissor-
ing vibrations. The calculated vibrations are coupled with the CH2
scissoring vibrations with appreciable contribution of TED. The
wagging vibrations of the CH3 group in 4-BBA appear as indepen-
dent vibrations. The wavenumber at 1390 cm−1 in monomer and at
1392 cm−1 in dimer is assigned to CH2 wagging vibration. The tor-
sional mode of CH3 vibration is measured at 237 cm−1 in FT-Raman
spectrum and it exactly correlates with the theoretically predicted
monomeric value of 237 cm−1 and dimeric value of 242, 241 cm−1.

5.2.4. Carboxylic acid (–COOH) group vibrations
The vibrational bands of the terminal –COOH groups of 4-BBA

contain the C–O, C O and O–H vibrational modes. C O stretch-
ing band appears strongly in the region 1870–1540 cm−1 in which
the position of C O stretching band depends on the physical state,
electronic and mass effects of neighboring substituents, conjuga-
tions and intramolecular and intermolecular hydrogen bonding
[31,44–46].  The C O stretching mode is the strongest band in
the infrared spectrum and appears with diminished intensity in
the Raman spectrum. Hence the very strong FTIR band observed
at 1690 cm−1 is assigned to the C O stretching band of 4-BBA
molecule. The similar vibration is calculated for dimer at 1654 cm−1

by DFT-B3LYP method. However, the computed value (1707 cm−1)
of C O stretching vibration of monomer shows better agreement
with the experimental data than dimer.

As for the –OH hydroxyl group which connects the molecules,
the observed IR frequency region is usually at the interval
3550–3200 cm−1 [46]. Although these values are not observed in
the recorded IR and Raman spectra shown in Fig. 2, the O–H stretch-
ing mode of monomer is found as 3615 cm−1 by B3LYP calculation
level, as given in Table 3. Diverse dimeric units are common features
among mono aminobenzoic acids as well as they are observed in the
structure of benzoic acid [47]. It can be observed that there is a fre-
quency downshift of O–H stretching vibration in dimer due to the
presence of intermolecular interaction. The occurrence of dimeric
conventions is due to hydrogen bonds which act as the bridging
mode. The lower stretching frequency observed in 4-BBA compared
with the free O–H group stretching signifies that there is a possi-

bility of intermolecular hydrogen bonding in 4-BBA, between the
hydroxyl group of one molecule and carbonyl group of another
molecule. The carboxylic acids show in-plane and out-of-plane
bending band of O–H near 1179 and 549 cm−1 (FTIR). The TED
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Table 4
The observed (in DMSO) and predicted 1H and 13C NMR  isotropic chemical shifts (with respect to TMS, all values in ppm) for 4-BBA.

Atom Experimental B3LYP/6-311++G(d,p) Atom Experimental B3LYP/6-311++G(d,p)

DMSO Gas phase DMSO DMSO Gas phase DMSO

H(7) 7.31 7.41 7.58 C(1) 128.90 132.58 133.72
H(8)  7.85 8.35 8.29 C(2) 148.19 154.47 157.45
H(12) 7.85 8.16 8.23 C(3) 128.90 128.12 128.87
H(13) 7.31 7.35 7.58 C(4) 129.80 137.83 136.83
H(18) 0.89 1.25 1.22 C(5) 128.74 129.87 128.76
H(19) 0.89 1.01 1.00 C(6) 129.80 135.88 135.74
H(20) 0.89 1.01 1.00 C(9) 167.76 170.43 172.60
H(21) 3.37 5.50 6.12 C(14) 35.21 37.85 37.79
H(22) 2.64 2.84 2.94 C(15) 33.19 31.70 31.41
H(23) 2.64 2.84 2.94 C(16) 22.16 27.92 27.49
H(24) 1.56 1.60 1.63 C(17) 14.17 15.53 15.13
H(25) 1.56 1.60 1.63
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H(26) 1.30 1.35 1.39
H(27) 1.30 1.35 1.39

alculations show that the hydroxyl stretching vibrational mode
s very pure. But the in-plane bending vibration of the hydroxyl
roup is overlapped with the other vibrations. The band due to the
ree hydroxyl group is sharp and its intensity increases. In addition
arboxylic acids also show C–O stretching band in FTIR at about
070 cm−1.

.2.5. Ring vibrations
The aromatic ring vibrational modes of title compound have

een analyzed based on the vibrational spectra of previously
ublished vibrations of the benzene molecule are helpful in the

dentification of the phenyl ring modes [32,34].  The ring stretching
ibrations are very prominent, as the double bond is in conjuga-
ion with the ring, in the vibrational spectra of benzene and its
erivatives [31]. The carbon–carbon stretching modes of the phenyl
roup are expected in the range from 1650 to 1200 cm−1. The actual
osition of these modes is determined not so much by the nature
f the substituents but by the form of substitution around the
ing [30]. In general, the bands are of variable intensity and are
bserved at 1625–1590, 1590–1575, 1540–1470, 1465–1430 and
380–1280 cm−1 from the wavenumber ranges given by Varsanyi
48] for the five bands in the region. In the present work, the
avenumbers observed in the FTIR spectrum at 1610, 1576, 1514,

428, 1321 cm−1 and in FT-Raman spectrum at 1613, 1581, 1419,
330, 1317 cm−1 have been assigned to C–C stretching vibrations.
he theoretically computed values at 1621, 1579, 1514, 1419, 1329,
315 cm−1 (monomer) show an excellent agreement with experi-
ental data. These modes are mixed mode with the contribution of

–H in-plane bending vibration in this region. The calculated values
1622–1307 cm−1) of dimer molecule are also in good agreement
ith the experimental values. The C–C–C out-of-plane bending
odes of monomer is attributed to the low wavenumbers com-

uted at 707, 513, 410 cm−1 and these wavenumbers are consistent
ith the experimental wavenumbers.

In butyl group, the C–C stretching vibrations are observed
t 1104, 905 cm−1 in FTIR spectrum and at 1105, 904 cm−1

n FT-Raman spectrum. The same vibrations are predicted
or monomer at 1099, 1034, 988, 899 cm−1 and for dimer
t 1095, 1046, 1006, 894 cm−1 by B3LYP/6-311++G(d,p)
ethod. The C–C–C in-plane and out-of-plane bending vibra-

ions are also computed theoretically and the correlation between
he experimental and theoretical values are observed.
.3. NMR  spectral analysis

The 13C and 1H theoretical and experimental chemical shifts,
sotropic shielding tensors and the assignments of 4-BBA are
presented in Table 4. The experimental 13C, 1H and DEPT NMR
spectra are shown in Figs. 3–5. 1H atom is mostly localized on
periphery of the molecules and their chemical shifts would be more
susceptible to intermolecular interactions in the aqueous solutions
as compared to that for other heavier atoms. Aromatic carbons
give signals in overlapped areas of the spectrum with chemical
shift values from 100 to 150 ppm [49,50].  In our present investi-
gation, the experimental chemical shift values of aromatic carbons
except C2 are in the range 128.74–129.80 ppm. The chemical shift
of C2 (148.19 ppm) is greater than the other aromatic carbons
because of the substitution of butyl group. The positions of car-
boxylic groups are recognized, whereas the localization of proton
is not. The 13C chemical shifts of carboxylic acids are in the range
of 160–182 ppm but those of their salts between 167 and 183 ppm
[51]. The experimental chemical shift value of C9 is 167.76 ppm and
the calculated value is 170.43 ppm in gas phase and 172.60 ppm
in DMSO solvent. The C9 and H21 atoms are deshielded due to
the presence of electronegative oxygen in the carboxylic group.
Besides, due to shielding effect which the non-electronegative
property of hydrogen atom, the chemical shift value of C17 atom
is lower than the others carbon peak. In the 13C NMR spectrum,
the C14, C15 and C16 (methylene carbons) signals are observed at
35.21, 33.19 and 22.16 ppm respectively. Similarly, the correspond-
ing proton (in methylene groups) chemical shifts are in the range
2.64–1.30 ppm.

1H chemical shifts of 4-BBA were obtained by complete anal-
ysis of their NMR  spectra and interpreted critically in an attempt
to quantify the possible different effects acting on the shielding
constant of protons. The chemical shift values of aromatic protons
are in the range 7.31–7.85 ppm. The H7 and H13 values are slightly
smaller than the H8 and H12 values. Because, the electron donating
butyl group cause shielding of the aromatic protons. The hydrogen
atoms present in the ortho positions to butyl group experience lit-
tle more shielding than other aromatic hydrogen atoms. Hydrogen
attached or nearby electron donating atom or group increases the
shielding and moves the resonance towards to a lower frequency.
The chemical shifts obtained and calculated for the hydrogen atoms
of methyl groups are quite low. All values are ≤3 ppm [52] due
to shielding effect. It is correct from above literature data, in our
present study the methyl protons at C17 appears at 0.89 ppm shows
good agreement with computed chemical shift values. The chem-
ical shift of proton (H21) attached to the electron withdrawing
group is 3.37 ppm and the deviation between experimental and

computed chemical shifts may  be due to the presence of inter-
molecular hydrogen bonding. The correlation graphics between the
experimental and calculated 13C NMR  and 1H NMR  chemical shifts
of 4-BBA are presented in Fig. 6.
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Fig. 3. Experimental 13C NMR  spectrum of 4-BBA.
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.4. Electronic properties

.4.1. Absorption spectra
Molecules allow strong �–�* and 	–	* transition in the UV–vis

egion with high extinction coefficients. Ultraviolet spectra anal-
ses of 4-BBA have been researched by theoretical calculation.
he electronic absorption spectra of title molecule were measured
n ethanol and water at room temperature. The excitation ener-
ies, absorbance and oscillator strengths for the title molecule at

he optimized geometry in the ground state were obtained in the
ramework of TD-DFT calculations with the B3LYP/6-311++G(d,p)

ethod. It is obvious that to use TD-DFT calculations to predict
he electronic absorption spectra is a quite reasonable method. The
R  spectrum of 4-BBA.

theoretical and experimental maximum absorption wavelengths
are compared in Table 5. TD-DFT methods are computationally
more expensive than semi-empirical methods but allow easily
studies of medium size molecules [53,54]. Briquet and Vercauteren
reported that TD-DFT �max calculations by 6-311++G(d,p) basis
set is compatible with experimental results [55]. Test calcula-
tions have shown that the inclusion of extra polarization functions
does not affect the excitation energies, besides the addition of
diffuse functions leads to an increase in computation time. Exper-

imentally determined maximum absorption values are 237 nm
(in ethanol) and 238 nm (in water). �max values obtained with
B3LYP/6-311++G(d,p) are 255, 252, 240 nm (in gas phase), 258,
246, 245 nm (in ethanol) and 258, 246, 245 nm (in water). The
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Fig. 5. Experimental DEPT NMR  spectrum of 4-BBA.

Fig. 6. . The linear regression between the experimental and theoretical 13C and 1H
NMR  chemical shifts of 4-BBA.
Fig. 7. Experimental UV–vis spectra of 4-BBA in ethanol (top) and water (bottom)
solution.

experimental absorption spectra are shown in Fig. 7. While agree-

ment between the calculated and experimental �max values of
4-BBA is evident, the calculated bands are blue-shifted by ∼7 and
∼2 nm.
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Table  5
The experimental and computed absorption wavelength � (nm), excitation energies E (eV), absorbance and oscillator strengths (f) of 4-BBA in gas phase, ethanol and water
solution.

Experimental TD-DFT/B3LYP/6-311++G(d,p)

Ethanol Water Gas Ethanol Water

� (nm) E (eV) Abs. � (nm) E (eV) Abs. � (nm) E (eV) f (a.u.) � (nm) E (eV) f (a.u.) � (nm) E (eV) f (a.u.)

2 

9 

8 

5

a
m
c
w
h
c
e

F
o

255.10 4.860
252.98 4.900

237 5.2161 0.536 238 5.2381 0.938 240.38 5.157

.4.2. Frontier molecular orbital analysis
Many organic molecules that contain conjugated �-electrons

re characterized as hyper-polarizabilities and are analyzed by
eans of vibrational spectroscopy [56,57]. According to the TD-DFT

alculated electronic absorption spectra, the maximum absorption

avelength corresponding to the electronic transition is from the
ighest occupied molecular orbital (HOMO) to the lowest unoc-
upied molecular orbital (LUMO). The frontier molecular orbital
nergies and corresponding density of state of the title compound

ig. 8. (a) Patterns of the principle highest occupied and lowest unoccupied molecular orb
f  the principle highest occupied and lowest unoccupied molecular orbitals of 4-BBA obt
0.0148 258.16 4.8026 0.0260 258.21 4.8017 0.0256
0.0000 246.94 5.0209 0.4436 246.92 5.0212 0.4389
0.3503 245.78 5.0444 0.0000 245.49 5.0504 0.0000

is shown in Fig. 8(a) and (b). The energies of four important molecu-
lar orbitals of 4-BBA: the highest, second highest and third highest
occupied molecular orbitals (HOMO, HOMO-1 and HOMO-2), the
lowest unoccupied molecular orbital (LUMO) were calculated and
are presented in Table 6. The lowest singlet → singlet spin-allowed

excited states of 4-BBA were taken into account for the TD-DFT cal-
culation in order to investigate the properties of electronic absorp-
tion. The energy gap between HOMO and LUMO is a critical param-
eter in determining molecular electrical transport properties [58].

itals of 4-BBA obtained with TD-DFT/6-311++G(d,p) method in ethanol. (b) Patterns
ained with TD-DFT/6-311++G(d,p) method in water.
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Table  6
Calculated energy values of 4-BBA for ground state in gas phase, and ethanol and
water solutions.

TD-DFT/B3LYP Gas Ethanol Water

Etotal (Hartree) −578.2478 −578.2556 −578.0795
EHOMO (eV) −7.12 −7.17 −7.18
ELUMO (eV) −1.64 −1.77 −1.77
�EHOMO–LUMO gap (eV) −5.48 −5.41 −5.40
EHOMO-1 (eV) −7.34 −7.39 −7.40
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EHOMO-2 (eV) −7.89 −8.18 −8.19
�EHOMO-1–LUMO gap (eV) −5.70 −5.63 −5.62
�EHOMO-2–LUMO gap (eV) −6.25 −6.41 −6.42

The lowest unoccupied molecular orbital (LUMO) energy is
1.64 eV (in gas phase), −1.77 eV (in ethanol) and −1.77 eV (in
ater) and the highest occupied molecular orbital (HOMO) energy

s −7.12 eV (in gas phase), −7.17 eV (in ethanol) and −7.18 eV (in
ater). The energy gap of HOMO–LUMO explains the eventual

harge transfer interaction within the molecule, and the frontier
rbital energy gap of 4-BBA is found to be −5.48 eV (in gas phase),
5.41 eV (in ethanol) and −5.40 eV (in water) obtained at TD-
FT method using 6-311++G(d,p) basis set. The HOMO is localized
n the benzene ring, –O–C O part and methylene group [(CH2)3]
ttached to the ring and LUMO is contributed by the whole of the
olecule without methyl group and methylene [(CH2)1 and (CH2)2]

roups.

. Conclusions

In the present work, we have calculated the geometric param-
ters, vibrational frequencies and 13C and 1H NMR  chemical shifts
f the 4-butyl benzoic acid molecule by using B3LYP method with
-311++G(d,p) basis set. In order to take into account the effect of

ntermolecular interaction, the 4-BBA dimer formed by O–H· · ·O
ntermolecular hydrogen bonds was investigated by theoretical

ethods. An excellent correlation between the experimental and
he calculated wavenumbers in monomer model was obtained. Sig-
ificant discrepancies have been found for a dimer model when the
ydrogen bonds are involved. The calculations show that using TD-
FT/6-311++G(d,p) approach, experimental absorption spectrum
as been well reproduced. It has been conclude that the lowest sin-
let excited state of the 4-BBA molecule is mainly derived from the
OMO → LUMO (� → �*) electron transition.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.saa.2011.09.058.
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