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Structurally, boronic acids are trivalent boron-containing organic compounds that possess one alkyl sub-
stituent (i.e., C–Br bond) and two hydroxyl groups to fill the remaining valences on the boron atom. We
studied 3-bromophenylboronic acid (3BrPBA); a derivative of boronic acid. This study includes the exper-
imental (FT-IR, FT-Raman, 1H and 13C NMR, UV–Vis) techniques and theoretical (DFT-density functional
theory) calculations. The experimental data are recorded, FT-IR (4000–400 cm–1) and FT-Raman spectra
(3500–10 cm–1) in the solid phase. 1H and 13C NMR spectra are recorded in DMSO solution. UV–Vis spec-
trum is recorded in the range of 200–400 nm for each solution (in ethanol and water). The theoretical cal-
culations are computed DFT/B3LYP/6-311++G(d,p) basis set. The optimum geometry is also obtained
from inside for possible four conformers using according to position of hydrogen atoms after the scan
coordinate of these structures. The fundamental vibrations are assigned on the basis of the total energy
distribution (TED) of the vibrational modes, calculated with scaled quantum mechanics (SQM) method
and parallel quantum solutions (PQS) program. 1H and 13C NMR chemical shifts are racked on by using
the gauge-invariant atomic orbital (GIAO) method. The time-dependent density functional theory (TD-
DFT) is used to find HOMO and LUMO energies, excitation energies, oscillator strengths. The density of
state of the studied molecule is investigated as total and partial density of state (TDOS and PDOS) and
overlap population density of state (OPDOS or COOP) diagrams have been presented. Besides, frontier
molecular orbitals (FMOs), molecular electrostatic potential surface (MEPs) and thermodynamic proper-
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ties are performed. At the end of this work, the results are ensured beneficial for the literature
contribution.

� 2014 Elsevier B.V. All rights reserved.
Introduction

Boronic acids are not naturally occurring, though they have
appeared in the literature since at least 1860 [1]. Unique, versatile
reactivity and stability of boronic acids have led to uses in numer-
ous areas, including C–C bond formation, acid catalysis, asymmet-
ric synthesis, carbohydrate analysis, metal-catalysis, molecular
sensing, and as therapeutic agents, enzyme inhibitors, and novel
materials [2–4]. Boronic acids and wide types of derivatives are
far-going many areas; material science, supra-molecular chemis-
try, analytical chemistry, medicine, biology, catalysis, organic syn-
thesis and crystal engineering and used as reagents with in organic
synthesis, enzyme inhibitors, catalysts, protecting groups, and
affinity purification agents, receptors for saccharide sensing, neu-
tron capturing agents for cancer therapy, bio conjugates, and pro-
tein labels [5].

Identify carbohydrates that are potentially suitable linear link-
ers—in both a geometrical and a chemical sense—for linear and
higher dimensional boronic acid nodes were reported [6]. O’Dono-
van et al. [7] concluded a novel class of bacterial of boronic acids
mutagen that may not act by direct covalent binding to DNA.
Biomedical applications of boronic acid-containing polymers and
biological of particular dichlorophenylboronic acids were studied
[8–10]. The moiety of boronic acids was incorporated into nucleo-
sides and amino acids as antiviral agents and anti-tumor [11]. Also
their derivatives of divergent biologically important compounds
have been synthesized as anti-metabolites for a possible two-
pronged attack on cancer [12–14].

Phenylboronic acid is containing a phenyl substituent and two
hydroxyl groups attached to boron. The molecular structures of
phenylboronic acid and its derivatives were studied many authors.
Infrared spectra of phenylboronic acid and diphenyl phenylboro-
nate were studied by Faniran [15]. Rettig and Trotter studied crys-
tal and molecular structure of phenylboronic acid [16]. Cyrański
et al. [17] analyzed the molecular structures of phenylboronic acid
and its dimer using X-ray structural analysis and spectroscopic
methods. The crystal structures of 3-fluorophenylboronic acid
and 2,4-difluorophenylboronic acid were identified by Wu et al.
[18] and Rodriguez et al. [19], respectively. Shimpi et al. [20]
reported the crystal structures of 4-chloro- and 4-bromophenylbo-
ronic acids and hydrates of 2- and 4-iodophenylboronic acid in two
different forms, which were characterized by single-crystal X-ray
diffraction methods. The molecular and crystal structures of 3-
Formylphenylboronic acid [21] and 3-aminophenylboronic acid
monohydrate [22] were analyzed.

DFT calculations are reported to provide excellent vibrational
frequencies of organic compounds if the calculated frequencies
are scaled to compensate for the approximate treatment of elec-
tron correlation, for basis set deficiencies and for the anharmonic-
ity [23–27].

Literature survey reveals that there are theoretical and spectro-
scopic studies regarding on the boronic acid and its derivatives. The
molecular structure and vibrational spectra of the 4-chloro- and 4-
bromophenylboronic acids [28], pentafluorophenylboronic acid
[29], 3,5-dichlorophenylboronic acid [30], 3,4-dichlorophenylbo-
ronic acid [31], 2,4- and 2,6-dimethoxyphenylboronic acid [32,33]
and also 3- and 4-pyridineboronic acid molecules [34] were
reported theoretically and experimentally. Erdogdu et al. [35] pre-
sented the theoretical and experimental analysis of 2-fluor-
ophenylboronic acid. Moreover, the experimental and theoretical
investigation of the conformation, vibrational and electronic transi-
tions of 2,3-difluorophenylboronic acid molecule [36] and acenaph-
thene-5-boronic acid [37] were studied. Rani et al. [38] set out
experimental and theoretical investigation of the conformation,
vibrational and electronic transitions of methylboronic acid.

To the best of our knowledge showed that, there is no theoretical
(DFT) and experimental spectroscopic studies performed on the
conformational, vibrational (IR and Raman), NMR and UV–Vis spec-
tra about on monomer and dimer structures of 3BrPBA. This insuffi-
ciency encourages us to represent the detailed description of
3BrPBA experimentally (FT-IR, FT-Raman, 1H and 13C NMR, and
UV–Vis spectra) and theoretically (DFT). In addition we investigated
the heat capacity, entropy, and enthalpy of the title molecule
according to the different temperatures. The nonlinear optical prop-
erties (NLO) of the studied molecule are represented, addressed on
theoretical calculations.
Experimental

The 3BrPBA (C6H4BrB(OH)2) molecule was provided from Across
Organics Company in solid state with a stated purity of 97% and it
was used as no extra purification. FT-IR, FT-Raman, NMR and UV–
Vis spectra of the title molecule are performed as described the fol-
lowing sentences. FT-IR spectrum of the compound is recorded
between 4000 and 400 cm�1 on a Perkin–Elmer FT-IR System Spec-
trum BX spectrometer by using a KBr disc technique. The spectrum
was recorded at room temperature, with a scanning speed of
10 cm�1 min�1 and the spectral resolution of 4.0 cm�1. FT-Raman
spectrum of the 3BrPBA molecule is recorded in the region 3500–
10 cm�1 on a Bruker RFS 100/S FT-Raman instrument using
1064 nm excitation from an Nd:YAG laser. The detector is a liquid
nitrogen cooled Ge detector. Five hundred scans were accumulated
at 4 cm�1 resolution using a laser power of 100 mW. The 1H and
13C NMR spectra of the headline molecule are carried out in Varian
Infinity Plus spectrometer at 300 K, dissolved in DMSO. The chem-
ical shifts are reported in ppm relative to tetramethylsilane (TMS)
for 1H and 13C NMR spectra. Last one, the UV–Vis spectrum of the
title molecule, solved in ethanol and water, is registered in the
range of 200–400 nm using Shimadzu UV-2101 PC, UV–V_IS record-
ing Spectrometer. The results are analyzed by UV PC personal spec-
troscopy software, version 2.33.
Computational details

In the last years, considerable effort has been directed to the
understanding of organic molecule of theoretical calculations with
the DFT [39] with the Becke’s three-parameter hybrid functional
(B3) [40], for the exchange part and the Lee–Yang–Parr (LYP) cor-
relation function [41], accepted as a cost-effective approach. We
have utilized this theory for the computation of molecular struc-
ture, vibrational frequencies, chemical shifts and energies of opti-
mized structures. In this connection, in the ground state
theoretical geometrical parameters, IR, Raman, (1H and 13C) NMR
and UV–Vis spectra of the studied molecule were calculated by
dint of Gaussian 09 suite of quantum chemical codes [42].

The first task to find the most stable structure of the title mol-
ecule within four possible conformers were proposed as named
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trans–cis (TC), cis–trans (CT), trans–trans (TT) and cis–cis (CC). Then
the selected torsion angle T(O–B–C–C), is changed every 10� and
molecular energy profile is calculated from 0� to 180� and opti-
mized by using the hybrid B3LYP level of theory in DFT with the
6-311++G(d,p) basis set [40,41] for all proposed conformers. The
optimized structural parameters are used in the vibrational fre-
quencies, isotropic chemical shifts and calculations of electronic
properties. The harmonic frequencies are multiplied by scaled fac-
tors to obtain the best agreement results with the experimental
data. We used the scaling factors as 0.958 for greater and 0.983
smaller than 1700 cm–1, respectively. [43]. The TED of fundamental
vibrational modes is calculated by using the SQM method and PQS
program [44,45]. The 1H and 13C NMR isotropic shielding are car-
ried through the GIAO method [46,47] using the optimized param-
eters obtained from B3LYP/6-311++G(d,p) method. The UV–Vis
spectrum, electronic transitions, vertical excitation energies,
absorbance and oscillator strengths of the headline molecule are
calculated with the TD-DFT.

To analysis group contributions of molecular orbitals and to plot
the TDOS (or DOS), PDOS and OPDOS (or COOP) diagrams, Gauss-
Sum 2.2 [48] was run on. The OPDOS and PDOS spectra are
achieved by convoluting the molecular orbital information with
Gaussian curves of unit height and a FWHM (Full Width at Half
Maximum) of 0.3 eV. The MEPs of the 3BrPBA and statistical ther-
modynamic functions (the heat capacity, entropy, and enthalpy) of
the molecule are calculated by using from B3LYP/6-311++G(d,p)
method. DFT results have also been used to calculate the dipole
moment, mean polarizability and first static hyperpolarizability
based on the finite field approach.

Results and discussion

3BrPBA molecule has two substituents, B(OH)2 group and Br
(bromine) atom is at meta-position. Due to model system B(OH)2,
dependent on the positions of the hydrogen atoms (bonded to oxy-
gen), whether they are directed away from or toward the ring, pro-
vide us to investigate plausible structures (as conformers) of the
title molecule. There are four conformers/isomers, had reasonable
structure TC, CT, TT and CC are investigated (Fig. 1). Additionally,
to explain conformational features of 3BrPBA a conformation anal-
ysis was performed between phenyl ring and B(OH)2 group system.

Potential energy surface (PES) scan and energetics

In order to determine conformational flexibility of the caption
molecule, the energy profile of the four (TC/CT conformers have
the same scan) proposed conformers as a function of T(O8–B9–
C1–C2), torsion angle is varied from 0� to 180� by changing every
10� by using B3LYP/6-311++G(d,p) method. Namely, potential
energy curve is calculated by means of scanning B(OH)2 groups
Fig. 1. The theoretical optimized geometric structure
made over the phenyl ring for proposed four conformers. The con-
formational energy profile shows one local minima near 0� (or
180�) T(O8–B9–C1–C2) torsion angles for TC/CT and TT conformers,
however the CC conformer shows a local minimal cavity at the near
30� (or 150�) given Fig. S1. It is clear from Fig. S1, the conformer
(TC) was more stable for 0� (or 180�) torsion angle of the 3BrPBA
molecule. All the proposed structures and results of their scans
suggest that the TC conformer of the molecule had been the most
stable structure.

The energies of proposed (based on the location of hydrogen
atom of the molecule and then scan results) different conforma-
tions of the title molecule are optimized DFT/B3LYP/6-
311++G(d,p) for C1 and Cs point group symmetries. These calcula-
tions are unveiled that TC form is the more stable conformer than
the other conformers. TC and TT conformers have positive fre-
quency, while CT and CC conformers have negative frequency for
Cs point group symmetry. Therefore using the reference point
[the lowest energy (Cs group symmetry of TC)], the relative energy
of the other conformers: DE = E(Cn)–E(CTC), the energies and
energy difference of 3BrPBA molecule were determined in Table 1.
The most stable conformer TC has energy differing from by value
0.0516–4.1903 kcal/mol than the other conformers of the heading
molecule for Cs group symmetry. Because of TC is the most stable
conformer, the discussion below refers only for TC (Cs symmetry)
conformer. The geometric parameters (bond lengths and bond
angles), vibrational frequencies, NMR chemical shifts and UV–Vis
absorption spectra of the studied molecule (TC conformer) are
reported by using B3LYP/6-311++G(d,p) with the comparing exper-
imental results.

Geometrical structures

We used the crystal structure of structurally similar phenylbo-
ronic acid, 3-fluorophenylboronic acid and 4-bromophenylboronic
acid [16,18,20], because of not available in the literature of the
3BrPBA molecule, till now. The geometric parameters are com-
pared with these results [16,18,20]. All conformations of the
3BrPBA with its atomic numbering schemes are shown in Fig. 1.
The atomic numbering scheme of dimer TC form of the 3BrPBA
molecule is shown in Fig. 2. The optimized geometry parameters,
in accordance with the atom numbers of Fig. 1, of monomer and
dimer structures of the TC conformer and four possible conformers
of 3BrPBA molecule are given in Table S1. It is seen from Table S1
that the theoretical computations are slightly overestimate bond
lengths, bond angles from experimental results [16,18,20]. These
discrepancies of the molecular geometry between gases phase
(theoretical) and solid phase (experimental), owing to extended
hydrogen bonding and stacking interactions, are appropriate.

The C–C and C–H bond lengths of the 3BrPBA molecule are
approximately equal to for experimental values of phenylboronic
s (TC, CT, TT and CC conformers) of the 3BrPBA.



Table 1
The calculated energies and energy differences for four possible conformers of 3BrPBA for two group symmetry by using DFT (B3LYP 6-311++G(d,p)) method.

Conformers Energy Energy differencesa Dipole moment Imaginary frequencies

(Hartree) (kcal/mol) (Hartree) (kcal/mol) (Debye)

C1 group symmetry
Trans–Cis (TC) �2981.93795872 �1871194.3975 0.0000 0.0000 0.6753 –
Cis–Trans (CT) �2981.93787603 �1871194.3456 0.0001 0.0519 2.8609 –
Trans–Trans (TT) �2981.93505789 �1871192.5772 0.0029 1.8203 3.8253 –
Cis–Cis (CC) �2981.93260325 �1871191.0369 0.0054 3.3606 2.7188 –

Cs group symmetry
Trans–Cis (TC) �2981.93793685 �1871194.3838 0.0000 0.0137 0.6225 –
Cis–Trans (CT) �2981.93787654 �1871194.3459 0.0001 0.0516 2.8660 �15.17 cm�1

Trans–Trans (TT) �2981.93506365 �1871192.5808 0.0029 1.8167 3.8218 –
Cis–Cis (CC) �2981.93128100 �1871190.2072 0.0067 4.1903 2.8712 –80.86 cm�1

a Energies of the other conformers relative to the most stable TC conformer.

Fig. 2. The theoretical optimized geometric dimer structure of TC conformer of the 3BrPBA.

M. Karabacak et al. / Journal of Molecular Structure 1076 (2014) 358–372 361
acid, 3-fluorophenylboronic acid and 4-bromophenylboronic acid
[16,18,20]. For example, the C–C bond lengths were observed in
the range of 1.365–1.406 Å for 3-flurophenylboronic acid [18],
and from 1.378 to 1.404 Å [16] for phenylboronic acid. These bond
lengths were observed at 1.365–1.393 Å and 1.365–1.392 Å [20]
and calculated at 1.391–1.404 Å [28] for the 4-chloro and 4-bro-
mophenylboronic acid molecules. These bond lengths are also cal-
culated in the range of 1.387–1.410 Å for 2-fluorophenylboronic
acid [35] and from 1.384 to 1.407 Å for 2,3-difluorophenylboronic
acid [36]. In this study, the C–C bond lengths were calculated in the
range of 1.390–1.404 Å for monomer and dimer structures of TC
conformer of 3BrPBA.

Typical B–O bond lengths are generally ca. 1.360 Å [49] consis-
tent with relatively strong p-interactions. These bond lengths are
observed at 1.362 and 1.378 Å for phenylboronic acid [16], at
1.343 and 1.366 Å for 3-fluorophenylboronic acid molecule [18]
and at 1.359 and 1.372 Å for 4-bromophenylboronic acid molecule
[20]. Also in the previous work, B–O distances including for differ-
ent forms were calculated at 1.366 Å and 1.373 Å for 3,4-dic-
hlorophenylboronic acid [31]. This distance were presented from
1.371 to 1.375 Å and 1.365–1.373 Å, for the 2,4-and 2,6-dim-
ethoxyphenylboronic acid molecule, respectively [32,33]. The opti-
mized B–O bond lengths were obtained nearly at 1.360 Å and
1.375 Å [36]. In this paper, these values are calculated at 1.366 Å
and 1.372 Å (B9–O7 and B9–O8) for monomer structure, showed
more consistent with experimental values and above mentioned
the calculation results of literature. However they showed differ-
ences in the dimer structure, calculated at 1.351 Å and 1.391 Å
(B9–O7 and B9–O8). The hydrogen atom have important role for this
changes, due to they have inter and intra-molecular interaction.

The C–B bond lengths were observed at 1.553 Å (4-chloro-) and
at 1.545 Å (4-bromo-) for derivatives of phenyl boronic acid [20].
Kurt [28] calculated at 1.566 Å and 1.567 Å for the same molecules,
respectively. The C6–B12 bond length was slightly greater than that
typically found in boroxines, indicating a weakening of this bond
by the electron-withdrawing nature of the C6–F5 group [29]. The
optimized C–B bond lengths are calculated at 1.570 Å for the
3BrPBA molecule both monomer and dimer structures in this work.
The experimental values of phenylboronic acid and 3-fluor-
ophenylboronic acid are in well coherent, observed at 1.568 Å
and at 1.562 Å [16,18]. This calculated bond lengths show very
good correlation with structurally similar molecules in the litera-
ture [28–33,50].

The C–X (X; F, Cl, Br . . .) bond length shows a considerable
increase when substituted (X) in place of hydrogen atom. In inter-
national tables for crystallography the C–Br bond lengths values
are 1.895 Å for 4-bromophenylboronic acid [20], 1.897 Å and
1.904 Å for 5-bromo salicylic acid [51]. The bond distance C–Br
was calculated at 1.917 Å (monomer) and 1.916 Å (dimer) for 5-
bromo salicylic acid molecule [52]. Kurt [28] calculated the C–Br
bond of 4-bromophenylboronic acid at 1.917 Å using B3LYP/6-
311G++(d,p) basis sets. In our present paper, this band (C–Br) is
calculated at 1.921 Å for monomer and dimer structures by using
B3LYP/6-311G++(d,p) basis set, showing good coherent related
paper.

The ring C–C–C bond angles were calculated at 118.1–121.3�,
observed in the range of 117.2–121.8� for phenylboronic acid
[16] and from 117.6� to 123.9� for 3-fluorophenylboronic acid
[18], which is the good correlation (except one or two) with the
normal values (120.0�) of the six-membered phenyl ring. However
the C2–C1–C6 and C3–C4–C5 bond angle deviated from normal value
smaller than the others, it can be attached B(OH)2 group and bro-
mine atom. The C–B–O and O–B–O bond angles of the studied mol-
ecule are different in the TT and CC conformers according to TC and
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CT conformers. The hydrogen atoms (attached oxygen atoms) have
important role for these disparity. The hydrogen atoms have trans–
cis or cis–trans orientation for TC and CT conformers. But the
hydrogen atoms of the other two conformers are the same orienta-
tion as trans–trans and cis–cis (see Table S1). The B–O–H bond
angles are calculated in the range of 112.5–116.6� for all conform-
ers. All calculated bond angles showed the small difference
between the experimental values this can be due to calculation
belongs to gases phase and experimental results belong to solid
phase. One can quite easily see from Table S1, all the calculations
of bond angles are in very consistency with the compared experi-
mental values [16,18].

The experimental results show that the –B(OH)2 group is
twisted by 21.4�, 35.0�, and 38.14�, relative to the ring group for
phenylboronic acid [16] and 26.3� and 26.9� for 4ClPBA and 4BrPBA
[20]. The corresponding calculated values are different from these
values (=0�), because both the ring and the B(OH)2 groups lie in the
same plane (Cs point group symmetry).

Vibrational spectral analysis

The 3BrPBA molecule which has Cs point group symmetry has
16 atoms and 42 fundamental vibrational modes TC and TT con-
formers and C1 point group symmetry for CT and CC conformers.
Because of the imaginary frequencies, the calculations showed that
the conformers CT and CC are unstable conformers in Cs point
group symmetry. However, TC and TT are stable in Cs point group
symmetry. Due to the Cs point group symmetry 42 fundamental
vibrational modes are represented by symmetry species
29A0 + 13A0 0, with the A0 representing in-plane motions and A0 0 rep-
resenting out-of plane motions. The calculated wavenumbers of
the most stable conformer of TC monomer and its dimer structures
are tabulated in Tables 2 and S2 together with the experimental
wavenumbers. A detailed description of the normal modes are per-
formed at the B3LYP level with the triple split valence basis set 6-
311++G(d,p), on the basis of relative intensities, line shape and TED
given in Table 2.

In order to acquire the spectroscopic signature of the title mol-
ecule, performed a wavenumber calculation analysis by using DFT/
B3LYP/6-311G++(d,p) basis set [42]. The calculated wavenumbers
are usually higher than the experimental ones; this inconsistency
can be a consequence of the anharmonicity and the general ten-
dency of the quantum chemical methods to overestimate the force
constants at the exact equilibrium geometry. The other possibility
is the calculations have been made for free molecule in gases
phase, while experiments were performed for solid sample. This
discrepancy partly fixed with the scaling factor [43]. The theoreti-
cal (with the scaling factor) and experimental infrared and Raman
spectra are graphed in Figs. 3 and 4 for comparative purpose for
monomer and dimer structures, where the calculated intensity is
plotted against harmonic vibrational wavenumbers.

The goal of this part of the work is the assignment of the vibra-
tional absorptions to make a comparison with the results obtained
from the theoretical calculations (monomer and dimer) and the
structurally similar molecules. The interpretations include the ring
vibrational modes and between the ring and substituent modes. To
provide utility to characterize in IR and Raman spectra some strong
frequencies are used, such as the stretching and bending vibra-
tional modes; OH, CH, CC, BO, CB, CBr and CCH, BOH, CCC, CBO,
CCB, CCBr respectively, and ring torsion modes, assigned out-of
plane bending of C–H and O–H of captain molecule as follows.

B(OH)2 vibrations
The O–H stretching modes of boronic acids in the solid state

absorb broadly near 3300–3200 cm–1 and are extremely sensitive
to formation of hydrogen bonding. The assignment O–H stretching
vibrations are pure and apprehensible. These bands were observed
at 3280 cm�1 in IR (phenylboronic acid) [15], at 3276, 3249 cm�1

and at 3276, 3164 cm�1 in FT-IR (4-chloro-) and at 3175, 3106
and 3108 cm�1 in FT-Raman (4-bromophenylboronic acid) [28],
at 3467 cm�1 in FT-IR (2-fluorophenylboronic acid) [35], at 3443,
3397 cm�1 in FT-IR, at 3480, 3440 cm�1 in FT-Raman (3,4-dic-
hlorophenylboronic acid) [30], and at 3465, 3425 cm�1 in FT-IR
(3,5-dichlorophenylboronic acid) [34], at 3480, 3339 cm�1 in FT-
IR, and 3335 cm�1 in FT-IR (2,4-dimethoxyphenylboronic acid)
[32], at 3278 cm�1 in FT-Raman (2,6-dimethoxyphenylboronic
acid) [33] were assigned, which is typical for O–H bonded hydroxyl
groups. In the prior work, we recorded this band at 3400 and
3332 cm–1 in FT-IR spectrum and predicted at 3685 and
3692 cm�1 for 2,3-difluorophenylboronic acid [36]. These vibration
modes of the 3BrPBA molecule are observed at 3270 cm–1 in FT-IR
spectrum and predicted at 3724 cm�1 (O8–H10) and 3685 (O7–H11)
and not occurred in FT-Raman in the current study. These bands
were computed at 3711, 3711 cm�1 (O8–H10) and 3471,
3443 cm�1 (O7–H11) for dimer structure. We can say; due to the
inter-molecular effect the modes were showed downshift. As dis-
cussed in literature, [28–31,35,36,52] with halogens (F, Cl, Br,
etc.) substitution, O–H stretching vibrations shift to a higher wave-
number region [53].

The main OH in-plane bending modes are predicted at 524, 962
and 1008 cm�1 (m12, m21 and m24) and OH out-of-plane bending
(m10, m11 and m13) are computed at 447, 468, and 561 cm�1 for
3BrPBA molecule. This band at 583 cm–1 in FT-Raman and at 449
and 592 cm�1 in FT-IR band is assigned. As we can see from the
dimer structure; the OH bending modes especially in-plane bending
modes are increasing, due to the intermolecular and intramolecular
interactions. Theoretical values of OH bending vibrations are good
coherent in experimental values and in literature [28–31,35,36,52].

The B–O stretching modes were very intense and should also
include the asymmetric stretching vibrations which are located at
1350 cm�1 in the infrared spectrum for phenylboronic acid [15]
and at 1375 cm�1 for the phenylboronic acid linkage [54]. The
mB–O stretching vibrations were recorded at 1373 and 1361 cm�1

by Kurt [28] for 4-chlorophenylboronic acid and 4-bro-
mophemylboronic acid, respectively. For 2-fluorophenylboronic
acid, this band was observed at 1385 cm�1 in FT-IR and at
1370 cm�1 in FT-Raman spectra [35]. Also this band was assigned
around at 1370 cm�1 as the m(B–O) stretching vibrations for the
homo-and hetero tri-nuclear boron complexes by Vargas et al.
[55]. The mB–O stretching vibrations were observed at 1352 in FT-
IR and at 1351, 1389 cm�1 in FT-Raman. These modes were calcu-
lated at 1345, 1371 and 1002 cm�1 by using B3LYP method which
assigned as two symmetric and asymmetric modes for derivative
of the phenylboronic acid [36]. In this paper, calculated B–O
stretching modes at 1355 and 1339 cm�1 were assigned as asym-
metric and symmetric modes, respectively. The B–O asymmetric
and symmetric stretching bands were observed at 1377 and
1346 cm�1 in FT-Raman and FT-IR spectra, respectively. There is
downshift effect in the BO symmetric modes while higher shift in
the BO asymmetric modes from monomeric to dimeric structures.

The C–B stretching modes (between ring and B(OH)2 group)
evaluate for ring derivatives of boronic acids. The bands were
assigned at 1089 and 1085 cm�1 in the spectra of the normal and
deuterated phenylboronic acids, and at 1084 cm�1 for diphenyl
phenylboronate to the C–B stretching modes by Faniran et al.
[15]. Kurt observed at 1303 cm�1 in FT-Raman for 4-bromophenyl-
boronic acid and computed at 1320 cm�1 by using B3LYP/6-
311++G(d,p) [28]. This vibration was observed at 802 cm�1 as med-
ium bands in FT-IR, shifted negatively by ca. 280 cm�1 due to the
chlorine substitution for 3,5 dichlorophenylboronic acid molecule
[30]. The C–B stretching vibrations were saved at 1345, 899,
635 cm�1 for 2,3 difluorophenylboronic acid, observed at 1352



Table 2
The comparison of the calculated harmonic frequencies and experimental (FT-IR and FT-Raman) wavenumbers (cm�1) using by B3LYP method 6-311++G(d,p) basis set for
monomer and dimer structures of TC conformer of 3BrPBA.

Modes no Sym. species Theoretical/monomer Theoretical/dimer Experimental TEDb (P10%)

Unscaled freq. Scaled freq.a Unscaled freq. Scaled freq.a FT-IR FT-
Raman

Monomer

m1 A00 12 11 41, 19 40, 18 9m sCBCO (96)
m2 A0 116 114 165, 146 162, 144 98vs dCCB (47), dCBO (14), dCCBr (24)
m3 A00 122 120 131, 129 129, 127 118s sCCCB (35), sCBCH (14), sCCCBr (14), sCOCB (11)
m4 A00 178 175 181, 181 177, 177 177vs cCBr [sCCCB (39), sCBrCH (21)]
m5 A0 245 241 272, 259 267, 255 272w dCCBr (37), dCCO (29)
m6 A0 297 292 301, 298 296, 293 308s mCBr (43), dCCBr (24)
m7 A0 341 336 368, 353 361, 347 dCBO (35), mCB (19), dCCC (15), mCBr (10)
m8 A00 403 396 402, 397 395, 390 402m 386m sCCCC (39), sCCCH (26), cOH (17)
m9 A0 444 436 456, 446 448, 439 dCBO (33), dCCB (20)
m10 A00 455 447 455, 450 447, 442 449s cOH (37) [sBOOH (19), sCBOH (18)], sCCCC (12)
m11 A00 476 468 478, 477 470, 469 cOH (63) [sBOOH (29), sCBOH (34)], sCCCC (12)
m12 A0 533 524 589, 550 579, 540 510m 516vw dBOH (45), dCCC (16)
m13 A00 571 561 786, 737 773, 724 592m 583w cOH (79) [sBOOH (41), sCBOH(38)]
m14 A00 666 654 657, 656 645, 645 646s sCCCC (30)
m15 A0 671 660 673, 672 662, 660 665s 666s sBOOH (15), dCCC (15), sCOCB (10), sCCCC (12)
m16 A00 717 705 717, 716 705, 704 700vs 702vw sCCCH (38), sCOCB (22), sCCCC (16), sCBOH (10)
m17 A0 774 761 779, 775 766, 762 764s 774vw dCCC (22), mCB (19), mCBr (13), mBO (12), mCC (10)
m18 A00 806 793 808, 807 794, 794 792vs 800vw cCH (78)
m19 A00 886 871 885, 884 870, 869 836m cCH (84)
m20 A00 943 927 943, 943 927, 927 904s 915vw cCH (91)
m21 A0 979 962 1005, 994 988, 977 dBOH (64) mCB (21)
m22 A00 1007 990 1007, 1007 990, 990 cCH (98)
m23 A0 1011 994 1014, 1012 997, 995 994s 996vs dCCC (42), mCC (32)
m24 A0 1025 1008 1200, 1064 1180, 1046 dBOH (78), mBO (19)
m25 A0 1087 1068 1096, 1085 1077, 1067 1033vs 1074m mCC (56), dCCH (14)
m26 A0 1112 1093 1117, 1113 1098, 1095 mCC (42), dCCH (35)
m27 A0 1136 1117 1175, 1129 1155, 1110 1124s 1134w mCC (30), dCCH (17), dBOH (13)
m28 A0 1197 1176 1197, 1195 1176, 1175 1190s 1172vw dCCH (73), mCC (16)
m29 A0 1294 1272 1294, 1291 1272, 1269 1260vw 1264vw mCC (67), dCCH (22)
m30 A0 1337 1315 1340, 1338 1317, 1315 dCCH (69), mCC (15)
m31 A0 1362 1339 1357, 1328 1334, 1306 1346vs mBO sym. ((28), mCB (25), dBOH (16), dCCH (11)
m32 A0 1378 1355 1404, 1403 1381, 1380 1377vw mBO asym. (63), mCC (12)
m33 A0 1438 1414 1452, 1445 1428, 1421 1404vs 1404vw mCC (27), dCCH (24), mBO asym. ((17)
m34 A0 1506 1480 1507, 1506 1481, 1481 1478s 1482vw dCCH (56), mCC (30)
m35 A0 1593 1566 1594, 1593 1567, 1566 1558s 1558m mCC (68), dCCH (18)
m36 A0 1629 1601 1629, 1629 1602, 1602 1595s 1598s mCC (68), dCCH (14)

1702vw Overtone + combination
1799w Overtone + combination
1829vw Overtone + combination
1884vw Overtone + combination
1953vw Overtone + combination
2249vw Overtone + combination
2366w Overtone + combination
2430w Overtone + combination

m37 A0 3162 3029 3159, 3159 3027, 3027 3028vw mCHasym. (99)
m38 A0 3172 3039 3172, 3172 3039, 3039 mCHasym. (100)
m39 A0 3195 3061 3195, 3195 3061, 3061 3063s mCHasym. (100)
m40 A0 3202 3068 3202, 3202 3068, 3068 3092vw mCHsym. (100)
m41 A0 3847 3685 3623, 3594 3471, 3443 3270vs mOH (100) (O7–H11)
m42 A0 3887 3724 3874, 3873 3711, 3711 mOH (100) (O8–H10)

a Wavenumbers in the ranges from 4000 to 1700 cm�1 and lower than 1700 cm�1 are scaled with 0.958 and 0.983 for B3LYP/6-311++G(d,p) basis set, respectively.
b m; Stretching, c; out-of plane bending, d; in-plane-bending, s; torsion, q; scissoring, /; twisting, C; rocking. vw; very weak, w; weak, m; medium, s; strong, vs; very

strong.
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and 1351 cm�1 in FT-IR and FT-Raman, respectively, in well agree-
ment [36]. We also determined C–B stretching modes at
1339 cm�1 (1346 cm�1 in FT-IR), 962 cm�1, 761 cm�1 (764 cm�1

in FT-IR) for 3BrPBA. These means that C–B vibrations are sensitive
for halogens like chlorine, fluorine, bromine, etc. substitution.

The B–O–H bending and torsion modes of with the ring and
boronic acid groups (except for identified as OH/CH in plane and
out-of plane) are speared and mixed the other modes were
assigned by TED if anyone see pursuit Table 2. The OH or related
the interaction modes are different with the each other in the
monomer and dimer structures of the title molecule. This showed
that inter- or intra- molecular interactions are important for these
type molecules.
Phenyl ring vibrations
Stretching modes. The presence of the C–H stretching vibrations the
multiple peaks seem in the 3000–3100 cm–1 range which is the
characteristic region for these modes. The C–H in plane bending
vibration appears in the range of 1000–1300 cm�1 and C–H out-
of-plane bending vibration seem in the range of 750–1000 cm�1

[56]. These modes were discussed in literature [28,30,31,36] pre-
dicted in the range of ca. 3030–3100 cm�1 for similar compounds.
The C–H stretching modes were computed in the range of 3029–
3068 cm�1 for monomer and 3027–3068 cm�1 for dimer structures
by using the B3LYP/6-311++G(d,p) method and observed at 3028,
3063 and 3092 cm�1 in FT-Raman for 3BrPBA molecule. All modes
of CH stretching are very pure see TED contribution (ca. 100%).



Fig. 3. The experimental and calculated monomer and dimer structures (with the
scale factor) infrared spectra of the 3BrPBA.

Fig. 4. The experimental and calculated monomer and dimer structures (with the
scale factor) Raman spectra of the 3BrPBA.

364 M. Karabacak et al. / Journal of Molecular Structure 1076 (2014) 358–372
The CC stretching modes are also the other highly characteristic
and very much important for the aromatic ring, showed in the region
1625–1430 cm–1. Varsanyi [57] gave that the bands were of variable
intensity and were observed at 1625–1590, 1590–1575, 1540–1470,
1465–1430 and 1380–1280 cm�1 from the frequency ranges for the
five bands. The assignments of five bands in IR spectra of C–C
stretching vibrations of phenylboronic acid were assigned in the
range of 1620–1320 cm�1 [15]. Similarly, the C–C stretching modes
were recorded in the range of 1590–1010 cm�1 and 1588–
1004 cm�1 in FT-IR and FT-Raman for 4-bromophenylboronic acid
and 1596–1060 cm�1 and 1588–1085 cm�1 in FT-IR and FT-Raman
for 4-chlorophenylboronic acid [28], in the range of 1617–
1034 cm�1 (IR) for 2-fluorophenylboronic acid [35], supported with
DFT calculations computed ca. 1650–990 cm�1 using B3LYP calcula-
tions [28,30,31,36]. The C–C stretching vibrations were calculated
1629–1465 cm�1, 1304–1213 cm�1, 1149–1063 cm�1, 899 cm�1,
and 635 cm�1 by B3LYP method and observed between 1628,
1266, 1214, 1154 cm�1 in FT-IR and 1626, 1590, 1474, 1292, 1269,
1215, 1148 and 1065 cm�1 in FT-Raman for 2,3-difluorophenylbo-
ronic acid [36]. In the present study, the CC stretching modes are
computed at 1601–1355, 1315–1068, and 994 cm–1 for monomer
TC conformer of the title molecule, by using the hybrid B3LYP level
of theory in DFT with the 6-311++G(d,p) basis set, showed very well
correlation with the observed in the range of 1595–1404, 1260–
1033, and 994 cm�1 in FT-IR and 1598–1377, 1172–1074 and
996 cm�1 in FT-Raman, respectively. The dominant C–C stretching
vibrations are calculated at 1601 and 1566 cm�1, appeared pure
modes with the TED contribution 68%. The modes of dimer structure
of the 3BrPBA molecule are showed parallel results except some
small deviations.

The theoretical wavenumbers of C–Br stretching vibration cou-
pled with other group vibrations. According to TED, there is no
pure C–Br band vibration. In the bromine compounds, the C–Br



Table 3
Experimental and theoretical, 1H and 13C NMR isotropic chemical shifts (with respect
to TMS) of 3BrPBA with DFT (B3LYP 6-311++G(d,p)) method in DMSO.

Hydrogen atoms B3LYP 6-311++G(d,p))

Exp. Monomer Dimer

H(10) 2.49–2.51 4.93 5.12
H(11) 7.23–7.27 4.15 8.20
H(12) 7.95–7.96 8.15 8.23
H(13) 7.55–7.56 7.54 7.65
H(14) 7.77–7.87 7.75 7.84
H(15) 7.58–7.59 7.70 7.78

Carbon atoms B3LYP 6-311++G(d,p))
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stretching mode appears at longer wavelength region 200–
480 cm�1 as reported by Varsanyi [57]. In previous study, in FT-
Raman spectrum of 5-bromo salicylic acid [52], the band at
283 cm�1 is assigned to C–Br stretching vibration coupled with
ring deformation. The theoretical wavenumber of this band at
285 cm�1 coincides well with the experimental one. The C–Br
stretching vibration modes were computed for 4-bromophenylbo-
ronic acid at 547 and 389 cm�1 by using B3LYP method and not
observed in FT-IR or FT-Raman spectra [28]. We recorded the mode
of the C–Br at 308 cm�1 in FT-Raman and theoretically calculated
at 292 cm�1 showing well agreement with the literature and
experimental result. There is not any big difference between the
monomer and dimer structures of the molecule.

Bending, torsion and other ring modes. The C–H in-plane bending
vibrations are calculated very wide range nearly 1601–1068 cm–1,
observed at 1595, 1558, 1478, 1404, 1346, 1260, 1190, 1124, and
1033 cm–1 in FT-IR and 1598, 1558, 1482, 1404, 1264, 1172, 1134,
and 1074 cm–1 in FT-Raman. The C–H out of plane bending modes
are assigned m22, and m20–18, predicted at 990, 927, 871, and
793 cm–1, respectively. The out of plane bending modes were
observed at 904, 836, and 792 cm–1 in FT-IR, at 915 and 800 cm–1

in FT-Raman. The TED contributions showed that the out-of plane
modes have been also highly pure modes like the in-plane bending
fundamental. Both the in-plane and out-of plane bending vibrations
are contaminated other modes, especially CC stretching modes. The
results showed very good correlation for monomer and dimer
structures of the studied molecule. We also look at the literature,
theoretical and experimental data for the similar compounds, our
results show very good correlation [28–31,35,36,52].

The most contribution CCC bending mode is observed at 994
and 996 cm�1 in FT-IR and in FT-Raman, calculated wavenumbers
of this mode coincides at 994 cm�1 after scaling. The ring deforma-
tion, torsion modes are obtained in a large region and contami-
nated other modes and determined as out-of plane modes of C–H
or O–H. Therefore, these modes will not be discussed here. The
TEDs of these vibrations are aggregated and evaluated this part.

The C–Br in-plane bending and out-of-plane bending modes
appear in variable region according to molecular structure and state
of the bromine substituent. The C–Br in plane bending vibrations are
calculated at 292, 241 and 114 cm�1 which are assigned to 308, 272
and 98 cm�1 in FT-Raman. The C–Br out-of-plane bending vibration
is assigned to 177 cm�1 in FT-Raman, which shows excellent agree-
ment with calculated value (175 cm�1). This is in agreement with
the literature data [28,52,57,58]. The remainder bending and torsion
modes of the related bromine atom accounted in Table 2.

To see the correlations of infrared and Raman are graphed one
by one as Fig. S2a and b. Also to evaluate the harmony of between
the calculated and experimental wavenumbers are plotted correla-
tion graphics and given in Fig. S3. As can be seen from Fig. S3, the
experimental fundamentals have a better correlation with the the-
oretical results. To see the relations between the calculated and
experimental wavenumbers are usually linear and described by
the following equations:

mcal ¼ 1:0350mexp � 26:555 ðTotal : R2 ¼ 0:9946Þ
mcal ¼ 0:9593mexp � 51:802 ðInfrared� R2 ¼ 0:9967Þ
mcal ¼ 1:0141mexp � 30:532 ðRaman� R2 ¼ 0:9971Þ
Exp. Monomer Dimer

C(1) 122.13 137.00 137.64
C(2) 136.15 140.68 140.52
C(3) 137.02 145.93 146.40
C(4) 133.36 139.99 140.23
C(5) 130.26 134.51 134.81
C(6) 133.19 139.22 139.31
NMR spectra

The chemical shift analysis is one of the most important tech-
niques for the structural analysis for organic compounds. We pre-
ferred the useful and common technique for chemical shifts to
have more information about the studied molecule. Therefore, 1H
and 13C NMR analysis of 3BrPBA molecule were evaluated both
experimentally and theoretically. The experimental 1H and
13C NMR spectra of the title molecule are given in Fig. S4(a) and
(b), respectively. The experimental and theoretical 1H and 13C
chemical shifts in DMSO solution are gathered in Table 3 for mono-
mer and dimer structures. The atom positions are listed according
to Fig. 1.

Firstly, full geometry optimization of 3BrPBA is obtained B3LYP/
6-311G++(d,p) basis set. After then, 1H and 13C NMR calculations of
the steady compound are performed by using GIAO and 6-
311++G(d,p) basis set IEFPCM/DMSO solution. The GIAO [46,47]
approach to molecular systems was substantially evolved by an
efficient application of the method to the ab-initio SCF calculations,
by using techniques taken from analytic derivative methodology.
To calculate the isotropic chemical shifts d with respect to tetra-
methylsilane values were used (TMS) dX

iso ¼ rTMS
iso � rX

iso.
The 3BrPBA molecule has four hydrogen atoms as attached to

the ring, and two hydrogen atoms attached the oxygen atoms of
B(OH)2 group. The chemical shifts of aromatic protons of organic
molecules are usually observed in the range of 7.00–8.00 ppm.
However, the proton chemical shift of organic molecules varies
greatly with the electronic environment of the proton. Hydrogen
attached or nearby electron-withdrawing atom or group can
decrease the shielding and move the resonance of attached proton
toward to a higher frequency, whereas electron-donating atom or
group increases the shielding and moves the resonance toward to
a lower frequency [59,60]. Attached to ring protons are accumu-
lated this range experimentally see in Table 3, and Fig. S4a. Theo-
retical isotropic chemical shifts of protons are calculated
(monomer) at 8.15, 7.75, 7.70, 7.54, 4.93 and 4.15 ppm, experimen-
tal values are recorded in the region 7.95–7.96, 7.77–7.87, 7.58–
7.59, 7.55–7.56, 7.23–7.27 and 2.49–2.51 ppm. The chemical shifts
are calculated at 8.23, 8.20, 7.84, 7.78, 7.65, and 5.12 ppm for
dimer structure. All results of the proton NMR are increasing from
monomer to dimer form of the molecule. Especially H10 and H11 of
chemical shifts were showed more rising the other. This can be due
to the changed the electronic environment. The chemical shift of
H12 and H15 are higher than the other protons. H10 and H11 of
chemical shift of proton are smaller than the other (especially
H10). These mean that the electronic charge density around of
these atoms can be effected the influence of rapid proton exchange,
hydrogen bond, solvent effect, etc. in the molecular system.

Generally, aromatic carbons give resonances in overlapped
areas of the spectrum with chemical shift values from 100 to
150 ppm [61,62]. There are six different carbon atoms, which are
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attached phenyl ring and consistent with the structure on basis of
molecular symmetry of the present molecule. The 13C NMR chem-
ical shifts of our title molecule are observed and calculated this
range, showing good coherent with the each other. The chemical
shifts of the carbon atoms (from C1 to C6) of the 3BrPBA molecule
were calculated at 137.00, 140.68, 145.93, 139.99, 134.51 and
139.22 ppm, which observed at 122.13, 136.15, 137.02, 133.36,
130.26 and 133.19 ppm, respectively. C1 atom has smaller chemi-
cal shifts than the other ring carbon atoms, due to shielding effect
which the non-electronegative property of B(OH)2 group. More-
over, taking a glance at the literature the results of chemical shift
of the molecule are showed very good correlation for the similar
molecules [35–37]. The value of C3 atom has the biggest one,
because of the electronegative feature of the bromine atom. The
dimer results of the molecule are showed same correlation for car-
bon chemical shifts.

Fig. S5 demonstrates the correlation graphics between the
experimental and theoretical total chemical shifts of the title mol-
ecule. The relations between the calculated and experimental
chemical shifts (dexp) are usually linear and described by the fol-
lowing equation:
dcal ðppmÞ ¼ 1:0587dexp � 0:3350 ðTotal : R2 ¼ 0:9980Þ
The performances of the B3LYP method with respect to the predic-
tion of the relative shielding within the molecule are nearly close.
Based on the 1H and 13C chemical shifts data collected in Table 3
one can deduce that qualitatively the 13C and 1H NMR chemical
shifts of 3BrPBA are described fairly well. However, the small devi-
ation between experimental and computed chemical shifts of these
protons may be due to the presence of intermolecular hydrogen
bonding.
Table 4
Experimental and calculated wavelengths k (nm), excitation energies (eV), oscillator streng
dimer structure of TC conformer.

k (nm) E (eV) f Assignments Major c

Monomer structure
TD-DFT/B3LYP/6-311++G(d,p) gas phase
260.04 4.7685 0.0211 p–p* H ? L (
236.91 5.2340 0.0000 p–p* H ? L +
227.41 5.4527 0.0428 p–p* H ? L +

TD-DFT/B3LYP/6-311++G(d,p) in ethanol
257.70 4.8117 0.0279 p–p* H ? L (
234.06 5.2978 0.0000 p–p* H?L +
227.09 5.4603 0.0571 p–p* H ? L +

TD-DFT/B3LYP/6-311++G(d,p) in water
257.55 4.81455 0.0272 p–p* H ? L (
233.87 5.30201 0.0000 p–p* H ? L +
226.96 5.46343 0.0562 p–p* H ? L +

Dimer structure
TD-DFT/B3LYP/6-311++G(d,p) gas phase
260.57 4.7588 0.0467 p–p* H ? L (
260.45 4.7610 0.0000 p–p* H � 1 ?
238.86 5.1914 0.0003 p–p* H � 1 ?

TD-DFT/B3LYP/6-311++G(d,p) in ethanol
258.09 4.8045 0.0580 p–p* H ? L (
258.03 4.8056 0.0000 p–p* H � 1 ?
235.47 5.2660 0.0007 p–p* H � 1 ?

TD-DFT/B3LYP/6-311++G(d,p) in water
257.93 4.80745 0.0564 p–p* H ? L (
257.87 4.80855 0.0000 p–p* H � 1 ?
235.35 5.26881 0.0007 p–p* H � 1 ?

H: HOMO, L:LUMO.
Electronic properties

UV–Vis spectrum and frontier molecular orbital analysis
The UV–Vis (electronic absorption) spectrum of 3BrPBA mole-

cule is measured in ethanol and water at room temperature exper-
imentally and optimized geometry in the ground state are obtained
in the framework of TD-DFT calculations with the B3LYP/6-
311++G(d,p) method (IEFPCM method). Because of the TD-DFT cal-
culations to predict the electronic absorption spectra is a quite rea-
sonable method. TD-DFT methods are computationally more
expensive than semi-empirical methods but allow easily studies
of medium size molecules [63]. The calculated electronic values,
such as absorption wavelengths (k), excitation energies (E), oscilla-
tor strengths (f), and major contributions of the transitions and
assignments of electronic transitions and experimental absorption
wavelengths (energies) are accumulated in Table 4 in two solvents
(monomer and dimer structure of TC form). The experimental and
theoretical UV–Vis spectra of the studied molecule were shown in
Fig. S6. The maximum absorption values are 222.57 and 274.36 nm
in ethanol and 222.57 and 274.02 nm in water solution and the cal-
culated values are signed at ca. 257, 234 and 227 nm by TD-DFT/
B3LYP/6-311++G(d,p) basis set both two solutions. The calculated
dimer results are at ca. 258 and 235 nm for these solvents.

Highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) orbitals are also called FMOs
as they lie at the outermost boundaries of the electrons of the mol-
ecules. The ability of electron giving and accepting characterizes
for HOMO and LUMO, respectively. Their properties help for phys-
icists and chemists for the main orbital taking part in chemical
reaction. This is also used by the frontier electron density for pre-
dicting the most reactive position in p-electron systems and also
explains several types of reaction in conjugated system [64]. The
conjugated molecules are determined by a small HOMO–LUMO
ths (f) of 3BrPBA molecule gas phase, in ethanol and water solutions for monomer and

ontributes k (nm) E (eV)

78%), H � 1 ? L + 1 (13%) – –
2 (85%), H ? L + 3 (13%) – –
1 (54%), H � 1 ? L (35%), H ? L(10%) – –

Experimental (ethanol)
78%), H � 1 ? L + 1 (13%) 274.36 4.5196
2 (94%) – –
1 (48%), H � 1 ? L (40%), H ? L(11%) 222.57 5.5713

Experimental (water)
77%), H � 1 ? L + 1 (13%) 274.02 4.5252
2 (94%) – –
1 (47%), H � 1 ? L (40%), H ? L(11%) 222.57 5.5713

43%), H � 1 ? L + 1 (36%)
L (42%), H ? L + 1 (36%)
L + 1 (44%), H ? L(42%)

42%), H � 1 ? L + 1 (36%)
L (42%), H ? L + 1 (36%)
L + 1 (51%), H ? L(49%)

42%), H � 1 ? L + 1 (36%)
L (42%), H ? L + 1 (36%)
L + 1 (51%), H ? L(49%)



Fig. 5. The selected frontier molecular orbitals of 3BrPBA with the energy gaps.
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separation, which is the result of a significant degree of intra-
molecular charge transfer from the end-capping electron-donor
groups to the efficient electron-acceptor group through-p-conju-
gated path [65].

To understand the bonding scheme of present molecule the
frontier orbitals FMOs (H � 1 ? L, H ? L, H ? L + 1, H ? L + 2,
H � 1 ? L + 1 and H � 1 ? L + 2 orbital) are pictured in Fig. 5.
The nodes of HOMO orbital placed on the ring and bromine atom.
But the nodes of LUMO orbital placed symmetrically all over the
molecule except for hydrogen attached to oxygen. The positive
phase is red and the negative one is green. The main HOMO a
charge density localized over the bromine atom and ring group
of the current molecule. However the charge of bromine atom
alternated B(OH)2 group from HOMO to LUMO of 3BrPBA molecule.
The HOMO and LUMO and FMOs energy gap explains the eventual
charge transfer interactions taking place within the molecule. The
FMOs energy calculated by B3LYP/6-311++G(d,p) method for gas
phase, ethanol and water solutions: EHOMO = �6.98 eV, ELUMO =
�1.49 eV and the energy gap EHOMO�LUMO = 5.49 eV.

The energy gaps (H � 1 ? L, H ? L, H ? L + 1, H ? L + 2,
H ? L + 3, H � 1 ? L + 1 and H � 1 ? L + 2 orbital) are calculated
6.09, 5.49, 6.07, 6.24, 6.61, 6.67 and 6.84 eV, respectively for gas
phase for the title molecule (see Table 5). These values are calcu-
lated (monomer and dimer structures) in two solvents and pre-
sented in Table 5. The value of chemical hardness is 2.75 eV in
gas phase 2.78 eV in ethanol and 2.79 eV in water solvents for
monomer structure. The chemical hardness (h) and electronegativ-
ity (v) are increasing 0.01 eV in solvents from ethanol to water in
monomer structure. The value of electrophilicity index (x) is the
same in two solvents as 3.25 eV (monomer) and 3.24 eV (dimer).
All values are gathered in Table 5 both monomer and dimer struc-
tures of TC conformer of the title molecule.

Total, partial, and overlap population density-of-states
The TDOS, PDOS, and OPDOS (or COOP) density of states [66–

68] are calculated and generated by convoluting the molecular
orbital information with Gaussian curves of unit height and FWHM
of 0.3 eV using the GaussSum 2.2 program [48] in point of the Mul-
liken population analysis. In the boundary region, neighboring
orbitals may show quasi degenerate energy levels. To provide a
pictorial representation of MO (molecule orbital) compositions
and their contributions to chemical bonding, the density of state
of the molecule (TDOS, PDOS and OPDOS) are graphed and given
in Figs. 6–8, respectively. The COOP diagram shows the bonding,
anti-bonding and nonbonding nature of the interaction of the
two orbitals, atoms or groups. The positive and negative values
indicate a bonding interaction and an anti-bonding interaction
and zero value indicates nonbonding interactions, respectively
[69]. Additionally, the OPDOS diagram allows us to the determina-
tion and comparison of the donor–acceptor properties of the
ligands and ascertains the bonding, non-bonding.

The PDOS mainly presents the composition of the fragment
orbitals contributing to the molecular orbitals. The HOMO orbitals
are localized on the C6H4 group and bromine atom
(64% + 35% = 99%) and B(OH)2 (a bit O7 atom) group (1%), while
LUMO orbitals spread on the C6H4 and B(OH)2 group
(81% + 19% = 100%). To say bonding and anti-bonding properties
is difficult of the molecule according to percentage sharing of
atomic orbitals or molecular fragments in the molecule. The
OPDOS diagram and some of its orbitals of energy values of inter-



Table 5
The calculated energies values and the energy gaps of 3BrPBA molecule using by the TD-DFT/B3LYP method using 6-311++G(d,p) basis set for monomer and dimer structures of
TC conformer.

TD-DFT/B3LYP Monomer Dimer

6-311++G(d,p) Gas Ethanol Water Gas Ethanol Water

Etotal (Hartree) �2981.937937 �2981.94604 �2981.946432 �5963.891125 �1015.35763 �1015.358305
EHOMO (eV) �6.98 �7.03 �7.04 �7.01 �7.20 �7.20
ELUMO (eV) �1.49 �1.47 �1.47 �1.55 �1.44 �1.44
EHOMO�1 (eV) �7.58 �7.56 �7.56 �7.01 �7.20 �7.20
ELUMO+1 (eV) �0.91 �0.90 �0.90 �1.51 �1.41 �1.41
ELUMO+2 (eV) �0.74 �0.66 �0.66 �0.95 �0.65 �0.65
ELUMO+3 (eV) �0.37 �0.27 �0.26 �0.95 �0.65 �0.65
EHOMO�1–LUMO gap (eV) 6.09 6.09 6.09 5.46 5.76 5.76
EHOMO–LUMO gap (eV) 5.49 5.56 5.57 5.46 5.76 5.76
EHOMO–LUMO+1 gap (eV) 6.07 6.13 6.14 5.50 5.79 5.79
EHOMO–LUMO+2 gap (eV) 6.24 6.37 6.38 6.06 6.55 6.55
EHOMO–LUMO+3 gap (eV) 6.61 6.76 6.78 6.06 6.55 6.55
EHOMO-1–LUMO+1 gap (eV) 6.67 6.66 6.66 5.50 5.79 5.79
EHOMO-1–LUMO+2 gap (eV) 6.84 6.90 6.90 6.06 6.55 6.55
Chemical hardness (h) 2.75 2.78 2.79 2.73 2.88 2.88
Electronegativity (v) 4.24 4.25 4.26 4.28 4.32 4.32
Chemical potential (l) �4.24 �4.25 �4.26 �4.28 �4.32 �4.32
Electrophilicity index (x) 3.27 3.25 3.25 3.36 3.24 3.24

Fig. 6. The total electronic density of states diagram of the 3BrPBA.

Fig. 7. The partial electronic density of states diagram of the 3BrPBA.

Fig. 8. The overlap population electronic density of states OPDOS diagram of the
3BrPBA.
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action between selected groups which are shown from figure eas-
ily, C6H4 group M B(OH)2 group (blue line) system is negative and
positive (anti-bonding and bonding interaction) also C6H4
group M bromine atom (red line) showed the same trend. As can
be seen from the OPDOS plots for the title molecule have anti-
bonding (negative range) character in frontier HOMO and LUMO
molecular orbitals for C6H4 group and bromine atom.

Molecular electrostatic potential surface
To map onto the constant electron density surface, the MEPs of

molecules are plotted. It is superimposed on top of the total energy
density as a shell. The MEPs generally showed that the maximum
positive region which preferred site for nucleophilic attack symp-
toms as blue color, while the maximum negative region which pre-
ferred site for electrophilic attack indications as red color. Because
of the usefulness feature to study reactivity given that an
approaching electrophile will be attracted to negative regions
(where the electron distribution effect is dominant). The MEPs
simultaneously exhibits molecular size, shape as well as positive,
negative and neutral electrostatic potential regions in terms of
color grading and is very useful in research of molecular structure
with its physicochemical property relationship [70,71].

The MEPs of 3BrPBA molecule in 3D and 2D contour plots are
represented in Fig. 9. The values of the electrostatic potential at
the surface are illustrated by different colors for different data in
the map of MEPs. The potential rises from red to blue color. The



Table 6
Comparison of Mulliken charges of phenylboronic acid and monomer and dimer
structures of 3BrPBA molecule by using B3LYP/6-311++G(d,p) basis set.

Atoms PBA 3-BrPBA/monomer 3-BrPBA/dimer

C1 �0.688 �0.570 �0.488
C2 0.205 �0.231 �0.008
C3 �0.350 0.340 0.288
C4 �0.015 �0.057 �0.078
C5 �0.457 �0.229 �0.243
C6 0.211 �0.140 �0.309
O7 �0.365 �0.378 �0.579
O8 �0.359 �0.363 �0.553
B9 0.523 0.548 0.634
H10 0.232 0.226 0.259
H11 0.286 0.289 0.521
H12 0.195 0.174 0.164
H13 0.160 0.183 0.187
H14 0.160 0.200 0.200
H15 0.108 0.196 0.176
Br16/H16 0.155 �0.187 �0.172
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colors line up in the range of �0.0104 a.u. (dark red) and
0.0104 a.u. (dark blue) in this compound. The blue and red colors
represent strongest attraction and repulsion, respectively. The
MEPs map of 3BrPBA showed that while regions having the posi-
tive potential are near OH groups, the regions having the negative
potential are over the oxygen atoms (O7 and O8). From these
results, we can say that near the H10 and H11 atoms indicate the
strongest attraction and the oxygen atoms (O7 and O8) indicate
the strongest repulsion (see Fig. 9). The sliced 2D MEPs contour
map of the title molecule provides more exhaustive information
regarding molecular electrostatic potential distribution, by show-
ing the values in an assortment of spatial site around the molecule.
The 2D MEPs are pictured in the molecular plane of the studied
molecule. The around of the oxygen atoms have been electron rich
region and all the around of hydrogen atoms correspond to the
electron deficient region. The maximum values of negative and
positive potential corresponding to the nucleophilic and electro-
philic region are �0.02 a.u. and 0.4 a.u. respectively.
Mulliken atomic charges
The computed atomic charges in the reactive display an impor-

tant role in the application of quantum mechanical calculations the
molecular system. We calculated the Mulliken atomic charges of
3BrPBA by using the DFT/B3LYP method 6-311++G(d,p) basis set.
The results of Mulliken atomic charges of monomer and dimer
structures of the title molecule and phenyl boronic acid are
reported and compared. The computed Mulliken atomic charges
are gathered in Table 6. The substitution of the aromatic ring by
bromine atoms leads to a redistribution of electron density. The
charge distribution of B(OH)2 group is showed the same charge
(negative or positive) with the phenylboronic acid, however, the
charges of the aromatic ring of the molecules show different charge
with each other. For example, the charge of C3 atom is negative
charge in phenyl boronic acid, however, because of added bromine
atom, the value of Mulliken atomic charge shows positive charge in
our molecule. While C2 and C6 atoms are positive charge in phenyl
boronic acid and negative in the current molecule. Hydrogen atoms
exhibit a positive charge, which is an acceptor atoms both two
molecules. The Mulliken atomic charges of monomer and dimer
Fig. 9. The molecular electrostatic potential 3D m
structure of the 3BrPBA molecule are showed similar distributions.
However the bromine atom replaced the H16 showed as a negative
charge. The results also are the same trend for the prior work for
also derivatives of the phenyl boronic acid [36].

Thermodynamic properties

The zero-point vibrational energy, thermal energy, specific heat
capacity, rotational constants, entropy and dipole moment of TC
form of the current molecule are computed and listed in Table 7
at room temperature (at 298.15 K) in the ground state by using
DFT/B3LYP/6-311++G(d,p) method both C1 and Cs symmetry point
groups.

To view depending on the temperature change for the thermo-
dynamic functions (heat capacity (C) entropy (S) and enthalpy
changes (H)) the temperature gradually increased ranging from
100 K to 700 K, varied every 50 K. The statically thermodynamic
functions: C, S and H changes for the heading molecule are
achieved from the theoretical harmonic frequencies and listed in
Table 8 according to vibrational analysis. It is concluded that the
ap and 2D contour map for 3BrPBA molecule.



Table 7
The calculated thermo dynamical parameters of 3BrPBA at 298.15 K for all conformers in ground state at the B3LYP/6-311++G(d,p) level for C1 and CS symmetry point groups.

Conformers Trans–Cis Cis–Trans Trans–Trans Cis–Cis

C1 symmetry
SCF energy (a.u.) �2981.937959 �2981.937876 �2981.9351 �2981.932603
Zero point vib. energy (kcal mol�1) 71.85052 71.78158 71.61785 71.89308
Rotational constants (GHz) 1.95499 1.91815 1.94165 1.90003

0.44523 0.45209 0.45091 0.44575
0.36292 0.36602 0.36593 0.36861

Specific heat, Cv (cal mol�1 K�1) 34.592 34.644 34.947 34.535
Entropy, S (cal mol�1 K�1) 98.736 99.685 98.140 97.937
Dipole moment (debye) 0.6753 2.8609 3.8253 2.7188
Imaginary frequencies – – – –

Cs symmetry
SCF energy (a.u.) �2981.93793685 �2981.93787654 �2981.9351 �2981.93128100
Zero point vib. energy (kcal mol�1) 71.78072 71.73558 71.67394 71.4549
Rotational constants (GHz) 1.95678 1.91830 1.94149 1.93013

0.44523 0.45218 0.45095 0.44803
0.36270 0.36592 0.36595 0.36362

Specific heat, Cv (cal mol�1 K�1) 34.659 32.689 34.881 33.155
Entropy, S (cal mol�1 K�1) 100.528 92.810 97.927 93.343
Dipole moment (debye) 0.6225 2.8660 3.8218 2.8712
Imaginary frequencies – 1 (�15.17 cm�1) – 1 (�80.86 cm�1)

Table 8
Thermodynamic properties at different temperatures at the B3LYP/6-311++G(d,p)
level for 3BrPBA.

T (K) C (cal mol�1 K�1) S (cal mol�1 K�1) H (kcal mol�1)

100 14.606 73.438 1.221
150 19.571 81.095 2.174
200 24.701 87.998 3.380
250 29.841 94.507 4.843
298.15 34.659 100.527 6.492
300 34.839 100.755 6.560
350 39.543 106.790 8.520
400 43.847 112.621 10.706
450 47.709 118.247 13.096
500 51.133 123.664 15.668
550 54.157 128.872 18.402
600 56.827 133.874 21.277
650 59.192 138.676 24.279
700 61.298 143.289 27.391
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thermodynamic functions are increasing with temperature, due to
the fact that the molecular vibrational intensities increase with
temperature. Also the correlation graphics of these are graphed
in Fig. 10. The correlation equations between heat capacity,
Fig. 10. The correlation graphic of heat capacity, entrop
entropy, enthalpy changes and temperatures are fitted by qua-
dratic formulas and the corresponding fitting factors (R2) for these
thermodynamic properties are 0.9996, 0.9999 and 0.9998, respec-
tively. The corresponding fitting equations are as follows:

C ¼ 1:4702þ 0:1314T � 6:5256� 10�5 T2 ðR2 ¼ 0:9996Þ
S ¼ 57:0205þ 0:1530T � 4:6888� 10�5 T2 ðR2 ¼ 0:9999Þ
H ¼ �0:5670þ 0:0121T þ 4:0258� 10�5 T2 ðR2 ¼ 0:9998Þ

The thermodynamic data help to useful information for the further
study on 3BrPBA. To compute the other thermodynamic energies
according to relationships of thermodynamic functions and esti-
mate directions of chemical reactions according to the second law
of thermodynamics in Thermochemical field, the results of thermo-
dynamic calculations can be used.
Nonlinear optical properties and dipole moment

This part of the study includes electronic dipole moment,
molecular polarizability, anisotropy of polarizability and molecular
first hyperpolarizability of 3BrPBA molecule. To obtain polarizabil-
ity and hyperpolarizability tensors (axx, axy, ayy, axz, ayz, azz and bxxx,
y, enthalpy and temperature for 3BrPBA molecule.



Table 9
The dipole moments l (D), the polarizability a (a.u.), the average polarizability ao

(�10�24 esu), the anisotropy of the polarizability Da (�10�24 esu), and the first
hyperpolarizability b (�10�33 esu) of 3BrPBA.

lx 0.5433 bxxx 746.6912
ly 0.3039 bxxy �398.7837
lz 0.0000 bxyy 339.0549
l0 0.6226 byyy 230.5103
axx 22.030127 bxxz 0.0000
axy 0.599084 bxyz 0.0000
ayy 17.235044 byyz 0.0000
axz 0.000000 bxzz �193.9547
ayz 0.000000 byzz 140.0338
azz 9.343303 bzzz 0.0000
atotal 16.202825 bx 891.7912976
Da 39.73780912 by �28.2395719

bz 0.0000000
b 892.2383044
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bxxy, bxyy, byyy, bxxz, bxyz, byyz, bxzz, byzz, bzzz) are used a frequency job
output file of Gaussian. However, the units of a and b values of
Gaussian output are in atomic units (a.u.) therefore they have been
converted into electronic units (esu) (for a;
1 a.u. = 0.1482 � 10�24 esu, for b; 1 a.u. = 8.6393 � 10�33 esu). The
mean polarizability (a), anisotropy of polarizability (Da) and the
average value of the first hyperpolarizability hbi can be calculated
using the equations.

atot ¼
1
3

axxþayyþazz
� �

Da¼ 1ffiffiffi
2
p axx�ayy

� �2þ ayy�azz
� �2þ azz�axxð Þ2þ6a2

xzþ6a2
xyþ6a2

yz

h i1
2

hbi ¼ bxxxþbxyyþbxzz

� �2þ byyyþbyzzþbyxx

� �2þ bzzzþbzxxþbzyy

� �2
h i1

2

The parameters described above and electronic dipole moment {li

(i = x, y, z) and total dipole moment ltot for 3BrPBA molecule are
gathered and listed in Table 9. The total dipole moment can be cal-
culated using the following equation.

ltot ¼ l2
x þ l2

y þ l2
z

� �1
2

It is well known that the higher values of dipole moment, molecular
polarizability, and hyperpolarizability are important for more active
NLO properties. 3BrPBA has relatively homogeneous charge distri-
bution and it does not have large dipole moment. The calculated
value of dipole moment is found to be 0.6226 D. The highest value
of dipole moment is observed for component lx. In this direction,
this value is equal to 0.5433 D and lz is the smallest one as zero.
The calculated polarizability and anisotropy of the polarizability
of the title molecule are 16.202825 � 10�24 and 39.73
780912 � 10�24 esu, respectively. The magnitude of the first hyper-
polarizability b, is one of important key factors in a NLO system. The
B3LYP/6-311++G(d,p) calculated first hyperpolarizability value (b)
of 3BrPBA is equal to 892.2383044 � 10�33 esu. If we compare the
common values of urea; the first hyperpolarizability, polarizability
and anisotropy of the polarizability values of 3BrPBA are larger than
those of urea.

Conclusions

The present study is off to illuminate the spectroscopic proper-
ties of derivative of phenylboronic acid. The FT-IR, FT-Raman UV–
Vis, 1H and 13C NMR techniques are used both experimentally and
theoretically, to identify frequency assignments, magnetic and
electronic properties for monomeric and dimeric structures of
3BrPBA molecule. The optimized geometric parameters (bond
lengths and bond angles) are theoretically determined at B3LYP/
6-311++G(d,p) level (monomer and dimer) and, compared with
the similar molecules. The vibrational (FT-IR and FT-Raman) spec-
tra of 3BrPBA are recorded with experimental and computed vibra-
tional wavenumbers and TED. The magnetic properties of the
studied molecule are observed and calculated. The electronic prop-
erties are calculated and the experimental electronic spectra are
recorded with help of UV–Vis spectrometer. The molecular orbi-
tals, MEPs contour/surface drawn and the electronic transitions
identified for UV–Vis spectra may lead to the understanding of
properties and dynamics of the molecule. The MEPs shows the neg-
ative potential sites are on oxygen atoms as well as the positive
potential sites are around the hydrogen (H10 and H11) atoms. The
thermodynamic functions; heat capacity, entropy and enthalpy
changes increase with the increasing temperature owing to the
intensities of the molecular vibrations increase with increasing
temperature. The polarizability, anisotropy of polarizability and
first hyperpolarizability of 3BrPBA molecule are presented. All cal-
culated results compared with experimental ones show an accept-
able general agreement.
Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molstruc.201
4.07.058.
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