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ABSTRACT

This work presents the characterization of 2,3-difluorophenylboronic acid (abbreviated as 2,3-DFPBA,
CgH3B(OH),F,) by quantum chemical calculations and spectral techniques. The spectroscopic properties
were investigated by FT-IR, FT-Raman UV-Vis, 'H and '3C nuclear magnetic resonance (NMR) techniques.
The FT-IR spectrum (4000-400 cm™') and the FT-Raman spectrum (3500-10 cm™) in the solid phase
were recorded for 2,3-DFPBA. The 'H and 3C NMR spectra were recorded in DMSO solution. The UV-
Vis absorption spectra of the 2,3-DFPBA that dissolved in water and ethanol were recorded in the range
of 200-400 nm. There are four possible conformers for this molecule. The computational results diagnose
the most stable conformer of the 2,3-DFPBA as the trans-cis form. The structural and spectroscopic data
of the molecule were obtained for all four conformers from DFT (B3LYP) with 6-311++G (d,p) basis set
calculations. The theoretical wavenumbers were scaled and compared with experimental FT-IR and FT-
Raman spectra. The complete assignments were performed on the basis of the experimental results
and total energy distribution (TED) of the vibrational modes, calculated with scaled quantum mechanics
(SQM) method, interpreted in terms of fundamental modes. We obtained good consistency between
experimental and theoretical spectra. >C and 'H NMR chemical shifts of the molecule were calculated
by using the gauge-invariant atomic orbital (GIAO) method. The electronic properties, such as excitation
energies, absorption wavelengths, HOMO and LUMO energies, were performed by time-dependent DFT
(TD-DFT) approach. Finally the calculation results were analyzed to simulate infrared, Raman, NMR
and UV spectra of the 2,3-DFPBA which show good agreement with observed spectra.
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Introduction

Interest in compounds containing boronic acid and its derivates
functionality is increasing rapidly. The boronic acid (BA) and a
wide variety of its derivatives are very important in various fields;
such as material science, supramolecular chemistry, analytical
chemistry, medicine, biology, catalysis, organic synthesis and crys-
tal engineering. Boron-based compounds show preferential locali-
zation in tumor containing tissues making the boron-10 neutron
capture therapy possible [1]. The BA analogs have been synthe-
sized as transition state analogs for acyl transfer reactions [2]
and inhibitors of dihydrotase [3]. The BA has also been incorpo-
rated into amino acids and nucleosides as anti-tumor, antiviral
agents [4]. BA derivatives of divergent biologically important com-
pounds have been synthesized as anti-metabolites for a possible
two-pronged attack on cancer [5-7]. The biological application of
particular dichlorophenylboronic acids was studied by Stabile
et al. [8], Westmark and Smith [9].

The phenylboronic acid and its derivatives were investigated by
several authors. The molecular structures of phenylboronic acid
and its dimer were investigated experimentally using spectroscopic
methods by Cyranski et al. [10]. Molecular structure of phenylbo-
ronic acid was investigated by Rettig and Trotte [11]. Crystal struc-
ture of pentafluorophenylboronic acid molecule was investigated
by Horton et al. [12]. Shimpi et al. [13] determined crystal struc-
tures of 4-chloro- and 4-bromophenylboronic acids and hydrates
of 2- and 4-iodophenylboronic acid in two different forms by
single-crystal X-ray diffraction technique. The crystal structures
of 3-fluorophenylboronic acid, (2,6-difluorophenyl)dihydroxybora-
ne and 2,4-difluorophenylboronic acid were determined by Wu
et al. [14], Bradley et al. [15] and Cuamatzi et al. [16], respectively.
And also the crystal structure of 3-aminophenylboronic acid mono-
hydrate and 3-formylphenylboronic acid were reported [17,18].

Infrared spectra of phenylboronic acid and diphenyl phenylbor-
onate were studied by Faniran [19]. Theoretical and experimental
analysis (DFT, FT-Raman, FT-IR and NMR) of 2-fluorophenylboronic
acid were reported by Erdogdu et al. [20]. Kurt [21] investigated
molecular structure and vibrational spectra of the penta-
fluorophenylboronic by DFT and ab initio Hartree-Fock calcula-
tions. Molecular structure, vibrational spectroscopic studies and
NBO analysis of the 3,4- and 3,5-dichlorophenylboronic acid were
investigated by help of the density functional method [22,23]. The
experimental and theoretical vibrational spectra of 4-chloro- and
4-bromophenylboronic acids were studied by Kurt [24]. The possi-
ble stable forms and molecular structures of 2,4-dimethoxy phen-
ylboronic acid [25] and 2,6-dimethoxy phenylboronic acid [26]
were experimentally and theoretically studied using FT-IR, Raman,
NMR and XRD spectroscopic methods. 2-Amino-carbonyl-phenyl-
boronic acid and its corresponding ester, ethanediol (2-aminocar-
bonyl) phenylboronate were investigated computationally using
both density functional theory and second-order Mgller-Plesset
perturbation theory [27]. Kurt et al. [28] presented an experimen-
tal and theoretical study of molecular structure and vibrational
spectra of 3- and 4-pyridineboronic acid molecules by applying
density functional theory calculations. n-butylboronic acid and
methyl boronic acid were investigated by using experimental and
theoretical approaches [29,30].

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 [31-35]. Literature survey reveals that to the best of our
knowledge, no experimental and computational (DFT) spectro-
scopic study was performed on the conformation, vibrational IR
and Raman, NMR and UV-Vis spectra of the 2,3-DFPBA. In this case,
the aim of this study is the detailed description of the 2,3-DFPBA

molecule by using both computational and experimental tech-
niques (FT-IR and FT-Raman, '>C and '"H NMR and UV-Vis spectra).
For computations, we have utilized the gradient corrected DFT [36]
with the Becke’s three-parameter hybrid functional (B3) [37] for
the exchange part and the Lee-Yang-Parr (LYP) correlation func-
tion [38], known as a cost-effective approach, for the computation
of molecular structure, vibrational frequencies and energies of
optimized structures.

In this study, we set out experimental and theoretical investiga-
tion of the conformation, vibrational and electronic transitions of
2,3-DFPBA. In the ground state theoretical geometrical parameters,
IR, Raman, NMR and UV spectra, HOMO and LUMO energies, ther-
modynamic and nonlinear optical properties of title molecule were
calculated by using Gaussian 09 suite of quantum chemical codes
[39], for the first time. Detailed interpretations of the vibrational
spectra of the 2,3-DFPBA have been made on the basis of the calcu-
lated total energy distribution (TED). The experimental results (IR,
Raman, NMR and UV spectra) were supported by the computed re-
sults, comparing with experimental characterization data; vibra-
tional wavenumbers, absorption wavelengths and chemical shifts
value are in fairly good agreement with the experimental results.

Experimental

The compound 2,3-DFPBA in solid state was purchased from
Across Organics Company with a stated purity of 99% and it was
used as such without further purification. The sample was pre-
pared using a KBr disc technique. The infrared spectrum of the
compound was recorded between 4000 and 400 cm™! on a Per-
kin-Elmer FT-IR system spectrum BX spectrometer. The spectrum
was recorded at room temperature, with a scanning speed of
10cm ! min~! and the spectral resolution of 4.0 cm~'. FT-Raman
spectrum of the compound was recorded between 3500 and
10cm™! on a Bruker RFS 100/S FT-Raman instrument by 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™! resolution by using a laser power of 100 mW. The ultra-
violet absorption spectra of sample solved in water and ethanol
were examined in the range 200-400 nm by using Shimadzu UV-
2101 PC, UV-Vis recording spectrometer. NMR experiments were
performed in Varian Infinity Plus spectrometer at 300 K. The com-
pound was dissolved in DMSO. Chemical shifts were reported in
ppm relative to tetramethylsilane (TMS) for 'H and '>C NMR spec-
tra. NMR spectra were obtained at the base frequency of 75 MHz
for 13C and 400 MHz for 'H nuclei.

Computational details

In order to obtain stable structures, the geometrical parameters
including for four forms trans-cis (TC), cis—cis (CC), cis-trans (CT),
and trans-trans (TT) of the 2,3-DFPBA in the ground state were
optimized by using the hybrid B3LYP level of theory in DFT with
the 6-311++G(d,p) basis set [37,38]. All calculations were per-
formed by using Gaussian 09 [39]. The optimized structural param-
eters were used in the vibrational frequency, isotropic chemical
shift and calculations of electronic properties. The vibrational fre-
quencies, infrared and Raman intensities for the planar (Cs) and
non-planar (C;) structure of all conformers of the title molecule
were calculated. Computed harmonic frequencies were scaled in
order to improve the agreement with the experimental results. In
our study, we have followed two different scaling factors 0.983
up to 1700 cm™! and 0.958 for greater than 1700 cm™' [40]. The to-
tal energy distribution (TED) was calculated by using the scaled
quantum mechanics (SQM) method and PQS program [41,42] and
the fundamental vibrational modes were characterized by their



894 M. Karabacak et al. /Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 97 (2012) 892-908

TED. The isotropic chemical shifts are frequently used as an aid in
identification of organic compounds and accurate predictions of
molecular geometries are essential for reliable studies of magnetic
properties. The B3LYP method allows calculating the shielding con-
stants with accuracy and the GIAO method is one of the most com-
mon approaches for calculating nuclear magnetic shielding
tensors. The '>C and '"H NMR isotropic shielding were calculated
with the GIAO method [43] using the optimized parameters ob-
tained from B3LYP/6-311++G(d,p) method. UV-Vis spectra, elec-
tronic transitions, vertical excitation energies, absorbance and
oscillator strengths were computed with the time-dependent DFT
(TD-DFT) method. The electronic properties such as HOMO and
LUMO energies were determined by TD-DFT approach.

To calculate group contributions to the molecular orbitals and
to prepare total density of states (TDOS or DOS) the partial density
of states (PDOS) and overlap population density of states (OPDOS)
spectra GaussSum 2.2 [44] was used. The contribution of a group to
a molecular orbital was calculated by using Mulliken population
analysis. The PDOS and OPDOS spectra were created by convolut-
ing the molecular orbital information with Gaussian curves of unit
height and a FWHM (Full Width at Half Maximum) of 0.3 eV.

Results and discussion

The molecule of the 2,3-DFPBA, has three substituents such that
B(OH), group and two F (fluorine) atoms (at meta- and ortho- posi-
tions) attached to the planar benzene ring. All forms of the molecule
are in the same plane. When model system boronic acid and two
fluorine atoms were chosen to investigate the possible conformers
of the 2,3-DFPBA molecule. There are four possible conformers (TC,
CC, CT, TT) for the 2,3-DFPBA, illustrated in Fig. 1, depend on the
positions of the hydrogen atoms bonded to oxygen, whether
they are directed away from or toward the ring. The energies of
different conformation of the title molecule were optimized by

Trans-Cis (TC) Cis-Cis (CC)

B3LYP/6-311++G(d,p) level of calculations. Our calculations show
that TC form is more stable than the other conformers. Four con-
formers of the 2,3-DFPBA molecule energies and energy difference
[the relative energy of the other conformers was as:
AE = E(C,)—E(TC), the conformer TC is the lowest energy as refer-
ence point] are determined in Table 1. According to the DFT calcu-
lation of conformers with 6-311++G(d,p) basis set, the conformer TC
was predicted more stable from 4.8284 to 6.3162 kcal/mol (for Cs
symmetry group) and from 4.7605 to 6.3213 kcal/mol (for C
symmetry group) than the other conformers. We also calculated
imaginary frequencies (—52 and —59 cm~" for CC and CT conform-
ers, respectively) in Cs symmetry group. Because of the imaginary
frequency, the calculations showed that the conformers CC and
CT are unstable conformers in Cs point group symmetry. However,
in C; point group symmetry, all conformers are stable (see Table 1).
Intra-hydrogen bonds can be responsible for the geometry and the
stability of a predominant conformation; the formation of hydrogen
bonding between a hydroxyl and O=COH groups cause the structure
of the conformer TC to be most stable conformer for 2,3-DFPBA. The
stability order conformers is trans—cis > cis—cis > cis-trans > trans—
trans form for 2,3-DFPBA. Therefore, in the present work we have
focused on this trans—cis form of 2,3-DFPBA molecule. In this paper
geometric parameters (bond lengths and bond angles), vibrational
frequencies, NMR chemical shifts, UV absorption (electronic
structure), nonlinear optical and thermodynamic features, Mulliken
atomic charge of title molecule were reported by using
6-311++G(d,p) with the comparing experimental results.

Geometrical structures

The geometry of the molecule under investigation is considered
by possessing Cs point group symmetry. The crystal structure of
the 2,3-DFPBA are not available in the literature till now. Therefore,
the geometric parameters, bond lengths and bond angles were

Cis-Trans (CT) Trans-Trans (TT)

Fig. 1. The theoretical geometric conformers of the 2,3-DFPBA.

Table 1

Calculated energies and energy differences for four possible conformers (TC, CC, CT and TT) of the 2,3-DFPBA by DFT (B3LYP 6-311++ G(d,p)) method.

Conformers Energy Energy differences? Dipole moment Imaginary frequencies
Cs group symmetry (Hartree) (kcal/mol) (Hartree) (kcal/mol) (Debye)

Trans—cis —606.93076996 —380854.8240 0.0000 0.0000 1.6163 -

Cis—cis —606.92307536 —380849.9956 0.0077 4.8284 4.2323 1(-52cm™)
Cis-trans —606.92239190 —380849.5667 0.0084 5.2573 3.9900 1(-59cm™)
Trans-trans —606.92070450 —380848.5078 0.0100 6.3162 3.9571 -

C; group symmetry

Trans-cis —606.93074912 —380854.8109 0.0000 0.0000 1.6267 -

Cis—cis —606.92316278 —380850.0504 0.0076 4.7605 4.1660 -

Cis-trans —606.92223320 —380849.4671 0.0085 5.3438 3.7693 -

Trans-trans —606.92067554 —380848.4896 0.0100 6.3213 3.9613 -

2 Energies of the other three conformers relative to the most stable Trans-Cis conformer.
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compared with the structurally similar phenylboronic acid and 2,4-
difluorophenylboronicacid [11,16]. The atomic numbering schemes
of all conformers (TC, CC, CT, TT) of the 2,3-DFPBA are shown in
Fig. 1. The optimized geometry parameters of all conformers are gi-
ven Supplementary Table S1. The optimized geometry parameters
(bond lengths and bond angles) of TC conformer of the molecule
are given in Table 2, comparing to the experimental values, in
accordance with the atom numbering Fig. 1. From the data shown
in Table 2, it is seen that the B3LYP levels of theory in general
slightly underestimates some bond lengths and overestimates
few bond lengths, bond angles from X-ray data. Taking into ac-
count that the molecular geometry in the vapor phase may be dif-
ferent from in the solid phase, owing to extended hydrogen
bonding and stacking interactions there is reasonable agreement
between the calculated and experimental geometric parameters.
The C-H bonds for the title molecule are approximately equal to
the experimental values both of phenylboronic acid and 2,4-dif-
luorophenylboronic acid [11,16]. The similar behaviors are valid be-
tween the C-C ring bond lengths and angles. For example, the
optimized bond lengths of the C-C bond in ring systems were cal-
culated in the range of 1.387-1.410 A for 2-fluorophenylboronic
acid [20] and observed at 1.365 and 1.406 A for 3-flurophenylbo-
ronic acid [14], also from 1.378 to 1.404 A in the phenylboronic acid

Table 2
Bond lengths (A) and bond angles (°) experimental and optimized of the 2,3-DFPBA
for Trans-cis conformer.

Parameters bond X-ray * P B3LYP6-
lengths (A) 311++G(d,p)
c1-c2 1.404 (3) 1.382 (3) 1392
C1-c6 1.402 (3) 1.394 (3) 1.407
B9-C1 1.568 (3) 1.566 (3) 1.575
2-C3 1.389 (3) 1.370 (3) 1389
C2-F15 - 1.364 (3) 1.362
C3-C4 1.378 (5) 1.363 (4) 1.384
C3-F16 - 1.358 (3) 1.347
C4-C5 1.384 (5) 1.366 (4) 1395
C4-H12 1.000 (5) - 1.083
C5-C6 1.390 (4) 1374 (3) 1.391
C5-H13 1.000 (5) 0.930 1.083
C6-H14 1.000 (5) 0.930 1.083
B9-07 1.378 (2) 1.338 (3) 1.366
07-H11 0.750 (5) 0841 (15) 0963
B9-08 1.362 (2) 1.361 (3) 1.366
08-H10 0.750 (5) 0.841 (15) 0.963
H10-F15 2.055
Bond Angles (°)

C2-C1-C6 1172 (2) 1146 (2) 116.4
C2-C1-B9 1208 (2) 1253 (2) 1232
C6-C1-B9 122.0 (2) 120.1 (2) 1203
C1-C2-C3 1218 (2) 125.1 (2) 122.4
C1-C2-F15 - 118.2 (2) 120.2
C3-C2-F15 - 116.7 (2) 117.3
C2-C3-C4 119.5(3) 1164 (2) 120.3
C2-C3-F16 - 118.1 (2) 119.4
C4-C3-F16 - 118.8 (2) 120.4
C3-C4-C5 1203 (2) 123.0 (2) 118.9
C3-C4-H12 120.0 (2) - 119.0
C5-C4-H12 120.0 (2) - 1221
C4-C5-C6 120.1 (3) 117.9 (2) 1203
C4-C5-H13 120.0 (2) 121.0 1195
C6-C5-H13 120.0 (2) 121.0 120.2
C1-C6-C5 121.1 (2) 122.9 (2) 1217
C1-C6-H14 120.0 (2) 1185 1182
C5-C6-H14 120.0 (2) 118.5 120.1
B9-07-H11 111.0(1)  116(2) 1123
B9-08-H10 111.0(1)  115(2) 1142
C1-B9-07 1187 (2) 1174 (2) 1171
C1-B9-08 125.0 (2) 1238 (2) 1247
07-B9-08 1163 (2) 118.7 (2) 1182

2P The X-ray data from Ref. [11,16].

(=pba), and from 1.363 to 1.394 A in 2 4-difluorophenylboronic acid
[11,16]. In this study, we calculated the CC bond lengths in the
ranges 1.384-1.395 A that show well coherent with above studies.

Generally, typical B-0 distances are ca. 1.360 A [12] consistent
with relatively strong m-interactions. Conversely, the B9-07 bond
length is slightly greater than that typically found in boroxines,
indicating a weakening of this bond by the electron-withdrawing
nature of the ring part. However, Chen et al. [4] found approxi-
mately the same value of this bond length by using HF/6-31G(d)
levels of theory, for the few boronic acids including phenylboronic
acid molecule. For the 3,5-dichlorophenylboronic acid, this bond
length for different forms were found in the range of 1.364-
1.372 A [22], and also in the previous work, B-O distances includ-
ing for different forms were calculated from 1.366 to 1.373 A
ranges for 3,4-dichlorophenylboronic acid [23]. For the 2,4- and
2,6-dimethoxyphenylboronic acid molecule B-O distances includ-
ing CT (Cs) and CT (C;) forms were found from 1.371 to 1.375A
and other forms were found from 1.365 to 1.373 A [25,26]. For
our title molecule, the optimized B-O bond lengths were obtained
in the range 1.359-1.374 A.

The O-H bonds for the title molecule are about equal to the
experimental values. These bond lengths were calculated at
0.963 A for 07-H11 and 08-H10. Experimental values of O-H
bonds of phenylboronic acid and 2,4-difluorophenylboronic acid
are 0.750 and 0.841 A, respectively.

The optimized B-C bond lengths were calculated at 1.575 A for
the 2,3-DFPBA. The experimental values of phenylboronic acid and
2,4-difluorophenylboronic acid are in well coherent, observed
1.568 and 1.566 A [11,16]. Bhat et al. [27] calculated B-C bond
lengths at 1.566 and 1.567 A in the most stable form for phenylbo-
ronic acid by using B3LYP and MP2 methods, respectively. The Cg—
B> bond length is slightly larger than that typically found in
boroxines, indicating a weakening of this bond by the electron-
withdrawing nature of the Cg Fs group [21]. This calculated bond
lengths show very good correlation with structurally similar mol-
ecules [20-26].

The C-X (X; F, Cl, Br...) bond length indicates a considerable in-
crease when substituted in place of C-H. This band (fluorine atom)
were calculated at 1.318-1.356 for 2,3-difluoro phenol molecule
[45] and observed good correlation for 2,6-difluoro phenol mole-
cule [46]. The bond distance C-F is approximately similar at
1.357 A [47] which is in good agreement with calculated value in
the previous study for 5-fluoro-salicylic acid [48]. Horton et al.
the Cy5-F;5 and Cy3-F; observed 1.349 and 1.342 A in penta-
fluorophenylboronic acid [12], and Kurt [21] calculated these
bonds 1.357 and 1.336 A using B3LYP/6-311G(d,p) basis sets. In
this paper we obtained at 1.362 and 1.347 A (C,-F;5 and C5-Fqg)
respectively. These bonds also show good agreement with ob-
served values of 2,4-difluorophenylboronic acid [16].

The ring C-C-C bond angles were calculated at 116.4-122.4°
which is good correlation with the experimental values and normal
values (120.0°) of the six-membered phenyl ring. However the C2-
C1-C6 bond angle deviated from normal value, this may be due to
the attached B(OH), group.

Two hydrogen atoms are in the O-B-O plane. Most probably,
the oxygen lone pairs have a resonance interaction with the empty
p orbital of boron, which forces the hydrogen to be in the 0-B-0
plane. From the calculations, the optimized structure of 2,3-DFPBA
was calculated to exist in a planar structure for the TC and TT
forms, while the other forms of the molecule were calculated to ex-
ist as a nearly planar structure with C-C-B-0 torsional angle (ca.
13° the CC form, 34° for CT form by using 6-311++G(d,p) basis set).

All the geometrical parameters were simultaneously relaxed
during the calculations while the C-C-B-0 torsional angle was var-
ied in steps of 10°. The resulted potential energy curve depicted in
Supplementary Fig. S1 shows TC form for minimum energies. The
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B-C rotational barrier in TT and CC form was calculated to be ca. 4-
6 kcal/mol (Supplementary Fig. S1), which is significantly high as
compared the B-C barrier TC form of molecule.

Vibrational spectral analysis

The present molecule which has Cs symmetry consist of 16
atoms, so it has 42 fundamental vibrational modes. These modes
are represented by symmetry species 29A’ + 13A”, with the A’ rep-
resenting in-plane motions and A” representing out-of plane mo-
tions. All vibrations are active in both IR and Raman. In this form
B(OH), group and benzene ring are in the same plane. The CC
and CT forms of molecule are non-planar structure and have C1
symmetry and the vibrational modes span the irreducible repre-
sentations: 42A. The experimental wavenumbers are tabulated in
Table 3 together with the calculated wavenumbers for the most
stable conformer (TC) of studied molecule. The symmetry species
of all the vibrations are given in the second column and in the last
column is given a detailed description of the normal modes based
on the total energy distribution (TED).

Table 3
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In order to obtain the spectroscopic signature of the 2,3-DFPBA,
we performed a wavenumber calculation analysis by using DFT/
B3LYP/6-311G++(d,p) basis set [39]. The calculations were made
for free molecule in gas phase, while experiments were performed
for solid sample, therefore there are disagreements between calcu-
lated and observed vibrational wavenumbers, and some frequen-
cies are calculated, however these frequencies are not observed
in the FT-IR and FT-Raman spectra. To the best of our knowledge
there is no vibrational data for gas phase of the title molecule.
Therefore we compared calculated results with those of solid phase
of vibrational spectrum of title molecules. The experimental and
calculated infrared and Raman spectra were given in Fig. 2. The cal-
culated IR and Raman spectra are shown in figure for comparative
purpose, where the calculated intensity is plotted against har-
monic vibrational wavenumbers.

The goal of this part of the study is the assignment of the vibra-
tional wavenumbers. As seen in Table 3, there is great mixing of
the ring vibrational modes and also between the ring and substitu-
ent modes. The descriptions of the modes are very complex be-
cause of the low symmetry of the studied molecule. Especially,

Comparison of the calculated harmonic frequencies and experimental (FT-IR and FT-Raman) wavenumbers (cm™') using by B3LYP method 6-311++G(d,p) basis set for Trans-cis

conformer of 2,3-DFPBA.

Modes no Sym. species Theoretical Experimental TED °(>10%)
Unscaled freq. Scaled freq.? FT-IR FT-Raman
vl A 3854 3692 3400 VOH (100) (Og-Hy0)
v2 A 3847 3685 3332 VOH (100) (07-H11)
v3 A 3204 3070 3070 3075 vCH (100)
v4 A 3199 3064 3055 vCH (100)
v5 A 3182 3048 3040 VCH (100)
v6 A 1657 1629 1628 1626 vCC (71)
v7 A 1618 1590 1588 1590 vCC (67) + 8CCH (12)
v8 A 1503 1478 1475 1474 3CCH (42) + vCC (33)
v9 A 1491 1465 1468 vCC (39) + 8CCH (28)
v10 A 1394 1371 1389 VRO, asym. (80)
vi1 A 1369 1345 1352 1351 vBO, sym. (33) + vCB (25) + SBOH (18)
v12 A 1327 1304 1292 vCC (88)
v13 A 1286 1264 1266 1269 8CCH (37) + vCF (33) + vCC (20)
v14 A 1234 1213 1214 1215 SCCH (44) + vCC (28) + vCF (11)
v15 A 1190 1170 1183 1178 VCF (39) + 8CCH (20) + 8CCC (15)
v16 A 1169 1149 1154, 1134 1148 VCC (45) + 3CCH (23)
v17 A 1081 1063 1062 1065 VvCC (51) + 8CCH (31)
v18 A 1044 1026 1040 1030 3BOH (95) i.p OH bending
v19 A 1020 1002 3BOH (60) i.p OH bending + vBO (33)
v20 A’ 984 968 978 YCH (92)
v21 A’ 928 912 907 911 YCH (90)
v22 A 915 899 vCF (27)+ 8CCC (25) + vBO (17) + vCB (12)
v23 A 828 814 818 822 3CCC (33) + VCF (26) + 3CCH (18) + vCC (14)
v24 A’ 806 792 792 804 yCH (81)
v25 A’ 742 729 731 yCH [tCCCC(22) + TCCCH(22)] + TCCBO (19)
v26 A’ 671 660 664 662 TCCBO (25) + TBOOH (19) + TCBOH (13) + TCCCC (12)
v27 A 646 635 648 vCC (30) + vCF (24) + vCB (17)
v28 A’ 601 591 597 YOH (84)
v29 A 584 574 580 5CCF (48) + 3CCC (28)
v30 A’ 567 557 568 556 TCCCC (31) + yOH (28) + TCCCH (11)
v31 A’ 534 524 YOH (65) + TCCCC (14)
v32 A 522 513 502 501 30BO (34) + 3CBO (16) + 5CCC (12)
v33 A 484 475 465 5CCC (42) + 8CCF (29) + VCF (12)
v34 A’ 467 459 460 TCCCC (28) + TCBOH (21) + TCCCF (20) + TCCBO (13)
v35 A 360 353 350 5CBO (69) + 5CCF (14)
v36 A 318 312 310 3CBO (36) + VCB (26) + 5CCF (25)
v37 A 304 299 SCCF (72) + 5CCB (12)
v38 A’ 296 291 TCCCF (64) + TCCCC (13)
v39 A’ 208 204 228 TCCCF (33) + tCFCF (17) + TCCCC (15) + TCCCB (15)
v40 A 168 165 Rocking (BO,H,[3CCB (68) + 8CBO (22)]
v41 A’ 100 99 100 TCCCB (38) + TFCCB (18) + TCCCC (13) + TCCBO (13)
v42 A’ 59 58 TCCBOs (50) + TCCBO- (48)

3 Wavenumbers in the ranges from 4000 to 1700 cm ' and lower than 1700 cm ™! are scaled with 0.958 and 0.983 for B3LYP/6-311++G(d,p) basis set, respectively.
b TED: Total energy distribution v; stretching, v; out-of-plane bending, 5; in-plane-bending, t; torsion.
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Fig. 2. The experimental and calculated infrared and Raman spectra of the 2,3-DFPBA.

in-plane and out-of-plane modes are the most difficult modes to be
assigned due to the mixing with the ring modes and also with the
substituent modes. But there are some strong frequencies useful to
characterize in the IR and Raman spectrum. It is worth mentioning
that, for our molecule, the stretching and bending vibrational
modes are OH, CH, CC, CF, BO, CB and CCH, BOH, CCC, CCF, CBO,
CCB, OBO, respectively, and also, ring bending and ring torsion
modes assigned out-of plane bending of C-H and O-H are the
bending vibrational modes for title molecule.

OH modes

The O-H vibrations are extremely sensitive to formation of
hydrogen bonding. The O-H stretching band is characterized by
very broad band appearing near about 3400-3600 cm™. In the
O-H region, very strong and broad bands in the spectra of some
boronic acid molecules occur at ca. 3300 cm™". The assignment of
these bands called as O-H stretching vibrations is comprehensible.
In the spectra of phenylboronic acid (3280 cm™! in IR) [19], 2-flu-
orophenylboronic acid (3467 cm™' in FT-IR) [20], penta-
fluorophenylboronic acid, (3467, 3410cm™! in FT-IR) [21], 3,5
dichlorophenylboronic acid (3443, 3397 cm~! in FT-IR and 3480,
3440 cm™! in FT-Raman) [22], 3,4 dichlorophenylboronic acid
(3465, 3425 cm™! in FT-IR) [23], 4-chloro and 4-bromophenylbo-
ronic acid (3276, 3249 and 3276, 3164 cm ™! in FT-IR) and (3175,
3106 and 3108 cm~! in FT-Raman) [24], 2,4-dimethoxyphenylbo-
ronic acid (3480, 3339cm™! in FT-IR) [25], 2,6-dim-
ethoxyphenylboronic acid (3335 cm™! in FT-IR and 3278 cm™! in
FT-Raman) [26] were assigned, which is typical for O-H bonded
hydroxyl groups. The strength and broadening wavenumbers of
these bands suggest that intramolecular hydrogen bonding occurs
in different environments of boronic acids [19]. In this study, the

two O-H stretching vibrations were recorded at 3332 and
3400 cm™! in FT-IR spectrum and predicted value of 3685 (O;-
Hi1) and 3692 cm~! (Og—H;) that show agreement with recorded
FT-IR spectrum. As expected, this mode is pure stretching mode as
it is evident from TED column, it is almost contributing 100%. The
same vibration isn’t occurred in the FT-Raman. As discussed in lit-
erature, [20-24] with halogen (F, Cl, Br...) substitution, O-H
stretching vibrations shift to a higher wavenumber region [49].
This means that, in the boronic acid part, O-H vibrations are sen-
sitive due to the halogen coordination.

The modes v18 and v19 as a OH in-plane bending were pre-
dicted at 1026 and 1002 cm™! and out-of-plane bending vibrations
(v26, v28, v30 and v31) were computed at 524, 557, 591 and
660 cm~'. These bands were assigned at 1030 cm™! in FT-Raman
and 1040 cm™! in FT-IR bands (in-plane) while OH out-of-plane
bending vibrations were assigned at 568 and 664 in FT-IR cm™!
and 556, 597 and 662 cm ! in FT-Raman, respectively. Theoretical
values of OH out-of-plane bending and in-plane bending vibration
are in good agreement with the experimental values and literature
data [20-26].

C-H modes

The hetero-aromatic structure shows the presence of the C-H
stretching vibration in the 3000-3100 cm™' range which is the
characteristic region for ready identification of C-H stretching
vibration [50]. In this region, the bands are not affected appreciably
by the nature of the substituents. 2,3-DFPBA has two adjacent and
one isolated C-H moieties. In aromatic compounds, C-H in-plane
bending frequencies appear in the range of 1000-1300 cm™! and
C-H out-of-plane bending vibration in the range 750-1000 cm™!
[50,51]. These modes were discussed in the literature and
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predicted in the range of 3048-3070 cm™! for structurally similar
compounds [20-24]. The modes 3-5 correspond to the stretching
modes of C4~H, Cs-H and C¢-H units. These modes were computed
at 3048, 3064 and 3070 cm™! by the B3LYP/6-311++G(d,p) method
and observed at 3070 cm~! in FT-IR and recorded at 3040, 3055
and 3075 cm~! FT-Raman, showing good agreement. They are pure
modes since their TED contribution 100%. The aromatic C-H
stretching bands are found to be weak, and this is due to a decrease
in the dipole moment caused by reduction of negative charge on
the carbon atom.

The aromatic C-H in-plane bending vibrations lie in the region of
1230-970 cm™!. The C-H in-plane bending vibrations were ob-
served at 1266, 1214, 1183 cm™! in FT-IR and 1269, 1215,
1178 cm™! in FT-Raman. These modes are predicted at 1264, 1213
1170 cm™!. The C-H out-of-plane bending modes are assigned
V5242120 and predicted at 729, 792, 912, 968 cm™!, respectively.
These modes were observed at 731, 792, 907, 978 and 804,
911 cm™! in FT-IR and FT-Raman, respectively. The TED contribu-
tions of in-plane and out-of-plane modes indicate that these vibra-
tions are contaminated with other modes. All results for the above
conclusions are in well agreement with the literature of the similar
molecules [20-24].

CC modes

The ring stretching vibrations are very much important and
highly characteristic of the aromatic ring itself. The ring carbon-
carbon stretching vibrations occur in the region 1625-1430 cm™.
In general, the bands are of variable intensity and are observed
at 1625-1590, 1590-1575, 1540-1470, 1465-1430 and 1380-
1280 cm ™! from the frequency ranges given by Varsanyi [52] for
the five bands in the region. For phenylboronic acids, the aromatic
C-C stretching regions were assigned in the range of 1620-
1320cm™! in the IR spectra [19]. Similarly, the C-C stretching
modes were recorded for 2-fluorophenylboronic acid in the range
of 1617-1034 cm™' [20], 3,5-dichlorophenylboronic acid in the
range of 1570-969 cm™! in FT-IR and 1584-995 cm™! in FT-Raman
[22], 3,4-dichlorophenylboronic acid at 1591-1028 cm~! in FT-IR
and 1590-1035cm™! in FT-Raman [23], 4-chlorophenylboronic
acid 1596-1060 and 1588-1085cm™' in FT-IR and FT-Raman
and 4-bromophenylboronic acid at the range of 1590-1010 and
1588-1004 cm™! in FT-IR and FT-Raman, respectively [24]. Also
these results [20,22-24] were supported DFT calculations com-
puted ca. 1600-990 cm~' using B3LYP calculations. In the present
work, C-C stretching vibrations were calculated 1629-1465, 1304~
1213, 1149, 1063 and 635 cm™! by B3LYP method for 2,3-DFPBA
and observed at 1628, 1588, 1475, 1468, 1266, 1214, 1154, 1134,
1062 and 648 cm~! in FT-IR and 1626, 1590, 1474, 1292, 1269,
1215, 1148 and 1065 cm™~! in FT-Raman, showed very well corre-
lation with each other. The main C-C stretching vibrations are cal-
culated at 1304 cm~! with the TED contribution 85%.

The ring deformation, torsion and CCC bending modes contam-
inated with other modes. The calculated wave numbers of these
modes almost coincide with experimental data after scaling. The
ring deformation, torsion and out-of-plane CCC bending modes
are obtained in a large region. The TEDs of these vibrations are
not pure modes as it is evident from the last columns of Table 3.

C-F modes

In the fluorine compounds, very intense absorption of CF mode
occurs in the region 1100-1350 cm™' [49,53]. Infrared spectra of
mono- and di-substituted fluorine derivatives have been studied
by Narasimham et al. [54] and those of tri- and tetrafluorobenzene
by Ferguson et al. [55]. They have assigned the frequency at
1250 cm~! to C-F stretching mode of vibration. In analogy to these
assignments, infrared frequency observed at 1235cm™!, is
assigned as C-F stretching frequency for 1-fluoro-2,4-dinitroben-

zene [56], corresponding Raman frequency for the same mode is
1246 cm™'. For 2,3-difluoro phenol, Sundaraganesan et al. [45] as-
signed the strong bands at 1331 and 1279 cm™! in FT-IR spectrum
due to C-F stretching mode, and their counterpart in Raman spec-
trum is at 1332 and 1280 cm™'. In previous study, we have as-
signed the strong bands at 1254 and 1222 cm~! in the FT-IR
spectrum due to the C-F stretching mode. Their counterpart in
the Raman spectrum is at 1274 and 1245 cm™'. The theoretically
computed scaled value of 1271 and 1240 cm~! at B3LYP/6-
311 + G(d,p) showed good agreement with experimental results
for 5-flouro salicylic acid [48]. This bands at 1004, 1001 and
996 cm~! were assigned as a C-F stretching vibrations for some
pentafluoro-compounds [57] and pentafluoro-benzyl-bromide
[58] molecule. CF stretching modes were computed at 1264-
1170 and 899, 814, 635 cm™! showed in well correlation with
the experimental values.

The C-F in-plane bending frequency appears in the region
350-250 cm ™! [59]. The C-F in-plane bending wavenumbers were
computed by B3LYP method in the region 380-255 cm™~! for penta-
flourophenyl boronic acid [21]. The band at 292 cm~! in FT-Raman
was assigned to C-F in-plane bending mode for 2,3-difluorophenol
[45]. Sundaraganesan et al. [60] observed strong band at 759 cm™!
in FT-IR and very strong band at 750 cm ™! in FT-Raman assigned to
C-F in-plane bending mode for 2-amino-4,5-difluorobenzoic acid
molecule. The C-F out-of-plane bending mode was identified as
the frequency at 590 cm~! as a weak band in FT-IR and 592 cm™!
in FT-Raman [60]. For 2-fluorophenylboronic acid molecule, Erdog-
du et al. [20] observed one band at 520 cm™~! both in the FT-IR and
in the FT-Raman spectra. The C-F out-of-plane bending modes of
the bands are supported in literature [60-63]. In our present work
we predicted at 574, 475, 353, 312, 299 cm™~! for C-F in-plane
bending modes and 291 and 204 cm™! for C-F out-of-plane bend-
ing modes. We also identified according to TED as a major contri-
bution mode 37 and 29 for in-plane modes. The values are
supported in very good agreement with the experimental results
(see Table 3).

B-0 modes

The B-0 asymmetric stretching band of the phenylboronic acid
occurs at 1370cm™! in the infrared spectrum [19] and at
1375 cm™! for the phenylboronic acid linkage [64]. These bands
are very intense and should also include the asymmetric stretching
vibrations which are located at 1349 and 1350 cm™! for phenylbo-
ronic, and pentafluorophenylboronic acids, respectively [19,21].
Vargas et al. [65] assigned the band around at 1370 cm™! as the
Vv(B-0) stretching vibrations for the homo-and hetero tri-nuclear
boron complexes. For 2-fluorophenylboronic acid these bands
were observed at 1385 cm™! in the FT-IR and 1370 cm™! in the
FT-Raman spectra [20]. The corresponding bands were observed
at 1392 cm™! as very strong bands in FT-IR and at 1409 cm™! as
weak bands in FT-Raman spectra [22]. The other strong band in
the spectrum observed at 1379 cm ™! [23]. This band is very intense
and should include also the v(B-0) asymmetric stretching vibra-
tion. Kurt [24] observed the vB-O stretching vibration at 1373
and 1361 cm™! for 4-chlorophenylboronic acid and 4-bromophen-
ylboronic acid, respectively. These modes also were calculated at
ca. 1400-1350cm~! by using B3LYP method and determined,
when two chlorine or fluorine atoms are substituted on phenylbo-
ronic acid, the B-0 vibration shifts to higher wavenumbers in the
spectrum [20-23]. In our study for the 2,3-DFPBA derivatives of
the phenyl boronic acid, vB-0 stretching vibrations were observed
at 1352, 1351 (symmetric stretching) and 1389 cm~! (asymmetric
stretching). We calculated symmetric and asymmetric stretching
vibrations at 1345 and 1371 cm ! by using B3LYP method, respec-
tively. The TED calculations show that the B-O stretching (mode
10) is clearly a pure mode in Table 3. We can also say when two
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fluorine atoms are substituted at the second and third positions
phenylboronic acid, the B-O vibration shifts to higher wavenumbers
of ca. 10 and 5, ca. 18 cm™! in the FT-IR spectrum and FT-Raman
spectrum, respectively.

C-B modes

The C-B stretching modes were observed at 1080 and
1110 cm™! for vibration of the arylboronic acid by Bradley [15].
Faniran et al. [19] also assigned the band at 1089 and 1085 cm™!
in the spectra of the normal and deuterated phenylboronic acids,
respectively, and at 1084 cm~! in diphenyl phenylboronate to the
C-B stretching modes. The C-B stretching bands were observed
at 1354cm~! in the infrared spectrum and were shifted by
265 cm™! for the fluorine substitution. This means that in the boro-
nic acid part C-B vibrations are sensitive because of fluorine sub-
stitution [20]. For n-butylboronic acid, these vibrations are
assigned at 1147 and 1109 cm™! by Cyrafiski et al. [29]. For 3,5-dic-
hlorophenylboronic molecule this vibration was observed at
802 cm™~! as medium bands in FT-IR. The C-B stretching band of
this molecule was negatively shifted by ca. 280 cm™! for the chlo-
rine substitution [22]. These means those in the boronic acid part
C-B vibrations are sensitive because of chlorine or fluorine substi-
tution [20,22].

Error analysis of different vibrational calculations
We plotted correlation graphics between the experimental and
calculated wavenumbers obtained by DFT/B3LYP method. The
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Fig. 3. Correlation graphics of calculated and experimental frequencies (a) Infrared
(b) Raman for the 2,3-DFPBA.

correlation graphics which described harmony between the calcu-
lated and experimental wavenumbers (Raman and Infrared) were
given in (Fig. 3a and b). As can be seen from figures, experimental
fundamentals have a better correlation with B3LYP. The relations
between the calculated and experimental wavenumbers are linear
and described for Raman and Infrared, respectively by the follow-
ing equations:

Veal = 0.9177 Veyp. + 85.055 (R2 =0.9953 for infrared)
Veal. = 0.9974 Vexp. + 23.975 (R2 = 0.9991 forRaman)

NMR spectra

The experimental 'H and 'C NMR spectra of the 2,3-DFPBA are
shown in Fig. 4a and b, respectively. The recorded and calculated
TH and '3C chemical shifts in DMSO solution solvent are collected
in Table 4, the atom states were numbered according to Fig. 1.

It is recognized that accurate predictions of molecular geome-
tries are essential for reliable calculations of magnetic properties.
Firstly, full geometry optimization of the 2,3-DFPBA was per-
formed at the gradient corrected DFT by using the hybrid B3LYP
method based on Becke’s three parameters functional. Then,
gauge-including atomic orbital (GIAO) 'H and !3C chemical shift
calculations of the compound was made by the same method by
using 6-311++G(d,p) basis set IEFPCM/DMSO solution. Application
of the GIAO [43] approach to molecular systems was significantly
improved by an efficient application of the method to the ab initio
SCF calculation, by using techniques borrowed from analytic deriv-
ative methodologies. The isotropic shielding values were used to
calculate the isotropic chemical shifts § with respect to tetrameth-
ylsilane (TMS) &, = oIM5 — gX = The values of oM is 182.46 and
31.88 ppm for '3C and 'H NMR spectra, respectively.

Aromatic carbons give signals in overlapped areas of the spec-
trum with chemical shift values from 100 to 150 ppm [66,67]. In
this work present molecule has six different carbon atoms, which
is consistent with the structure on basis of molecular symmetry.
Taking into account that the range of '>C NMR chemical shifts C2
and C3 are observed and calculated greater than this range, this
shift can be due to the fluorine atom attached to these carbons.
Namely, the fluorine atoms that electronegative substituent polar-
izes the electron distribution in its bond to carbon, therefore, the
chemical shifts value of C2 and C3 bonded to fluorine atoms show
that the calculated '3C chemical shifts is too high. The chemical
shift of these carbons was observed at 154.30 and 151.01 ppm
while which was calculated 164.65 and 159.38 ppm, respectively.
Besides, due to the shielding effect which has the non-electroneg-
ative property of B(OH), group, the chemical shift value of C1 atom
is lower than the other carbon peaks. Moreover, DMSO contains
electronegative atoms such as oxygen and sulphur. Thus, our title
molecule was affected this solution. The other '*C NMR chemical
shifts in the ring for the title molecule are range in from 100 to
150 ppm both experimentally and theoretically showing good cor-
relation with each other (Table 4).

Generally, 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
towards to a higher frequency, whereas electron-donating atom or
group increases the shielding and moves the resonance towards to
a lower frequency [68]. The chemical shifts of aromatic protons of
organic molecules are usually observed in the range of 7.00-
8.00 ppm. The studied molecule has three hydrogen atoms in the
ring, two hydrogen atoms attached to the oxygen atom of hydroxyl
group. As can be seen from the Table 4, 'H isotropic chemical shifts
were calculated 7.94, 7.44, 7.32, 6.88 and 6.02 ppm, observed
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Fig. 4. (a) "H NMR (b) '*C NMR spectra of the 2,3-DFPBA in DMSO solution.

Table 4
Experimental and theoretical '*C and 'H NMR isotropic chemical shifts of the 2,3-
DFPBA with DFT (B3LYP 6-311++ G(d,p)) method.

Atoms Carbon Atoms Hydrogen
Exp. B3LYP Exp. B3LYP

c(1) 119.00 118.56 H(10) 7.15 6.88
C(2) 154.30 164.65 H(11) 7.11 6.02
C(3) 151.01 159.38 H(12) 7.38 7.44
C(4) 124.91 126.74 H(13) 7.31 7.32
Cc(5) 130.89 133.76 H(14) 7.57 7.94
C(6) 148.69 137.94

values are 7.57, 7.38, 7.31, 7.15 and 7.11 ppm. The signals of the
three aromatic proton ('H) of the title compound were calculated

theoretically 7.32-7.94 ppm, observed at 7.31-7.57 ppm experi-
mentally. Chemical shift of proton numbered H14 (observed at
7.57 ppm and calculated at 7.94 ppm) are higher than the other
protons. The chemical shift values of H10 and H11 attached the
oxygen atoms are smaller than the aromatic proton signals due
to the electron withdrawing properties of attached groups. The
deviation between experimental and computed chemical shifts of
these protons may be due to the presence of intermolecular hydro-
gen bonding.

The correlation graphics between the experimental and calcu-
lated '3C NMR and 'H NMR chemical shifts of title molecule are
represented in Fig. 5 and Supplementary Fig. S2. The relations be-
tween the calculated and experimental wavenumbers chemical
shifts (8exp) and magnetic isotropic shielding tensors (o) are usu-
ally linear and described by the following equation:
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Ocal.(ppmM) = 1.0192 Jeyp. — 0.4828 (R* = 0.9945)

In the present study, the following linear relationships were ob-
tained for 'C and 'H chemical shifts.

For'C; dca, (ppm) = 1.1105 deyp. — 13.221
For'H; dc, (ppm) = 3.5818 dexp. — 19.041

(R* = 0.8401)
(R? = 0.8497)

The performances of the B3LYP method with respect to the predic-
tion of the relative shielding within the molecule were nearly close.
However, 'H chemical shifts calculations gave a slightly better coef-
ficient and lower standard error than for '>C chemical shifts. Based
on the 'H and '3C chemical shift data collected in Table 4 one can
deduce that qualitatively the '>C and 'H NMR chemical shifts of
the 2,3-DFPBA are described fairly well by the selected DFT method
combined with the basis set.

Electronic properties

UV spectrum and frontier molecular orbital analysis

Ultraviolet spectra analyses of the 2,3-DFPBA were researched
by theoretical calculation and the experiment. The electronic
absorption spectra of title molecule were measured in ethanol
and water at room temperature. It is obvious that to use TD-DFT
calculations to predict the electronic absorption spectra is a quite
reasonable method. The excitation energies, absorbance and oscil-
lator strengths for the title molecule at the optimized geometry
were obtained in the framework of TD-DFT calculations by using
the B3LYP/6-311++G(d,p) method. The experimental absorption
wavelengths (energies) and computed electronic values, such as
absorption wavelengths (1), excitation energies (E), oscillator

Table 5

strengths (f), and major contributions of the transitions and assign-
ments of electronic transitions are tabulated in Table 5 for ethanol
and water solvent. TD-DFT methods are computationally more
expensive than semi-empirical methods but they allow to study
easily on medium size molecules [69-71]. The experimental and
theoretical UV spectra of the 2,3-DFPBA are shown in Fig. 6 for eth-
anol and water solution. Experimentally determined maximum
absorption values in ethanol are 192.0, 208.0 and 266.5 nm, and
theoretically calculated values are 251.44, 219.24 and 198.09 nm
with B3LYP/6-311++G(d,p) basis set, respectively. For water solu-
tion, experimentally determined maximum absorption values are
267.5, 208.5 and 194.0, and theoretically calculated values are
251.40, 219.16 and 198.20 nm, respectively.

Molecular orbitals; both the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) and
their properties such as energy are very useful for physicists and
chemists are the main orbital taking part in chemical reaction.
While the energy of the HOMO is directly related to the ionization
potential, LUMO energy is directly related to the electron affinity
[72,73]. This is also used by the frontier electron density for pre-
dicting the most reactive position in m-electron systems and also
explains several types of reaction in conjugated system [74]. The
conjugated molecules are characterized by a small highest occu-
pied molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) separation, which is the result of a significant de-
gree of intramolecular charge transfer from the end-capping elec-
tron-donor groups to the efficient electron-acceptor group
through-n-conjugated path [75]. Surfaces for the frontier orbitals
were drawn to understand the bonding scheme of present com-
pound. The energy difference between HOMO and LUMO orbital
which is called as energy gap is a critical parameter in determining
molecular electrical transport properties because it is a measure of
electron conductivity, calculated 5.72 eV for title molecule. The
plots of MOs (HOMO and LUMO) are drawn and given in Fig. 7.
All the HOMO and LUMO have nodes. The nodes in each HOMO
and LUMO are placed symmetrically. The positive phase is red
and the negative one is green. According to Fig. 7, the HOMO a
charge density localized over the ring of the entire molecule expect
B(OH), group, but the LUMO is characterized by a charge distribu-
tion on all structure, expect H atoms (H;o Hy; and Hy3). The ob-
served transition from HOMO to LUMO is mt—m*. Moreover lower
in the HOMO and LUMO energy gap explains the eventual charge
transfer interactions taking place within the molecule.

HOMOenergy = —7.40eV
LUMOenergy = —1.70eV
HOMO — LUMOenergy gap = 5.70eV

The value of chemical hardness is 2.85 eV in gas phase and solvents.
However, the values of electronegativity, chemical potential and
electrophilicity index are different in gas phase and solvents. These
values are given in Table 6.

Experimental and calculated (TD-DFT/B3LYP/6-311++G(d,p)) absorption wavelengths 4 (nm), excitation energies (eV), oscillator strengths (f) in water and ethanol.

2 (nm) E (eV) /. (nm) E (eV) f Assignments Major contributes

Experimental (Water) Calculated

267.5 4.6349 251.40 49317 0.0380 n—m* H - L(81%), H-1 - L+1(18%)
208.5 5.9465 219.16 5.6572 0.1456 n—m* H-1 - L (80%),H—>L+1(18%)
194.0 6.3909 198.20 6.2556 0.0012 n—m* H—-L+2(72%),H—> L+3 (26%)
Experimental (Ethanol) Calculated

266.5 4.6523 251.44 4.9309 0.0388 n—m* H - L(81%), H-1 > L+1 (18%)
208.0 5.9608 219.24 5.6553 0.1488 n-m* H-1 - L (80%), H - L+1(18%)
192.0 6.4575 198.09 6.2591 0.0012 n-m* H-L+2(71%),H - L+3(27%)

H: HOMO, L: LUMO.
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Fig. 6. The experimental and theoretical UV-Vis spectrum of the 2,3-DFPBA in ethanol and water.
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Fig. 7. The frontier molecular orbitals of the 2,3-DFPBA for TC conformer.

Table 6
Calculated energies values of 2,3-DFPBA molecule using by the TD-DFT/B3LYP method
using 6-311++G(d,p) basis set for TC conformer.

TD-DFT/B3LYP/ Gas Ethanol Water
6-311++G(d,p)

Eiora (Hartree) —606.9052395 -606.9129114 -606.9132649
Enowmo (eV) ~7.50 —7.40 —7.40
Erumo (eV) —-1.80 -1.70 -1.70
Eromo-Lumo gap (€V) 5.70 5.70 5.70
Enomo_1 (eV) -7.90 ~7.78 ~7.78
Erumo+ (eV) -1.02 -0.89 -0.89
Eromo-1-LuMo+1 gap (€V) 6.88 6.89 6.89
Chemical hardness (h) 2.85 2.85 2.85
Electronegativity () 4.65 4.55 4.55
Chemical potential () —4.65 —4.55 —4.55
Electrophilicity index (®) 3.79 3.63 3.63

Total, partial, and overlap population density-of-states

In the boundary region, neighboring orbitals may show quasi
degenerate energy levels. In such cases, consideration of only the
HOMO and LUMO may not yield a realistic description of the fron-
tier orbitals. For this reason, the total (TDOS), partial (PDOS), and
overlap population (OPDOS or COOP (Crystal Orbital Overlap
Population)) density of states [76-78], in terms of Mulliken popula-
tion analysis were calculated and created by convoluting the
molecular orbital information with Gaussian curves of unit height
and full width at half maximum (FWHM) of 0.3 eV by using the
GaussSum 2.2 program [44]. The TDOS, PDOS and OPDOS of the
2,3-DFPBA are plotted in Figs. 8-10, respectively. They provide a
pictorial representation of MO (molecule orbital) compositions
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Fig. 8. The calculated TDOS diagrams for the 2,3-DFPBA.

and their contributions to chemical bonding. The most important
application of the DOS plots is to demonstrate MO compositions
and their contributions to the chemical bonding through the OP-
DOS plots which are also referred in the literature as COOP dia-
grams. The OPDOS shows the bonding, anti-bonding and
nonbonding nature of the interaction of the two orbitals, atoms
or groups. A positive value of the OPDOS indicates a bonding inter-
action (because of the positive overlap population), negative value
means that there is an anti-bonding interaction (due to negative
overlap population) and zero value indicates nonbonding interac-
tions [79]. Additionally, the OPDOS diagrams allow us to the deter-
mine and compare of the donor-acceptor properties of the ligands
and ascertain the bonding, non-bonding.

The calculated total electronic density of states (TDOS) dia-
grams of the 2,3-DFPBA are given in Fig. 8. The partial density of
state plot (PDOS) mainly presents the composition of the fragment
orbitals contributing to the molecular orbitals which is seen from
Fig. 9. As seen Fig. 7, HOMO orbitals are localized on the ring and
their contributions are about 100%. The LUMO orbitals are
localized on the ring (89%) and B(OH), group (11%) of the com-
pound. Only based on the percentage shares of atomic orbitals or

molecular fragments in the molecule is difficult to compare groups
in terms of its bonding and anti-bonding properties. Thus the OP-
DOS diagram is shown Fig. 10 and some of orbitals of energy values
of interaction between selected groups which are shown from fig-
ures easily, B(OH), group « fluorine atoms (blue line) system is
negative (anti-bonding interaction) as well as 2,3-diflourophe-
nyl < boric acid rings systems (red line). As can be seen from the
OPDOS plots for the 2,3-DFPBA have anti-bonding character in
frontier HOMO and LUMO molecular orbitals for boronic acid and
fluorine atoms. Also OPDOS showed bonding character both HOMO
and LUMO.

Molecular electrostatic potential surface

The molecular electrostatic potential surface (MEPs) for 2,3-
DFPBA molecule in 3D plots is illustrated in Fig. 11. The MEPs is
a plot of electrostatic potential mapped onto the constant electron
density surface. The MEPs superimposed on top of the total energy
density as a shell. Because of the usefulness feature to study reac-
tivity given that an approaching electrophile will be attracted to
negative regions (where the electron distribution effect is domi-
nant). In the majority of the MEPs, while the maximum negative
region which preferred site for electrophilic attack indications as
red color, the maximum positive region which preferred site for
nucleophilic attack symptoms as blue color. The importance of
MEPs lies in the fact that it simultaneously displays molecular size,
shape as well as positive, negative and neutral electrostatic poten-
tial regions in terms of color grading and is very useful in research
of molecular structure with its physicochemical property relation-
ship [80,81].

The different values of the electrostatic potential at the surface
are exemplified by different colors in the map of MEPs. The poten-
tial increases in the order from red to blue color. The color code of
the maps is in the range between -0.08623 (dark red) and
0.08623 a.u. (dark blue) in compound, where blue indicates the
strongest attraction and red indicates the strongest repulsion. As
can be seen from the MEPs map of the title molecule, while regions
having the positive potential are near OH groups, the regions hav-
ing the negative potential are over the oxygen atom (O;). From
these results, we can say that the H,¢ and Hy; and fluorine atoms
indicate the strongest attraction and O; atom indicates the stron-
gest repulsion (Fig. 11).
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Fig. 9. The calculated PDOS diagrams for the 2,3-DFPBA.
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Fig. 11. Molecular electrostatic potential map of 2,3-DFPBA.

Mulliken atomic charges

The computation of the reactive atomic charges plays an impor-
tant role in the application of quantum mechanical calculations for
the molecular system. The Mulliken atomic charges of the phenyl-
boronic acid and 2,3-DFPBA are shown in Table 7 and Figs. 12 and
13. Mulliken atomic charges are computed by the DFT/B3LYP
method with 6-311++G(d,p) basis set. The results show that substi-
tution of the aromatic ring by fluorine atoms leads to a redistribution

Table 7
Mulliken charges of 2,3-DFPBA and phenylboronic acid using B3LYP/6-311++G(d,p)
basis set.

Atoms 2,3-DFPBA Phenylboronic acid
C1 0.080 —0.680
c2 -0.193 0.206
c3 -0.257 -0.352
C4 0.343 —0.022
c5 —0.364 -0.439
Cc6 -0.171 0.188
07 -0.393 -0.377
08 -0.378 —0.366
B9 0.590 0.531
H10 0.251 0.230
H11 0.293 0.288
H12 0.209 0.161
H13 0.177 0.161
H14 0.200 0.196
F15/H15 —0.206 0.114
F16/F16 —0.181 0.160

of electron density. Namely, the charge of B(OH), groups are same
distribution (negative or positive) in both molecule, however, ring
of molecules exhibit a different charge with each other. For example,
the charge of C1 and C4 atoms are negative in phenyl boronic acid,
however, because of added fluorine atoms, the values of Mulliken
atomic charge of show positive charge in 2,3-DFPBA molecule.
While C2 and C6 atoms are positive charge in phenyl boronic acid
and negative in 2,3-DFPBA molecule. Hydrogen atoms exhibit a
positive charge, which is an acceptor atoms for both two mole-
cules. However, the boron atom has more positive charge than
the hydrogen atoms because of the substitution of oxygen atoms
of the two-hydroxyl groups. Similarly, the carbon atom shows
more negative charge by attracting the negative charge from the
boron atom.

Nonlinear optical properties and dipole moment

The energy of an uncharged liner molecule in a weak, homoge-
nous electric field can be written as
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Fig. 12. The Mulliken charge distributions for (a) Phenylboronic acid and (b) 2,3-DFPBA.
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Fig. 13. The graphic of calculated Mulliken charge distributions for 2,3-DFPBA.

B = E° — 1,y — (1/2)0FoFy — (1/6)f,y,FuFoF,
- (1/24)’}}«/%/51:0(1:/%1:}'1:6 + -

where F,,_is the filled at the origin and E° is the energy of the free
molecule. The molecular properties are the dipole moment (i),
polarizability (otyg), first (Bapy) hyperpolarizability and second order
(Yapy) hyperpolarizability. The number of independent components
for these tensors is regulated by symmetry. In the presence of an
applied electric field, the energy of a system is a function of the
electric field. First hyperpolarizability is a third rank tensor that
can be described by a 3 x 3 x 3 matrix and the 27 components of
the 3D matrix can be reduced to 10 components due to the Klein-
man symmetry [82].

In this study, the electronic dipole moment, molecular polariz-
ability, anisotropy of polarizability and molecular first hyperpolar-
izability of present compound were investigated. The polarizability
and hyperpolarizability tensors (o, Oy, Oy Oz Oz Ozz aNd Py
ﬁxxyr ﬁxyyv ﬁyyyv /}xxm ﬁxer ﬁyyZv /szz ﬁyZZr ﬁzzz) can be obtained by a fre-
quency job output file of Gaussian. However, o and g values of
Gaussian output are in atomic units (a.u.) so they have been

converted into electronic units (esu) (o; 1a.u.=0.1482 x 1072
esu, f; 1au.=8.6393x 10 esu). The mean polarizability
(@), anisotropy of polarizability (Ax) and the average value of
the first hyperpolarizability (f) can be calculated using the
equations.

1
= (Olxx + Olyy +0lz7)

O‘tot:3(
1 1
Aa:\?z[(otxxffxyy)z+(<xyyfotzz)2+(oczzfotxx)2+6a§2+6a§y+6a52]2

i

(B)=[(Boxx + Bryy + Brzz) + (Byyy + Byzz +Byx)> + (Bazz + B+ Bryy )’

In Table 8, the calculated parameters described above and elec-
tronic dipole moment {u; (i=x, y, z) and total dipole moment
¢} for title compound are listed. The total dipole moment can
be calculated using the following equation.

Hor = (12 + 122 + 12

It is well known that the higher values of dipole moment, molecular
polarizability, and hyperpolarizability are important for more active
NLO properties. 2,3-DFPBA has relatively homogeneous charge dis-

Table 8

The dipole moments p (D), the polarizability o (a.u.), the average polarizability o,
(esu), the anisotropy of the polarizability Ao (esu), and the first hyperpolarizability B
(esu) of 2,3-DFPBA.

™ 0.040359 Brocx 1363.259295
iy 0.634613 Broy 33.337539
T 0.0 Bryy —61.574080
Ho 0.635895 Byyy 1746.468392
Ohe 16.813043 Broce 0.0
Oy ~0.521446 Bryz 0.0
Olyy 14.652546 Byyz 0.0
Oy 0.0 Buzz —49.715797
oy, 0.0 Byze 551.666616
o 7.516433 Bzzz 0.0
Ottotal 12.994007 Bx 1251.969442
Aot 30.315750 By 2331.472547
B 0.0
B 2646.354409
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tribution and it does not have large dipole moment. The calculated
value of dipole moment was found to be 0.635895 Debye. The high-
est value of dipole moment is observed for component p,. In this
direction, this value is equal to 0.634613 D and g, is zero. The calcu-
lated polarizability and anisotropy of the polarizability of 2,3-DFPBA
is 12.9940 x 10724 and 30.3157 x 1072 esu, respectively. The mag-
nitude of the molecular hyperpolarizability B, is one of important
key factors in a NLO system. The B3LYP/6-311++G(d,p) calculated
first hyperpolarizability value (B) of NA is equal to
2646.3544 x 10733 esu. Urea is one of the prototypical molecules
used in the study of the NLO properties of molecular systems. There-
fore it was used frequently as a threshold value for comparative pur-
poses. The first hyperpolarizability, polarizability and anisotropy of
the polarizability values of 2,3-DFPBA are larger than those of urea.
The first hyperpolarizability value is ca. 3.5 times larger than urea
ones. However, the dipole moment value is ca. two times smaller
than those of urea. The B, o, Aot and p of urea are 780.324 x 10733,
5.0477 x 10724, 9.8688 x 1072*esu, and 1.52569 Debye and ob-
tained by using B3LYP/6-311++G(d,p) method.

Thermodynamic properties

On the basis of vibrational analysis at B3LYP/6-311++G(d,p) le-
vel, the standard statistical thermodynamic functions: heat capac-
ity, entropy and enthalpy changes for the title compound were
obtained from the theoretical harmonic frequencies and listed in
Table 9. From Table 9, it can be observed that these thermody-
namic functions are increasing with temperature ranging from
100 to 700 K due to the fact that the molecular vibrational intensi-
ties increase with temperature. The correlation equations between
heat capacity, entropy, enthalpy changes and temperatures are fit-
ted by quadratic formulas. The corresponding fitting factors (R?) for
these thermodynamic properties are 0.9998, 1.0000 and 0.9997,
respectively. The corresponding fitting equations are as follows
and the correlation graphics of those shows in Figs. 14-16.

C=-02134+0.1442T — 7.7170 x 10°T*> (R® = 0.9998)
S =53.2039 + 0.1548T — 5.5368 x 10°T*> (R* = 1.0000)
H = —0.7260 + 0.0123T + 4.1498 x 10°T> (R* = 1.0000)

All the thermodynamic data supply helpful information for the fur-
ther study on the 2,3-DFPBA. They can be used to compute the other
thermodynamic energies according to relationships of thermody-
namic functions and estimate directions of chemical reactions
according to the second law of thermodynamics in thermochemical
field. Notice: all thermodynamic calculations were done in gas
phase and they could not be used in solution.

Table 9
Thermodynamic properties at different temperatures at the B3LYP/6-311++G(d,p)
level of 2,3-DFPBA.

T (K) C(calmol 'K™1) S (calmol ™' K1) AH (kcal mol 1)
100 13.959 68.032 1.134
150 19.434 75.516 2.065
200 25.150 82.461 3.279
250 30.743 89.122 4.777
300 36.034 95.562 6.547
350 40.916 101.796 8.572
400 45.327 107.818 10.830
450 49.255 113.622 13.295
500 52.720 119.204 15.946
550 55.766 124.564 18.759
600 58.444 129.707 21.715
650 60.805 134.639 24.797
700 62.897 139.371 27.990
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Fig. 14. Correlation graphic of heat capacity and temperature for 2,3-DFPBA.
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Fig. 15. Correlation graphic of entropy and temperature for 2,3-DFPBA.
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Fig. 16. Correlation graphic of enthalpy and temperature for 2,3-DFPBA.

The values of some thermodynamic parameters (such as zero-
point vibrational energy, thermal energy, specific heat capacity,
rotational constants, entropy, etc.) of 2,3-DFPBA at 298.15K in
ground state are listed in Table 10. The variation in Zero-Point
Vibrational Energies (ZPVEs) seems to be significant. The biggest
values of ZPVE of 2,3-DFPBA (TC conformer is most stable struc-
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Table 10

The calculated thermo dynamical parameters of 2,3-DFPBA at 298.15 K in ground state at the B3LYP/6-311++G(d,p) level.

Conformers Trans—cis (TC) Cis—cis (CC) Cis—trans (CT) Trans—trans (TT)
Cs symmetry
SCF energy (a.u.) —606.93076996 —606.92307536 —606.92239190 —606.92070450
Zero point vib. energy (kcal mol~") —68.27287 —67.81956 —67.76079 —67.74402
Rotational constants (GHz) 1.87357 1.8697 1.88039 1.87259
0.85443 0.85303 0.84868 0.85462
0.58682 0.58577 0.58476 0.58681
Specific heat, Cv (cal mol~! K1) 35.845 34.437 34.381 36.484
Entropy, S (cal mol~! K1) 95.328 91.377 91.554 97.757
C1 symmetry
SCF energy (a.u.) —606.93074912 —606.92316278 —606.92323320 —606.92067554
Zero point vib. energy (kcal mol ") —68.27064 —68.10032 —67.99223 —67.71813
Rotational constants (GHz) 1.87324 1.86773 1.87037 1.87261
0.85476 0.85198 0.83530 0.85440
0.58694 0.58779 0.59689 0.58671
Specific heat, Cv (cal mol~' K1) 35.840 36.080 36.069 36.519
Entropy, S (cal mol~! K1) 95.344 96.536 97.027 97.922

ture) are —68.27287 and —68.27064 kcal/mol for Cs and C1 sym-
metry group.

Conclusions

The investigation of the present work is illuminate the spectro-
scopic properties such as molecular parameters, frequency assign-
ments, electronic transition and magnetic properties of title
compound by using FT-IR, FT-Raman UV-Vis, 'H and '3*C NMR tech-
niques and tools derived from the density functional theory. A con-
formational analysis was carried out by means of molecular
dynamics simulations. The most stable conformer identified as TC.
Due to the lack of experimental information on the structural
parameters available in the literature, the optimized geometric
parameters (bond lengths and bond angles) was theoretically
determined at B3LYP/6-311++G(d,p) level of theory and compared
with the structurally similar compounds. The vibrational FT-IR
and FT-Raman spectra of the 2,3-DFPBA were recorded and com-
puted vibrational wavenumbers and their TED were calculated.
The magnetic properties of the title molecule were observed and
calculated the same method. The chemical shifts were compared
with experimental data in DMSO solution, showing a very good
agreement both for '>C and 'H chemical shifts. The electronic prop-
erties were also calculated and the experimental electronic spec-
trum was recorded with help of UV-Vis spectrometer. When all
theoretical results scanned, they are showing good correlation with
experimental data.
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