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In this study, the structural properties of hippuric acid (CoHgNOs3, HA) were studied using density func-
tional theory (DFT) employing B3LYP exchange correlation. The geometry of the molecule was fully
optimized at B3LYP/6-311G(d,p) level of theory. There are four conformers, C1, C2, C3, and C4 for this
molecule. The geometrical parameters and energies have been obtained for all four conformers from
DFT. The computational results diagnose the most stable conformer of HA as the C1 form. The vibrational

Keywords: frequencies were calculated and fundamental vibrations were assigned based on the scaled theoretical
Hippuric acid . . s .

DFT wavenumbers. The complete assignments were performed on the basis of the total energy distribution
Infrared (TED) of the vibrational modes, calculated with scaled quantum mechanics (SQM) method. 'H and 13C

nuclear magnetic resonance (NMR) chemical shifts of the molecule were calculated by using the gauge-
invariant atomic orbital (GIAO) method. A study on the electronic properties, such as HOMO and LUMO
energies, were performed by time-dependent DFT (TD-DFT) approach, while taking solvent effects into
account. Finally, geometric parameters, vibrational bands, chemical shifts and absorption wavelengths

Raman and NMR spectra
HOMO and LUMO

were compared with available experimental data of the molecule.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Amino acids and their compounds with different metal ions play
an important role in biology, pharmacy and industry [1]. Hippuric
acid (HA) namely N-benzoyl-glycine or benzoylaminoacetic acid,
is a colorless crystal obtained from the urine of domestic animals
and also in smaller amounts in human urine [2]. HA’s quantifica-
tion in urine has the disadvantage of showing great variation in
and between individuals, depending on environmental and indi-
vidual factors [3]. For instance, toluene is metabolized into HA
and excreted in the urine of humans exposed to toluene. How-
ever, exposure to toluene may result in central nervous system
depression and decreased memory [4]. Thus, HA quantification in
urine actually is mainly used as a diagnostic marker of exposure to
toluene [5].

Liebig [6] is the first who discovered hippuric acid which was
isolated from equine urine and in contrast to benzoic acid, it
contains nitrogen. The second harmonic generation (SHG) behav-
ior and NLO (non-linear optical) properties of HA crystal was
studied by several workers [7-9]. Urinary HA determination has
been performed by several methods such as high-performance
liquid chromatography (HPLC) and gas chromatographic meth-
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ods [10-12], "H NMR spectroscopy [13], capillary electrophoresis
[14-17], isotachophoresis [18] and also capillary micellar electroki-
netic chromatography (MEKC) [19,20]. The X-ray crystallographic
structure of HA was determined by Ringertz [21] and recently
by Kacar [22]. Refat et al. [23] reported the Mn(II), Au(lll) and
Zr(Il) complexes with HA that synthesized and characterized
by elemental analysis, molar conductivity, magnetic measure-
ments, spectral methods and simultaneous thermal analysis
techniques.

However, as we know, no DFT studies have been made on
the conformation and spectroscopic behaviors of the HA. Theo-
retical investigations can facilitate the solution to the problems
confronted in the experimental techniques that is, allowing the
determination of the minima energy and the optimal geometric
structure. Hence, this study has been undertaken to study the
molecular structure, vibrational and electronic transitions, and
NMR chemical shifts. We have carried out DFT calculations with
the combined Becke’s three-parameter exchange functional in
combination with the Lee, Yang and Parr correlation functional
(B3LYP) exchange-correlation energy functions. The geometric
structure, vibrational frequencies, 'H and 13C NMR chemical
shifts, HOMO-LUMO energies, absorption wavelengths, excita-
tion energies, electric dipole moment (u) of HA were studied.
A detailed interpretation of the vibrational spectra of HA has
been made on the basis of the calculated total energy distribution
(TED).
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2. Quantum chemical calculations

The first task for the computational work was to determine the
optimized geometry of the compound. The spatial coordinate posi-
tions of HA, as obtained from an X-ray structural analysis [22], were
used as the initial coordinates for the theoretical calculations. The
B3LYP method based on Becke’s three-parameter functional [24,25]
of DFT yields a good description of harmonic vibrational wavenum-
bers for small and medium sized molecules. Therefore, we choose
this method to calculate harmonic vibrational wavenumbers with
6-311G(d,p) basis set. The stability of the optimized geometries
was confirmed by frequency calculations, which give positive val-
ues for all the obtained frequencies. However, the frequency values
computed at these levels contain known systematic errors [26].
Therefore, these values were scaled by 0.9668 [27]. The total energy
distribution (TED) was calculated by using the SQM [28] program
and the fundamental vibrational modes were characterized by their
TED.

For NMR calculations, the title molecule was firstly optimized
and after optimization, 'H and '3C NMR chemical shifts (§H and
8C) were calculated using the GIAO method in dimethylsulfox-
ide (DMSO) and gas phase at B3LYP method with 6-311G(d,p)
basis set [29,30]. Relative chemical shifts were then estimated by
using the corresponding TMS shielding calculated in advance at
the same theoretical level as the reference. 13C and 'H isotropic
magnetic shielding (IMS) of any X carbon (or hydrogen) atom
was made according to the value 'H or '3C IMS of TMS: (H or
C)Sx =IMStms — IMSy. The electronic properties have also been cal-
culated using two different methods; B3LYP and PBE1PBE of the
time-dependent DFT (TD-DFT) [31-34], basing on the optimized
structure. All calculations are performed by using Gausssian 03
program package on the personal computer [35].

3. Results and discussion

Hippuric acid is a monocarboxylic acid with three types of donor
site: the nitrogen and the oxygen atom of the carboxylic acid
group, and the oxygen atoms of the amide group. Hippuric acid
may have four possible structures in connection with the hydro-
gen orientations of the oxygen atom of the carboxylic acid group.
Calculated energies and energy difference of four structures for title
molecule are presented in Table S1 (supporting information). From
DFT calculations, the conformer C1 is predicted to be from 2.897 to
15.259 kcal/mol more stable than the other conformers. We tabu-
lated only C1 conformer calculations data because of most stable
conformer.

The molecule of HA consists of 22 atoms, so it has 60 normal
vibrational modes. On the basis of Cs symmetry the 60 fundamen-
tal vibrations of title compound can be distributed as 41 in-plane
vibrations of A’ species and 19 out of plane vibrations of A” species.
i.e., I'yijp =41A’ + 19A”. All the 60 fundamental vibrations are active
in both IR and Raman. In the C1 form of molecule are non-planar
structure and have the C1 symmetry and the vibrational modes
span the irreducible representations: 60A.

3.1. Molecular geometry

The insolubility of the compounds in both polar and non-polar
solvents would suggest that they have polymeric structures and
so a complete structure determination of these compounds cannot
be made. As mentioned previously, HA have four possible struc-
tures. Our calculations show that the four structures for HA, do
not differ greatly in energy, but demonstrate that structure C1 has
the lowest energy and the most stable one. Fig. 1 shows the opti-
mized structure and demonstration of four possible conformations
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Fig. 1. The theoretically optimized four possible geometric structures with atoms
numbering of hippuric acid.

of compound along with numbering of the atoms. The optimized
geometrical parameters of HA calculated by B3LYP with the 6-
311G(d,p) basis set are listed in Table 1 in accordance with the
atom numbering scheme given in Fig. 1. The available experimental
bond lengths, bond angles, selected dihedral angles and intramolec-
ular hydrogen bonds determined by X-ray crystallography are also
listed for comparison [22].

From the theoretical values one can find that most of the opti-
mized bond lengths are larger than the experimental values, due
to that the theoretical calculations belong to isolated molecules in
gaseous phase and the experimental results belong to molecule in
solid state. For this compound there are three main planes which
are ring plane, C1-C2-C3-C4-C5-C6 (I), 018-N15-C6-C14-C9 (II)
and 020-021-C9-C19(Ill). The ring plane (I) makes dihedral angles
of 14.06° and 81.96° with the II and III planes, respectively. The
dihedral angle between Il and Il is 84° [22]. As shown in Fig. S1 the
molecular structure has three intramolecular hydrogen bonds of
the type N-H.--0, O-H. - .0 and C-H. - -O. The experimental and cal-
culated results are given in Table 1. The predicted angle of C-H- - -0
is bigger 20° than experimental result. Other parameters are close
to each other.

3.2. Vibrational analysis

The fundamental wavenumbers of HA as calculated by DFT using
6-311G(d,p) basis set are given in Table 2. The resulting vibrational
wavenumbers for the optimized geometry as well as IR inten-
sities, Raman scattering activities and available experimental IR
wavenumbers [23] are also given in the table. The simulated IR and
Raman spectra at 6-311G(d,p)/B3LYP level of theory are shown in
Fig. 2 where the calculated intensities and scattering activities are
plotted against the harmonic vibrational wavenumbers. It should
be noted that calculations were made for a free molecule in vacuum,
while experiments were performed for solid samples. Further-
more the anharmonicity is neglected in real system for calculated
vibrations. Thus, there are disagreements between calculated and
observed vibrational wavenumbers, and some frequencies are cal-
culated, however these frequencies are not observed in the IR
spectrum, as seen in Table 2. In the last column is given a detailed
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Table 1
Comparison of the theoretical and experimental geometric parameters for C1 conformer of HA, bond lengths in angstrom, angles in degrees.

Bond lengths (A) X-ray [22] B3LYP Bond angles (°) X-ray [22] B3LYP
C(1)-C(2) 1.390 1.390 C(2)-C(1)-C(6) 119.9 120.4
C(1)-C(6) 1.390 1.398 C(2)-C(1)-H(11) 1184 1214
C(1)-H(11) 0.980 1.084 C(6)-C(1)-H(11) 121.6 118.2
C(2)-C(3) 1.370 1.395 C(1)-C(2)-C(3) 120.2 120.1
C(2)-H(7) 1.000 1.084 C(1)-C(2)-H(7) 1154 119.9
C(3)-C(4) 1.377 1.393 C(3)-C(2)-H(7) 1244 120.1
C(3)-H(13) 0.960 1.084 C(2)-C(3)-C(4) 120.3 119.9
C(4)-C(5) 1.389 1.392 C(2)-C(3)-H(13) 118.0 120.1
C(4)-H(8) 0.980 1.084 C(4)-C(3)-H(13) 121.7 120.0
C(5)-C(6) 1.387 1.400 C(3)-C(4)-C(5) 120.1 120.1
C(5)-H(12) 0.960 1.084 C(3)-C(4)-H(8) 122.9 120.1
C(6)-C(14) 1.497 1.503 C(5)-C(4)-H(8) 116.9 119.8
C(9)-H(10) 0.968 1.096 C(4)-C(5)-C(6) 120.0 120.3
C(9)-N(15) 1.447 1.443 C(4)-C(5)-H(12) 119.8 119.0
C(9)-H(17) 0.970 1.095 C(6)-C(5)-H(12) 120.2 120.6
C(9)-C(19) 1.500 1.511 C(1)-C(6)-C(5) 1194 119.2
C(14)-N(15) 1.327 1.366 C(1)-C(6)-C(14) 117.2 117.3
C(14)-0(18) 1.240 1.223 C(5)-C(6)-C(14) 1234 123.5
N(15)-H(16) 0.900 1.010 H(10)-C(9)-N(15) 108.8 1115
C(19)-0(20) 1.192 1.206 H(10)-C(9)-H(17) 105.0 105.9
C(19)-0(21) 1.326 1.345 H(10)-C(9)-C(19) 111.0 109.3
0(21)-H(22) 0.990 0.969 N(15)-C(9)-H(17) 109.4 111.9
Selected dihedral angles (°) N(15)-C(9)-C(19) 113.6 109.4
C(6)-C(14)-N(15)-C(9) 177.9 176.9 H(17)-C(9)-C(19) 109.0 108.8
0(18)-C(14)-N(15)-C(9) 2.5 3.2 C(6)-C(14)-N(15) 1184 1164
C(4)-C(5)-C(6)-C(14) 177.5 179.4 C(6)-C(14)-0(18) 120.2 1221
N(15)-C(9)-C(19)-0(21) 174.2 178.2 N(15)-C(14)-0(18) 1214 121.5
C(1)-C(6)-C(14)-0(18) 13.2 17.0 C(9)-N(15)-C(14) 121.7 1204
C(5)-C(6)-C(14)-0(18) 165.4 161.6 C(9)-N(15)-H(16) 114.0 116.0
C(1)-C(6)-C(14)-N(15) 167.2 163.1 C(14)-N(15)-H(16) 125.0 121.5
C(5)-C(6)-C(14)-N(15) 14.2 18.2 C(9)-C(19)-0(20) 126.1 125.1
C(2)-C(1)-C(6)-C(14) 177.9 179.8 C(9)-C(19)-0(21) 109.7 1114
N(15)-C(9)-C(19)-0(20) 6.1 1.9 0(20)-C(19)-0(21) 124.2 123.6

C(19)-0(21)-H(22) 109.1 107.1
N(15)-H(16)---0(18) Exp. [22] B3LYP 0(21)-H(22)---0(18) Exp. [22] B3LYP
N-H 0.90 1.02 0-H 0.93 0.99
H..-0 2.15 1.93 H.--0 1.77 1.74
N-H...0 162° 167° 0O-H.---0 162° 169°
C(5)-H(12)---0(18) Exp. [22] B3LYP
C-H 0.96 1.08
H---0 2.53 2.40
C-H..-0 165° 146°

description of the normal modes based on the total energy dis-
tribution (TED). All of the calculated modes are numbered from
the smallest to the biggest frequency within each fundamental

wavenumbers, in the first column of the table.

It is stated that the N-H stretching vibrations occur in the
region 3200-3500 cm~! and O-H stretching band is characterized
near about 3400-3600cm~! [36]. As seen in Table 2 there is one
peak observed for HA in the 3300-4000cm~! range experimen-
tally which is ca. 3342 cm~. This peak had been assigned as N-H
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stretching [7,9,23]. We calculated this peak at 3489 cm~!. In this
range the vibration modes 59 and 60 were assigned N-H and O-H
stretching, respectively. As expected these two modes are pure
stretching modes as it is evident from TED column, they are almost
contributing 100%.

The high frequency region above 3000 cm~"! is the characteris-
tic region for the ready identification of C-H stretching vibrations
[36]. In the present study, the five adjacent hydrogen atoms left
around the ring give rise five C-H stretching modes (54-58),
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Fig. 2. The simulate IR and Raman spectra of HA.
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Comparison of the calculated and experimental vibrational spectra of HA.

Mode no. B3LYP/6311G(d,p) Experimental
Unscaled freq.  Scaled freq.2  [infrared  gRaman Exp. [23] Exp. [7] Exp. [9] TED (%)
1 20 19 0.17 4.28 TCNCH(35)+ TCNCC(35)+ TCCCN(11)
2 51 49 0.14 0.61 tCOOH(59) + TCCCO(18) + TCCNC(12)
3 63 60 5.55 1.58 7CCCN(31)+tCCCO(10)+ THNCH(10)
4 76 74 2.31 0.88 SCCN(32)+8CNC(20) + {tCCCN + 7CCCO}(12)
5 127 123 1.52 145 TCCCC(20) + 8CH2(20);0ck. + TNCCO(15)
6 187 181 6.41 2.62 7CCCC(30)+8CCN(15)+ TCNCO(10)+8CCC(10)
7 231 223 15.64 0.62 S8CCC(30)+ {SCNC+ tHNCO + THNCH}(10)
8 262 253 0.06 1.69 SCNC(19)+vC-COOH(18)+ vCN(17)+vCC(10)
9 321 311 477 1.37 §CCO(40)+8NCO(20)+vCC(10)
10 410 397 7.6 1.18 TCCNH(53)+ TCCCC(19)sing + 8CCO(14) + vCC(10)
11 416 402 1.2 0.07 TCCCC(53 )ing + TCCCH(24 )1ing
12 463 448 9.6 0.75 436 430 7CCCC(24)ing +8CCO(15)+ TCCCH(10)sing
13 496 480 68.88 257 476 yNH(57) + yOH(16) + §CH,(10)rock
14 521 503 26 3.79 yOH(32) + yCH(29) + CHa (27 )rock
15 549 531 60.02 0.53 545 535 §CCO(33)+8CCN(15)+80C0O(12)
16 632 611 29.49 233 80C0(30) +8CCO(27) + VCCC(10)ring
17 634 613 447 5.73 8CCC(53)ring der, +80CO(12)+8CCO(10)
18 663 641 112.14 1.58 632 ring def. 630 TOCOH(60) + TCCOH(20) + 8CH2(10);0ck
19 689 666 1.58 3.63 661 ring def. 660 652  SCCC(40)ng +VCC(12)+S8CCN(10)
20 706 683 52 0.14 690 ring def. TCCCC(54)ring + YCH(30)ring
21 723 699 84.33 1.09 696 ring def. 692 yCH(60)ying + TCCCO(13)+TCNCO(11)
22 816 788 2.98 0.69 723 713 YCH(25)sing + {TNCCC + TCCCO}(15)+ TCCNC(12)
23 843 815 1.99 245 851 vCC 850 851 vCC(50)+8NCO(13)+8COH(10)
24 863 834 0.77 1.42 YCH(82)1ing + TCCCC(16)sing
25 941 910 36.78 17.06 880 vCC vCC(27)+8NCO(14) +8CNC(12)
26 947 916 13 0.98 YCH(80)ring
27 991 958 0.82 0.22 943 vCC 945 Y CH(85)ring
28 1014 980 0.33 1.14 YCH(80)ring
29 1018 984 3.31 5.65 1000 CH, rock 1000 1012 8CH2(39)r0ck + 3CCC(12)ring
30 1018 984 137 2746 VCC(29)ring + 8CH2(22)rock + 8CCC(17)ring
31 1049 1014 1.99 9.38 1031 CH; rock 1028 VCC(50)sing + 8CCC(15)ing breat. + SCH(12) ring
32 1094 1057 18.34 2.89 VCN(31) + VCC(27 )ring + SCH(15 )ring
33 1109 1072 40.25 0.14 1080 CH,rock 1079 S8CH(27)ring + VCC(25 )ring + VCN(15)
34 1172 1133 223.95 0.47 vCO(31)+{VCN +S8COH}(19)
35 1183 1144 1.54 5.39 S8CH(77)sing +vCC(17)
36 1189 1150 11685  11.73 VCN(28)+8CH(13)+ {vCC+vCO +SCOH}(10)
37 1207 1167 0.17 478 1185 3CH 1182 6CCOO 1175 SCH(60)ring + VCC(21 )ying
38 1233 1192 347 8.55 tCH,(75) + THCCO(14)
39 1263 1221 17.78  59.72 SCNH(28)+ VCN(15)+vCC(14)
40 1322 1278 7.45 11.04 1259 vCC 1258 SCOH(20) +vCO(10)+vCC(10)
41 1335 1290 0.88 1.57 1304 6CH, VCC(62)ing + 8CH(21)
42 1353 1308 1.66 0.8 1318 8CH» 1314 1319 SCH(72)ring + VCC(28 )ring
43 1421 1373 263.92 54 1336 6CH> 1354 8C-CH,(16) + vCO(16)+VCC(14)+SCOH(13)
44 1477 1428 3.51 217 1395 8CH, 1406 SCH(50)ring *+ VCC(30)sing
45 1490 1441 18.83 7.02 1448 5CH, 1416 5CH, §CH>(80)+tOCCH(20)
46 1518 1468 123.48 1.94 SCH(45)ring + VCC(20)ring + SCNH(16)
47 1540 1489 245.28 18.33 1492 CH def. 1490 vCC+vCN SCNH(34)+vCN(20)+8CCH(10)
48 1622 1569 11.24 579 1607 SNH 1556 vCC (ring) 1566 VCCring  VCC(68)ring + SCCH(14)sing
49 1645 1590 844 7926 16218NH 1604 vCC (ring) VCC(67 )ring + SCCH(16)ring
50 1734 1677 258.4 36.47 1745vCO 1744 vCO 1613 vCO vCO(81)
51 1825 1764 222.78 6.04 1760 vCO 1749 vCO vCO(85)
52 3033 2933 28.27 148.63 VCH3(100)sym,
53 3053 2952 6.25 66.96 2940 vCH 2938 vCH of CH, VCH3(100)asym.
54 3163 3058 1.16 38.33 VCH(100)ing
55 3171 3065 5.1 117.81 VCH(100);ing
56 3180 3074 2481 5838 3075 VCH(100)ing
57 3190 3084 15.66 221.07 3087 3090 vOH 3082 vOH VCH(100)ing
58 3203 3097 506 131.35 VCH(100)sipg
59 3608 3489 61.62 56.92 3342 vNH 3342 vNH 3344 vNH vNH(100)
60 3760 3635 81.28 164.65 VOH(100)

v; stretching, ; in-plane bending, y; out-of-plane bending, 7; torsion, t; twisting.

2 Scale factor of 0.9668 was used for B3LYP/6-311G(d,p) basis set [27] [Frequency (cm~

five C-H in plane bending (35, 37, 42, 44, 46) and five C-H
out-of-plane bending (21, 24, 26-28) vibrations. Accordingly, five
calculated values appear that correspond to ring C-H stretching
vibrations in the range of 3058-3097 cm~!. They are very pure
modes since their TED contribution are 100%. The C-H in-plane
bending frequencies appear in the range of 1000-1300cm~! and
C-H out-of-plane bending vibration in range of 750-1000cm™!
[37]. Both in plane and out-of-plane C-H bending vibrations were

1), IR intensities; ['nfrared (K m/mol), Raman scattering activities; Skaman (A amu-1)].

assigned in the range that mentioned above and according to
the calculated TED, they are described as mixed modes. After
scaling procedure, the theoretical C-H vibrations are in good agree-
ment with experimental values and the literature [7,9,23,38]. The
change in the frequencies of these deformations from the values
in benzene is almost determined exclusively by the relative posi-
tion of the substituent and is almost independent of their nature
[39].
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The asymmetric stretching for the CH,, NH,, and CH3 has magni-
tude higher than the symmetric stretching [38]. The antisymmetric
and symmetric CH, stretching appears strongly at ca. 2926 and
2853cm~! in IR and Raman [38]. The asymmetric CH, stretch
(mode 53) calculated with B3LYP after scaling down gives the
value of 2952 cm™!, shows agreement with experimental value
[7,23]. The symmetric stretch of CH, (mode 52) was calculated
at 2933 cm~! while this vibration was not observed in IR spectra
[7,9,23]. According to the calculated TED, our calculations show that
there are pure stretching vibrations of CH,. The scissoring mode of
the CH, group gives rise to a characteristic band near 1465 cm~! in
IR and Raman spectra [38]. In the present investigation, the calcu-
lated vibrational frequency of 1441 cm~! is in good agreement with
observed value of 1448 cm~! [23] and this vibration was assigned
as CH; scissoring (mode 45).

The band observed in the 1700-1800 cm~! region is due to the
C=0 stretching vibration which is one of the characteristic feature
of carboxylic acid group. With reference to this, the vibrational
frequencies described by modes 50 and 51 assigned to the C=0
stretching modes. These vibrations were observed at 1745 and
1760cm! by Refat et al. [23]. Vijayan et al. [7] observed one vibra-
tion (1714cm~1) and Bhat and Dharmaprakash [9] observed two
values at 1613 and 1749 cm~! for this vibration mode.

The ring stretching vibrations are very important in the spec-
trum of benzene and its derivatives are highly characteristic of
the aromatic ring itself. Vibrations between 1400 and 1650 cm™!
in benzene derivates are assigned ring carbon-carbon stretching
modes. In this study, the CC stretching modes are calculated at
1569 and 1590cm~! (modes 48 and 49) which observed at 1556
and 1604cm~! in the IR spectrum [9]. As revealed by TED, the
ring-breathing mode which can be described as the ‘trigonal ring
breathing’ vibration or the ‘star of David’ vibration of the aro-
matic ring at 1014cm~"! coincides satisfactorily with the IR band
at 1028 cm~! [9]. The C-N stretching frequency is a rather diffi-
cult task since there are problems in identifying these frequencies
from other vibrations. The C-N stretching is observed at 1490 cm™!
[9]. After scaled down computed value (mode 47) of C-N stretch-
ing vibration also is 1489cm~! near to the observed one. The
TED for this mode suggests that this is a mixed mode. All present
assignments agree well with the values available in the literature
[7,9,23,36-41].

3.3. NMR spectra

The isotropic chemical shifts are frequently used as an aid in
identification of reactive ionic species. It is recognized that accu-
rate predictions of molecular geometries are essential for reliable
calculations of magnetic properties. Therefore, molecular struc-
ture of the hippuric acid was optimized by using B3LYP method
in conjunction with 6-311G(d,p). Then, GIAO 13C and 'H chemical
shift calculations of the compound has been made by using same
method and basis set. The B3LYP method allows calculating the
shielding constants with the proper accuracy, and the GIAO [29,30]
method is one of the most common approaches for calculating
nuclear magnetic shielding tensors. The NMR spectra calculations
were performed for gas phase and in dimethylsulfoxide (DMSO)
solvent. The isotropic shielding values were used to calculate the
isotropic chemical shifts § with respect to tetramethylsilane (TMS).
Besides X-ray crystallography, 'H NMR spectroscopy can provide
the required structural data for the investigated compound [22,23].
Theoretical and experimental chemical shifts of HA in 'H and 13C
NMR spectra are gathered in Table 3. Taking into account that the
range of 13C NMR chemical shifts for a typical organic molecule
usually is >100 ppm [42,43], the accuracy ensures reliable inter-
pretation of spectroscopic parameters. In the present paper, 3C
NMR chemical shifts in the ring are >100 ppm, as they would be

Table 3

TH and '3C isotropic chemical shifts (with respect to TMS, all values in ppm) for HA.
Atom Exp. [23] Gas DMSO Atom Gas DMSO
H(7) 7.53 7.51 7.83 c(1) 134.0 1324
H(8) 7.40 7.40 7.80 c2) 1322 132.7
H(10) 3.99 4.29 431 c@3) 134.9 136.8
H(11) 7.91 8.29 8.27 C(4) 131.1 132.6
H(12) 7.53 7.55 7.93 c(5) 128.1 1295
H(13) 7.53 7.49 7.90 c(6) 138.1 1373
H(16) 8.63 5.91 6.30 c9) 429 427
H(17) 3.99 3.90 4.01 C(14) 166.9 169.0
H(22) 12.50 5.71 7.58 C(19) 1745 1762

expected. Due to the electronegative property of oxygen atom, the
chemical shift value of C14 and C19 which has bigger value than the
others, have calculated at 169.0 and 176.2 ppm, respectively (C=0).
Similarly, six carbons peaks in the ring are calculated from 129.5
to 137.3 ppm. Besides, other carbon peak is calculated 42.7 ppm
(C-N). 'H atom is the smallest of all atoms and is mostly local-
ized on periphery of the molecules; therefore their chemical shifts
would be more susceptible to intermolecular interactions in the
aqueous solutions as compared to that for other heavier atoms.

The formation of hydrogen bonds leads to a significant down-
field shift of the isotropic chemical shifts. If hydrogen-bond
formation involves amide protons and the carbonyl group, the
direction of the electron density shift from the NH to the carbonyl
group results in a decreased magnetic shielding for the amide pro-
ton and hence results in a shift to lower field of its proton signal
[44,45]. Therefore, the experimental chemical shift value of H16
(8.63 ppm) is smaller than H22 (12.5 ppm). In this study, there is
good agreement between experimental and theoretical chemical
shift results.

3.4. Electronic properties

The charge distributions are often altered significantly in the
presence of a solvent reaction field. We have examined the Mul-
liken atomic charges both in gas phase and in solution. The results
are shown in Table S2. The charge distributions are influenced by a
dielectric medium, as expected. To investigate the computational
method effects, we have selected two methods of TD-DFT, B3LYP
and PBE1PBE, using with 6-31G(d) basis set. If we consider the
gas phase results, it may be noted that the carbon atom C(19)
has a large net positive charge of 0.559 Debye (D) and the oxy-
gen atoms O(18), O(20) and O(21) have large net negative charge
of —0.525, —0.459, —0.560D. Similarly, charge of nitrogen atom
N(15) is —0.649D. As seen in Table 3 all the hydrogen atoms have
a net positive charge; in particular, the hydrogen atoms H(16)
and H(22) that have charge of 0.486 and 0.537D, respectively.
The presence of large amounts of negative charge on mentioned
oxygen and N(15) atoms, and net positive charge on H(16) and
H(22) atoms may suggest the presence of both inter-molecular
as well as intra-molecular hydrogen bonding in the crystalline
phase.

Both the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are the main orbital
taking part in chemical reaction. The HOMO energy characterizes
the ability of electron giving, the LUMO characterizes the abil-
ity of electron accepting, and the gap between HOMO and LUMO
characterizes the molecular chemical stability [46]. The energy gap
between the HOMOs and LUMOs, is a critical parameter in deter-
mining molecular electrical transport properties because it is a
measure of electron conductivity. These results are illustrated in
Table 4. Surfaces for the frontier orbitals were drawn to under-
stand the bonding scheme of present compound. We examine the
four important molecular orbitals (MO) for HA: the second highest
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Table 4
Calculated energies, dipole moments and frontier orbital energies.
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Atom TD-DFT/B3LYP TD-DFT/PBE1PBE
Gaser=1 DMSO &, =46.7 Gaser=1 DMSO &, =46.7
Etotal (Hartree) —628.82963174 —628.85217249 —628.12794825 —628.15153109
Enowmo (eV) —0.24835 —0.25361 —0.26061 —0.26542
Erumo (eV) —0.03339 —0.03622 —0.02937 —0.03296
AE (eV) 0.21496 0.21739 —0,23124 0.23246
Enomo-1 (eV) —0.25420 —0.25494 —0.26512 —0.26676
Erumo+1 (eV) —0.00650 —0.00527 —0.00108 —-0.00147
(D) 24711 3.4543 2.4782 3.4502
Table 5
Calculated and experimental absorption wavelength A, excitation energies E, and oscillator strengths (f).
Exp. [23] B3LYP PBE1PBE
Gas DMSO Gas DMSO
A (nm) A (nm) E(eV) f X (nm) E (eV) f A (nm) E (eV) f A (nm) E(eV) f Assignment [23]
235 224 5.52 0.0027 228 5.45 0.3154 219 5.66 0.1929 223 5.67 0.3340 m-m* transition
245 240 5.17 0.0059 242 5.13 0.114 235 5.27 0.0067 234 5.23 0.123 m-m* transition
262 266 4.65 0.1631 255 4.87 0.006 260 4.77 0.0028 249 4.98 0.0061 n-7* transition

and highest occupied MOs and the lowest and the second lowest
unoccupied MOs which we denote HOMO-1, HOMO, LUMO and
LUMO+1, respectively. These MOs are outlined in Fig. 3. According
to Fig. 3, the HOMO of free HA presents a charge density localized
mainly on the ring, C-N and C=0 double bond and LUMO is char-
acterized by a charge distribution on all carbon atoms of ring and
N-H bond.

The lowest singlet — singlet spin-allowed excited states of HA
were taken into account for the TD-DFT calculation in order to
investigate the properties of electronic absorption. The calcula-
tions were performed for gas phase and dimethylsulfoxide (DMSO)
solvent. It is necessary to consider the solvent effects because the
spectral data available were obtained in DMSO [23]. The calculated
absorption wavelengths (A) and excitation energies (E) of the HA
are reported in Table 5 along with oscillator strengths. For a com-
parison, experimental wavelengths are also given in Table 5. There
are six detected absorption bands at 215, 235, 245, 262, 285 and
323 nm in the spectrum of the free ligand. The first three bands
are all caused by the m-7* [23,47] and the second three bands are
all caused by the n— * intraligand transitions [23,48,49], respec-
tively [23]. The TD-DFT method gives slightly overestimated values.
The deviation between experiment and theory may be resulted
from solvent effects. Solvent make the chemical environment of
molecule in the simulation become very complex. The calculated

HOMO LUMO

LUMO+1

HOMO-1

Fig. 3. The HOMO, second HOMO, LUMO and second LUMO distribution of hippuric
acid by using B3LYP.

values of the electric dipole moment w (in Debye) are also pre-
sented in Table 5.

4. Conclusion

In the present study, the geometric structure, vibrational fre-
quencies, 'H and 3C NMR chemical shifts of Hippuric acid were
studied using DFT (B3LYP) calculations with the 6-311G(d,p) basis
set. A study on the electronic properties of compound has been
performed by both B3LYP and PBE1PBE method. The absorption
wavelengths (1), excitation energies and oscillator strengths (f)
were calculated in gas phase and DMSO solvent. On the basis of
the calculated results; assignment of the fundamental vibrational
frequencies has been examined. The available experimental results
were compared with theoretical data.
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