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� IR, Raman and SERS were reported.
� The wavenumbers are calculated

theoretically using Gaussian 09
software.
� The wavenumbers are assigned using

PED analysis.
� The geometrical parameters are in

agreement with that of similar
derivatives.
g r a p h i c a l a b s t r a c t

FT-IR and FT-Raman spectra of IR, Raman, SERS and computational study of 2-(benzylsulfanyl)-3,5-dini-
trobenzoic acid were recorded and analyzed. SERS spectra were recorded in silver colloid, silver electrode
and silver substrate. The vibrational wavenumbers were computed using HF and DFT basis sets. The data
obtained from wavenumber calculations are used to assign vibrational bands obtained in infrared and
Raman spectra as well as in SERS of the studied molecule. Potential energy distribution of the normal
modes of vibrations was done using GAR2PED program. The geometrical parameters of the title com-
pound are in agreement with the reported similar derivatives. The presence of phenyl ring modes in
the SERS spectra suggests a tilted orientation with respect to the metal surface in all cases. In all the three
SERS spectra the NO2 moiety shows an enhancement, which indicates the interaction with the metal sur-
face. The first hyperpolarizability is high and the title compound is an attractive object for future studies
of nonlinear optics.
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FT-IR and FT-Raman spectra of 2-(benzylsulfanyl)-3,5-dinitrobenzoic acid were recorded and analyzed.
SERS spectra were recorded in silver colloid, silver electrode and silver substrate. The vibrational wave-
numbers were computed using HF and DFT quantum chemical calculation methods. The data obtained
from wavenumber calculations are used to assign vibrational bands obtained in infrared and Raman spec-
tra as well as in SERS of the studied molecule. Potential energy distribution was done using GAR2PED pro-
gram. The geometrical parameters of the title compound are in agreement with the reported similar
derivatives. The presence of phenyl ring modes in the SERS spectra suggests a tilted orientation with
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respect to the metal surface in all cases. In all the three SERS spectra the NO2 moiety shows an
enhancement, which indicates the interaction with the metal surface. The first hyperpolarizability is high
and the title compound is an attractive object for future studies of nonlinear optics.

� 2013 Elsevier B.V. All rights reserved.
Fig. 1. FT-IR spectrum of MSDB.
Introduction

Surface Enhanced Raman Scattering (SERS) [1] is emerging as a
powerful spectroscopic tool for ultra sensitive chemical analysis
down to the single molecule level. The potentialities in the field
of biology are enormous, for it may allow the integration of optical
probes with nano/macro-structures which can then be used in
applications as diverse as chemical tracing in pico-litres samples
[2], micro-spectroscopy of living cells or micro-organisms and
combinatorial chemistry for drug testing [3]. Sulfenyl carbonyl
compounds are an interesting family of molecules related to
important biological systems and the anomeric and mesomeric ef-
fects in methoxycarbonyl sulfenyl chloride is reported by Erben et
al. [4]. Vallejos et al. [5] reported the experimental investigation of
the structure and vibrational properties of methoxycarbonylsulfe-
nyl isocyanate. Yang et al. [6] reported new preparation of dif-
luoroiodomethylsulfanylbenzenes and their radical addition to
unsaturated compounds initiated by sodium dithionite. Synthesis
and structure activity relationships of 4-alkynyloxy phenyl sulfa-
nyl, sulfinyl, and sulfonyl alkyl hydroxamates as tumor necrosis
factor-a converting enzyme and matrix metalloproteinase inhibi-
tors, were reported by Venkatesan et al. [7]. Pingali et al. [8]
reported a highly orally bioavailable c-5-[6-(4-methane sulfonyl-
oxy phenyl)-hexyl]-2-methyl-1,3-dioxane-r-2-carboxylic acid as a
potent hypoglycemic and hypolipidemic agent. The synthesis of a
series of 2-benzenesulfonylalkyl-5-substituted-sulfanyl-[1,3,4]-
oxadiazoles and the examination of their anti-hepatitis B virus
activity is also reported [9]. Of the different types of sulfur-cen-
tered radicals used in organic synthesis [10,11], the sulfanyl radical
is one of the most attractive and its ability to add to a multiple
bond intra-molecularly deserving special attraction [12] and this
strategy has been successfully employed in the synthesis of alka-
loids and other bioactive hetero-cycles [13–16]. Hirt et al. [17] re-
ported the development of a practical route for the manufacture of
N-[5-(3-imidazol-1-yl-4-methanesulfonyl-phenyl)-4-thiazol-2-
acetamide. Aqueous chemistry of sulfenyl thiocyanates were
reported by Ashby and Aneetha [18]. The role of non-bonded sul-
fur–oxygen interaction in the dissociative electron transfer to nitro
substituted arenesulfenyl chlorides were reported by Ji et al. [19].
Important aspects of the electrochemical reduction of a series of
substituted arene sulfenyl chlorides are also reported [20]. The ef-
fect of steric and electronic environments around the sulfur and
nitrogen atoms and the role of non-bonded S� � �O/N interactions
on the cyclization reactions of amide substituted benzene sulfenic
acids were reported by Sarma and Mugesh [21]. Wu and Ho calcu-
lated the effect of substitutions on the region-selectivity of cycliza-
tion of a-sulfenyl-, a-sulfinyl-, and a-sulfonyl-(5R)-5-hexenyl
radicals [22]. Della and Graney [23] reported the regiochemistry
of cyclization of a-sulfenyl-, a-sulfinyl-, and a-sulfonyl-5-hexenyl
radicals and procedures leading to region-selective syntheses of
cyclic sulfones and sulfoxides. Nitro derivatives of salicylic acids
as a donor in solid state coordination compounds have been stud-
ied by Lajumen et al. and the study of metal complexes with 3,5-
dinitrosalicylic acid is also reported [24]. Structural confirmation
of the 3,5-dinitrosalicylate anion coordination ability to metal ions
have been reported by Valigura et al. [25,26] and they have re-
ported the characterization of complex by elemental micro-analy-
sis, electronic, IR and EPR spectra. 3,5-Dinitrosalicylic acid is an
example of a proton donor having both carboxyl and hydroxyl
groups, and provides one of the best chemical synthons for the
construction of hydrogen-bonded structural motifs [27]. The acid
has provided examples of polymorphism in which associations
with solvent molecules such as water, dioxane and tert-butyl alco-
hol give a variety of hydrogen-bonded molecular assemblies
[28,29]. SERS studies of 4-isoproppylsulfanylmethyl-1,2,3-triazole
on gold surface is reported by Jbarah et al. [30]. In the present
study, the IR, Raman and Surface enhanced Raman scattering spec-
tra in silver colloid, silver electrode and in silver substrate of
2-(benzylsulfanyl)-3,5-dinitrobenzoic acid (MSDB) were investi-
gated to get an idea regarding the orientation of the molecule on
the silver surface. The vibrational wavenumbers of the title com-
pound are also calculated theoretically and compared with exper-
imental values. Nonlinear optics deals with the interaction of
applied electromagnetic fields in various materials to generate
new electromagnetic fields, altered in wavenumber, phase, or
other physical properties [31]. Organic molecules able to manipu-
late photonic signals efficiently are of importance in technologies
such as optical communication, optical computing, and dynamic
image processing [32,33]. Phenyl substituents can increase molec-
ular hyperpolarizability [34,35] a result described as surprising.
Many organic molecules, containing conjugated p electrons and
characterized by large values of molecular first hyperpolarizabili-
ties, were analyzed by means of vibrational spectroscopy [36]. In
this context, the hyperpolarizability of MSDB is calculated in the
present study.
Experimental

Benzylsulfane (2.85 g, 23 mmol) was added to a solution of
2-chloro-3,5-dinitrobenzoic acid (5.66 g, 23 mmol) in 1,2-dime-
thoxyethane (DME) (25 mL) in a 100 mL flask at room temperature
under argon cover gas. A solution of triethylamine (4.68 g,
46 mmol) in DME (5 mL) was then added drop wise under mag-
netic stirring over ca. 30 min. The mixture was stirred for 1.5 h
and then poured into dilute aqueous hydrochloric acid (1:1,
20 mL). The product was extracted with chloroform (2 � 50 mL),
the organic phase was dried over anhydrous sodium sulfate, and
the solvent was evaporated under reduced pressure. The residue



Fig. 2. FT-Raman spectrum of MSDB.

Fig. 3. SERS spectrum of MSDB in silver colloid.

Fig. 4. SERS spectrum of MSDB in silver electrode.

Fig. 5. SERS spectrum of MSDB in silver substrate.
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was re-crystallized from methanol yielding 6.77 g (88%) of the title
product.

The title compound was identified by means of 1H- and 13C
NMR spectra, elemental analysis. The 1H and 13C NMR spectra were
measured at 25 �C with an AMX 360 Bruker spectrometer at the
frequencies of 360.14 and 90.57 MHz, respectively. For the mea-
surements the substances were dissolved in CDCl3 or (CD3)2SO
(5% solutions). The d 1H chemical shifts are referenced to the signal
of HMDSO in CDCl3 solutions (d 1H: 0.05) and to the solvent signal
in (CD3)2SO solutions (d 1H: 2.55). The d 13C chemical shifts are ref-
erenced to the signals of the two solvents (d 13C: 77.0 and 39.6,
respectively). The analysis of the proton spectra was carried out
according to the rules for the first-order splitting with the help of
integral intensities. The 13C NMR spectra were measured with full
decoupling from the protons, and the signals were assigned with
the help of SCS. The quaternary carbon atoms and CH groups were
differentiated by means of the APT pulse sequence. The elemental
analyses were carried out on an automatic analyzer EA 1108
(Fisons). Mp. 144–146.5 �C; yield 88%; the elemental analysis is:
calculated/found (%): C 50.30/50.00, H 3.01/3.23, N 8.38/8.20, S
9.59/9.59. Chemical shifts 1H (d): H7 8.86, H8 8.66(d, J = 2.5 Hz),
CH2 4.25 s, Ph 7.40–7.14 m. 13C chemical shifts (d): C2 154.04, C6

146.51, C3 140.58, C5 134.58, C4 129.08, C1 120.52, CH2 40.84, CO
166.04, C22 135.89, C21 135.89, C24 128.78, C23 128.78, C25

127.95, C27 126.19.
The FT-IR spectrum (Fig. 1) was recorded using a Perkin–Elmer

spectrum one FT-IR spectrometer in the region 450–4000 cm�1

with the sample in standard KBr pellet technique. The spectral res-
olution was 2 cm�1. FT-Raman spectra (Figs. 2 and 3) were re-
corded on a Bruker RFS100/s FT instrument (Nd:YAG laser,
1064 nm excitation). The aqueous silver colloid used in the SERS
experiments was prepared by reduction of silver nitrate by sodium
citrate, using the Lee–Meisel method [37].

Solutions of the title compound were made up in ethanol
(0.1 mmol in 1 cm3 of solvent) and transferred by a micro-syringe
into the silver colloid (10 lL in 1 cm3 of colloid) such that the over-
all concentration was 10�3 mol dm�3. Colloid aggregation was in-
duced by addition of an aqueous solution of MgCl2 (1 drop of a
2 mol dm�3 solution). Polyvinylpyrrolidone was then used to stabi-
lize the colloid (1 drop of 0.1 g/10 cm3 aqueous solution). The final
colloid mixture was placed in a glass tube and the Raman spectrum
registered.

Electrochemical measurements were carried out with an Auto-
lab instrument (ECO Chemie), using a conventional three electrode
cell with a silver polycrystalline disk (diameter of 5 mm, 99.999%
assay) as the working electrode, a large platinum sheet as the
counter electrode, and a Ag/AgCl electrode in 0.1 M KCl as the ref-
erence. For Raman measurements, the silver surface for the title
compound film deposition was electrochemically roughened to ob-
tain a sufficiently enhanced intensity of the SERS bands. The silver
electrode was roughened [38,39] by three successive positive–neg-
ative cycles in a 0.1 M KCl aqueous solution from �0.3 to 0.3 to
�0.3 V at a sweep rate of 5 mV s�1. The working silver electrode
was removed at an open circuit potential and very carefully rinsed
with water. Raman spectrum (Fig. 4) was recorded with an ISA
T64000 Raman spectrometer equipped with three 1800 grooves/
mm holographic grating and a 1024 � 256 pixel nitrogen cooled
charge coupled device. The resolution of the spectrometer was
ca. 1 cm�1. The Raman spectrometer was also equipped with an
Olympus BX 40 microscope with a 50� long distance objective



Fig. 6. Optimized geometry (B3LYP) of MSDB.

Table 1
Optimized geometrical (B3LYP) parameters of 2-(benzylsulfanyl)-3,5-dinitrobenzoic
acid atom labeling according to Fig. 6.

Bond lengths (Å) Bond angles (�) Dihedral angles (�)

C1AC2 1.3899 A(2,1,6) 118.7 D(6,1,2,3) 4.4
C1AC6 1.3857 A(2,1,7) 120.4 D(6,1,2,10) �170.5
C1AH7 1.0823 A(6,1,7) 120.9 D(7,1,2,3) �177.6
C2AC3 1.4179 A(1,2,3) 123.3 D(7,1,2,10) 7.6
C2AN10 1.4758 A(1,2,10) 113.7 D(2,1,6,5) 0.8
C3AC4 1.4318 A(3,2,10) 122.7 D(2,1,6,9) 179.4
C3AS18 1.7675 A(2,3,4) 115.4 D(7,1,6,5) �177.3
C4AC5 1.3944 A(2,3,18) 125.6 D(7,1,6,9) 1.4
C4AC11 1.4906 A(4,3,18) 118.8 D(1,2,3,4) �7.1
C5AC6 1.3893 A(3,4,5) 121.2 D(1,2,3,18) 168.5
C5AH8 1.0816 A(3,4,11) 120.8 D(10,2,3,4) 167.3
C6AN9 1.4667 A(5,4,11) 118.0 D(10,2,3,18) �17.1
N9AO16 1.2302 A(4,5,6) 120.2 D(1,2,10,14) 134.4
N9AO17 1.2301 A(4,5,8) 120.2 D(1,2,10,15) �42.2
N10AO14 1.2291 A(6,5,8) 119.6 D(3,2,10,14) �40.5
N10AO15 1.2292 A(1,6,5) 120.9 D(3,2,10,15) 142.9
C11AO12 1.3545 A(1,6,9) 119.4 D(2,3,4,5) 5.0
C11AO13 1.2132 A(5,6,9) 119.7 D(2,3,4,11) �173.7
O12AH32 0.9754 A(6,9,16) 117.4 D(18,3,4,5) �170.9
S18AC19 1.8641 A(6,9,17) 117.4 D(18,3,4,11) 10.3
C19AH20 1.0903 A(16,9,17) 125.2 D(2,3,18,19) �24.2
C19AC21 1.5072 A(2,10,14) 117.3 D(4,3,18,19) 151.3
C19AH33 1.0940 A(2,10,15) 117.4 D(3,4,5,6) �0.4
C21AC22 1.4008 A(14,10,15) 125.2 D(3,4,5,8) 178.8
C21AC23 1.4019 A(4,11,12) 112.7 D(11,4,5,6) 178.4
C22AC24 1.3955 A(4,11,13) 124.9 D(11,4,5,8) �2.4
C22AH31 1.0874 A(12,11,13) 122.3 D(3,4,11,12) �165.8
C23AC25 1.3936 A(11,12,32) 106.0 D(3,4,11,13) 15.3
C23AH26 1.0875 A(3,18,19) 105.7 D(5,4,11,12) 15.5
C24AC27 1.3954 A(18,19,20) 109.3 D(5,4,11,13) �163.4
C24AH28 1.0865 A(18,19,21) 107.3 D(4,5,6,1) �2.7
C25AC27 1.3971 A(18,19,33) 108.4 D(4,5,6,9) 178.7
C25AH29 1.0866 A(20,19,21) 111.2 D(8,5,6,1) 178.1
C27AH30 1.0865 A(20,19,33) 109.1 D(8,5,6,9) �0.5

A(21,19,33) 111.4 D(1,6,9,16) 1.5
A(19,21,22) 120.1 D(1,6,9,17) �178.6
A(19,21,23) 120.9 D(5,6,9,16) �179.9
A(22,21,23) 118.9 D(5,6,9,17) 0.0
A(21,22,24) 120.6 D(4,11,12,32) �177.3
A(21,22,31) 119.5 D(13,11,12,32) 1.6
A(24,22,31) 119.9 D(3,18,19,20) 85.8
A(21,23,25) 120.6 D(3,18,19,21) �153.5
A(21,23,26) 119.5 D(3,18,19,33) �33.0
A(25,23,26) 119.9 D(18,19,21,22) �94.2
A(22,24,27) 120.1 D(18,19,21,23) 85.4
A(22,24,28) 119.8 D(20,19,21,22) 25.4
A(27,24,28) 120.2 D(20,19,21,23) �155.0
A(23,25,27) 120.1 D(33,19,21,22) 147.3
A(23,25,29) 119.8 D(33,19,21,23) �33.1
A(27,25,29) 120.1 D(19,21,22,24) �180.0
A(24,27,25) 119.8 D(19,21,22,31) �0.4
A(24,27,30) 120.1 D(23,21,22,24) 0.4
A(25,27,30) 120.1 D(23,21,22,31) 180.0

D(19,21,23,25) 179.8
D(19,21,23,26) 0.1
D(22,21,23,25) �0.6
D(22,21,23,26) 179.6
D(21,22,24,27) �0.0
D(21,22,24,28) 179.8
D(31,22,24,27) �179.7
D(31,22,24,28) 0.1
D(21,23,25,27) 0.4
D(21,23,25,29) �179.5
D(26,23,25,27) �179.8
D(26,23,25,29) 0.3
D(22,24,27,25) �0.1
D(22,24,27,30) 179.8
D(28,24,27,25) �179.9
D(28,24,27,30) �0.0
D(23,25,27,24) �0.1
D(23,25,27,30) �180.0
D(29,25,27,24) 179.9
D(29,25,27,30) �0.0
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(LMPL FL 50�/0.50). A Laser Tech model LJ-800 mixed argon/kryp-
ton laser provided excitation radiations of 647.1 nm and 514.5 nm.
For measurements with excitation radiation of 647.1 nm, the laser
power at the sample was set below 1 mW. A band pass filter
(coherent, model 35-8663 for 647.1 nm) was placed in the laser
beam prior to the sample.

1.67 mgms of MSDB was dissolved in 5 mL of chloroform for
recording the SERS spectrum of silver substrate (Fig. 5). Raman
spectrum of MSDB as the analyte molecule was recorded on Yash-
nanotech’s highly sensitive Raman substrate after dipping in 5 mL
of 1 mM MSDB solution for 30 min [40]. The Raman spectrum was
recorded on a LabRAM HR apparatus (Horiba, USA) with an excita-
tion wavelength of 532 nm on a green laser and 5 mW cm�2.

Computational details

The vibrational wavenumbers were calculated using the Gauss-
ian 03 software package on a personal computer [41]. The compu-
tations were performed at HF/6-31G� and B3LYP/6-31G� levels of
theory to get optimized geometry (Fig. 6) and vibrational wave-
numbers of the normal modes of the title compound. Molecular
geometry was fully optimized by Berny’s optimization algorithm
using redundant internal coordinates. Harmonic vibrational wave-
numbers were calculated using analytic second derivatives to con-
firm the convergence to minima in the potential surface. At the
optimized structure of the examined species, no imaginary wave-
number modes were obtained, proving that a true minimum on
the potential surface was found. Scaling factors 0.8929 and
0.9613 are used for HF and DFT methods, respectively [42]. The ob-
served disagreement between theory and experiment could be a
consequence of the anharmonicity and of the general tendency of
the quantum chemical methods to overestimate the force
constants at the exact equilibrium geometry. The potential energy
distribution (PED) is calculated with the help of GAR2PED software
package [43]. The calculated geometrical parameters (DFT) are
given in Table 1.

Results and discussion

The observed IR and Raman bands as well as the calculated
(scaled) wavenumbers and assignments are given in Table 2.

IR and Raman spectra

The most characteristic bands in the spectra of nitro compounds
are due to the NO2 stretching vibrations, which are the two most
useful group wavenumbers, not only because of their spectral
positions but also for their strong intensities [44]. Nitro benzene
derivatives displaytasNO2 in the region 1535 ± 30 cm�1 and 3-nitro-



Table 2
Calculated vibrational wavenumbers (scaled), measured infrared, Raman bands and
assignments of 2-(benzylsulfanyl)-3,5-dinitrobenzoic acid.

t(HF)

(cm�1)
t(DFT)

(cm�1)
t(IR)

(cm�1)
t(Raman)

(cm�1)
t(SERS)

(cm�1)
t(SERS)

(cm�1)
t(SERS)

(cm�1)
Assignmentsa

C E S

3615 3554 3498 – – – – tOH(100)
3089 3147 – – – – – tCHII(99)
3083 3140 – – – – – tCHII(99)
3028 3089 3086 – 3070 – – tCHI(92)
3018 3079 – – – – – tCHI(99)
3008 3070 3069 3070 3060 – – tCHI(95)
3000 3061 – 3063 – – – tCHI(94)
2996 3058 – – – – – tCHI(100)
2995 3041 3035 – – – – tasCH2(99)
2918 2969 2967 2960 2990 – – tsCH2(99)
1818 1748 1742 1745 – – 1702 tC@O(76)
1674 1601 1621 1604 – 1617 1610 tasNO2(62)

tPhII(30)
1657 1599 1598 – – – – tPhI(71)
1617 1585 1582 1588 1575 – – tasNO2(74)
1597 1581 – – – – – tPhI(75)
1596 1561 – – 1554 1557 1566 tPhII(44)

tasNO2(32)
dCHII(14)

1564 1532 1526 1538 – 1528 – tPhII(56)
tasNO2(25)

1492 1486 1494 – 1502 1500 1485 tPhI(64)
dCHI(22)

1485 1460 1466 – – – – dCH2(86)
1474 1444 1431 1440 1432 1449 – dCHI(45)

tPhI(24)
1470 1394 – 1390 – 1394 1387 dCHII(20)

tPhII(60)
1448 1379 1379 – – – – dCHII(42)

tPhII(49)
1417 1347 – – 1353 1353 – tsNO2(54)

tPhII(22)
1394 1343 – 1343 – – – tsNO2(53)

tCO(46)
1347 1332 1328 – 1319 – 1335 tsNO2(76)
1328 1317 – – – – – dCHI(84)
1274 1309 1309 1310 – 1293 – tPhI(82)
1216 1291 1264 – – 1272 1278 tPhII(77)
1207 1232 1224 1233 1233 1224 1240 dCH2(82)
1195 1187 1190 1190 – 1183 1187 tCC(43)

dPhI(12)
tPhI(22)

1179 1178 – – – – – dOH(31)
tCC(14)
dPhII(14)

1167 1168 – – 1172 1171 – tPhI(12)
dCHI(77)

1164 1166 – – – – – dCHII(52)
tPhII(26)

1147 1149 1152 1150 – 1144 – dCHI(78)
tPhI(14)

1133 1129 1138 – – – 1124 dCH2(66)
1109 1118 1113 1110 1120 1112 – tCO(49)

dOH(25)
1074 1087 – – – 1077 1079 dCHII(29)

tPhII(29)
tCO(12)
tCS(10)

1058 1065 1062 1064 1066 1058 1065 dCHI(27)
tPhI(38)
dCH2(11)

1038 1032 1025 1027 – – 1028 dPhII(43)
tPhII(13)
tCS(18)

1010 1017 1000 1010 1016 1011 – dCHI(12)
tPhI(67)

1008 979 975 972 996 – 984 dPhI(68)
tPhI(19)

984 962 – – – 962 – cCHI(85)

Table 2 (continued)

t(HF)

(cm�1)
t(DFT)

(cm�1)
t(IR)

(cm�1)
t(Raman)

(cm�1)
t(SERS)

(cm�1)
t(SERS)

(cm�1)
t(SERS)

(cm�1)
Assignmentsa

C E S

sPhI(14)
981 935 938 942 – – 946 cCHII(74)

sPhII(12)
974 932 931 – – – – cCHI(91)
968 922 – – – – – cCHII(68)

sPhII(11)
946 914 912 910 – 914 – tCN(35)

dNO2(17)
dPhII(11)
cCHII(10)

934 897 890 897 – – – cCHI(77)
sPhI(11)

902 884 880 – – – – dCH2 (52)
tCN(40)

885 872 868 – 877 – 851 dCH2(76)
854 826 828 824 836 843 – cCHI(100)
813 802 793 796 – – 806 tCC(22)

dPhI(20)
tPhI(17)

795 775 785 788 780 787 785 dNO2(58)
dPhII(23)

792 761 759 – – – 765 cCO(25)
sPhII(17)
cCC(16)
cCS(10)

791 756 – 754 – – – sPhI(35)
cCC(24)
cCHI(27)

771 750 741 750 – 753 – cNO2(54)
cCN(29)

761 725 737 – 736 739 – dNO2(49)
dPhII(35)

744 718 707 712 703 – 701 cNO2(48)
cCN(14)
sPhII(16)

710 686 690 690 – – – cCHI(36)
sPhI(48)

700 685 680 – 676 681 – cCN(16)
sPhII(42)
cCS(14)

685 667 655 655 – – 669 sPhI(44)
tCS(38)

651 634 640 – – – 638 dCO(37)
sPHII(20)
tCS(38)

628 617 621 622 – – – sCOOH(22)
dCO(28)
dCN(23)

608 611 – – – – – dPhI(87)
590 596 586 – – 599 – sCCOH(26)

dCC(13)
dCO(11)
tCS(11)

571 571 – – 588 – 585 sCCOH(43)
sPhII(40)

553 552 552 – – – 536 dPhI(49)
sPhII(23)

527 518 517 – 532 523 – dCN(43)
505 500 509 505 509 – 508 sPhII(48)

cCN(17)
cCS(16)

482 476 483 – 462 – 466 sPhI(54)
cCC(33)

454 459 448 455 – 447 449 sPhII(49)
cCN(36)

418 403 – 429 416 420 414 sPhII(48)
dCN(34)

406 400 – 395 360 373 386 sPhI(83)
357 357 – 350 – 357 – sPhII(39)

dPhII(39)
333 341 – 340 – – – dCC19C(63)
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Table 2 (continued)

t(HF)

(cm�1)
t(DFT)

(cm�1)
t(IR)

(cm�1)
t(Raman)

(cm�1)
t(SERS)

(cm�1)
t(SERS)

(cm�1)
t(SERS)

(cm�1)
Assignmentsa

C E S

330 327 – – – 320 333 dPhII(66)
317 317 – – – – 312 dCSC(22)

dCO(16)
dCN(29)

303 305 – 298 – – – dPhII(51)

a t – stretching; d – in-plane deformation; c – out-of-plane deformation; s –
torsion; PhI – mono substituted phenyl ring; PhII – poly substituted phenyl ring; %
of PED is given in the brackets; C – silver colloid; E – silver electrode; S – silver
substrate.

A. Raj et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 113 (2013) 28–36 33
pyridines [44,45] at 1530 ± 20 cm�1. In substituted nitrobenzenes
[44,45] tsNO2 appears strongly at 1345 ± 30 cm�1. The bands seen
at 1604, 1588, 1538 cm�1 in the Raman spectrum and 1621, 1582,
1526 cm�1 in the IR spectrum are assigned as tasNO2 for the title
compound. The calculated values (DFT) for these modes are 1601,
1585, 1561, 1532 cm�1. The band observed at 1343 cm�1 in the Ra-
man spectrum and 1328 in the IR spectrum and 1347, 1343,
1332 cm�1 (calculated) are assigned as the tsNO2 modes. Sundara-
ganesan et al. [46] reported the asymmetric and symmetric NO2

stretching modes at 1600, 1571 cm�1 and at 1371, 1319 cm�1,
respectively.

When conjugated to C@C or aromatic molecules, the NO2 scis-
sors occur at higher wavenumbers (850 ± 60 cm�1). In aromatic
compounds the wagging mode xNO2 is assigned at
740 ± 50 cm�1 with a moderate to strong intensity [44]. The rock-
ing mode qNO2 is active in the region 540 ± 70 cm�1 in aromatic
nitro compounds [44]. The deformation modes of NO2 are reported
at 744 (IR), 703, 716 (DFT), 839 (Raman), 821 cm�1 (DFT) [46]. The
bands at 910, 788, 750, 712 cm�1 in the Raman spectrum and at
912, 785, 741, 737, 707 cm�1 in the IR spectrum are the deforma-
tion modes of NO2 and the calculated values are 914, 775, 750, 725,
718 cm�1.

The vibrations of the CH2 group, the asymmetric stretch tasCH2,
symmetric stretch tsCH2, scissoring vibration dCH2 and wagging
vibration xCH2 appear in the regions 3000 ± 50, 2965 ± 30,
1455 ± 55 and 1350 ± 85 cm�1 respectively [44,47]. The DFT calcu-
lations give tasCH2 at 3041 and tsCH2 at 2969 cm�1. The band ob-
served at 1466 cm�1 in the IR spectrum and 1460 cm�1 calculated
value are assigned as the scissoring modes dCH2. The CH2 wagging
modes are observed at 1224 cm�1 in the IR spectrum, 1233 in Ra-
man spectrum and at 1232 cm�1 theoretically. The bands
1138 cm�1 in IR and 1129 cm�1 (calculated) are assigned as the
twisting mode of CH2. The rocking mode [44] qCH2 is expected in
the range 895 ± 85 cm�1. The bands at 884 and 872 cm�1 (DFT)
are assigned as qCH2 modes for the title compound. The torsion
modes of CH2 and NO2 are seen in the low wavenumber range [44].

The C@O stretching vibration in the spectra of carboxylic acids
[44] give rise to a band in the region 1725 ± 65 cm�1. In the present
case, we have observed a band at 1742 cm�1 in the IR spectrum,
1745 cm�1 in Raman spectrum and 1748 cm�1 theoretically. Two
bands arising from the CAO stretching and OH bending appear in
the spectra of carboxylic acids near 1320–1210 cm�1 and 1440–
1395 cm�1, respectively [48]. Both of these bands involve some
interaction between CAO stretching and in-plane CAOAH bending.
The t(CAO)c mode is reported at 1377 cm�1 for sodium salicylate
[49], at 1391 cm�1 for 4-aminosalicylic acid [50] and at 1375
(IR), 1382 cm�1 (HF) for 3,5-dinitrosalicylic acid [51]. For the title
compound, the band observed at 1343 cm�1 (DFT) and
1343 cm�1 (Raman) is assigned as t(CAO)c mode and this mode
is not pure, but contains significant contributions from other
modes.

Since the identification of all the normal modes of vibration of
large molecules is not trivial, we tried to simplify the problem by
considering each molecule as substituted benzene. Such an idea
has already been utilized by several workers for the vibrational
assignments of molecules containing multiple, homo- and het-
ero-aromatic rings [52–56]. In the following discussion, the mono
and poly substituted phenyl rings are designated as PhI and PhII,
respectively. In poly substituted benzenes, the aromatic CH
stretching vibrations [44,57] absorb between 3000 and
3120 cm�1. The DFT calculations give bands in the range 3058–
3147 cm�1.

The benzene ring possesses six ring-stretching vibrations, of
which the four with the highest wavenumbers (occurring near
1600, 1580, 1490 and 1440 cm�1) are good group vibrations [44]
With heavy substituents, the bands tend to shift to somewhat lower
wavenumbers. In the absence of ring conjugation [44], the band at
1580 cm�1 is usually weaker than that at 1600 cm�1. In the case of
C@O substitution, the band near 1490 cm�1 can be very weak [44].
The fifth ring stretching vibration is active near 1315 ± 65 cm�1, a
region that overlaps strongly with that of the CH in-plane deforma-
tion [44]. The sixth ring stretching vibration, or the ring breathing
mode appears as a weak band near 1000 cm�1 in mono, 1,3-di-
and 1,3,5-trisubstituted benzenes. In the otherwise substituted
benzenes, however, this vibration is substituent sensitive and diffi-
cult to distinguish from the ring in-plane deformation [44]. The DFT
calculations give tPh modes in the range 1309–1599 for PhI and
1291–1601 cm�1 for PhII, as expected [44].

The aromatic CH out-of-plane deformations [44] are observed
in the range 720–1000 cm�1. The spectral positions of the weaker
cCH near 900 cm�1 correlates well with electron donating or elec-
tron attracting properties of the substituent. The CH in-plane
deformations dCH are obtained at 1431, 1379, 1152, 1062,
1000 cm�1 in the IR spectrum and at 1440, 1390, 1150, 1064,
1010 cm�1 in the Raman spectrum. The DFT calculation gave in-
plane CH modes of the phenyl rings in the range 1017–
1444 cm�1. The out-of-plane deformations and in-plane deforma-
tion of the phenyl ring [44] are observed below 1000 cm�1 and
these modes are not pure but contain a significant contribution
from other modes and are substituent sensitive. The ring breathing
mode appears as a weak band near 1000 cm�1, in mono-, 1,3-di-
and 1,3,5-tri substituted benzenes [44]. In the otherwise substi-
tuted benzenes however, this vibration is substituent sensitive
and difficult to distinguish from the ring in-plane deformation
[44]. For the title compound the ring breathing mode appears at
1000 cm�1 in the IR spectrum, 1010 cm�1 in the Raman spectrum,
and at 1017 cm�1 theoretically for PhI and at 1025 cm�1 in IR,
1027 cm�1 in Raman spectrum, 1032 cm�1 theoretically for PhII.
Aromatic nitro compounds show a CAN stretching vibration
[48,58] near 870 cm�1. In the present study, the tCN is 910 cm�1

in the Raman spectrum and at 914, 884 cm�1 theoretically.

Geometrical parameters and first hyperpolarizability

To the best of our knowledge, no X-ray crystallographic data of
MSDB has yet been established. However, the theoretical results
obtained are almost comparable with the reported structural
parameters of similar molecules. In the present case, the carbon–
sulfur bond lengths C3AS18 = 1.7675 and C19AS18 = 1.8641 ÅA

0

, while
the reported values are 1.7846 (XRD), 1.792 (MP2), 1.811 ÅA

0

(DFT)
and 1.771 (XRD), 1.803 (DFT), 1.783 ÅA

0

(MP2) [5]. The aromatics
rings of the title compound are some what irregular and the spread
of the CC bond distance is 1.3936–1.4019 ÅA

0

for ring I and 1.3857–
1.4318 ÅA

0

for ring II, which is similar to the spread reported by
Smith et al. [28].

For the title compound, the CAN bond lengths are 1.4758,
1.4667 ÅA

0

and NAO bond lengths are in the range 1.2302–
1.2291 ÅA

0

, which are in agreement with the reported values.
Chambers et al. [59] reported the NAO bond lengths in the range
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1.2201–1.2441 ÅA
0

and CAN length as 1.4544 ÅA
0

. The experimental
values of NAO bond lengths are 1.222–1.226 ÅA

0

and CAN lengths
in the range 1.442–1.460 ÅA

0

[60]. Sundaraganesan et al. [46] re-
ported CAN bond lengths as 1.453, 1.460 ÅA

0

(DFT) and NAO bond
lengths in the range 1.228–1.248 ÅA

0

. The CNO angles are reported
[46] in the range 117.4–118.7� where as for the title compound,
the range is 117.4–117.3�. The DFT calculations give shortening
of angle C4AC3AS18 by 1.2� and increase of angle C2AC3AS18 by
5.6� from 120� at C3 position and this asymmetry of exocyclic an-
gles reveal the repulsion between carboxylic group and the phenyl
ring II [61]. DFT calculations give the shortening of the angle C1-

AC2AN10 by 6.3� and the increase of angle C3AC2AN10 by 2.7� from
120� at C2 position and this asymmetry of exocyclic angle, reveal
the hydrogen bonding with H7, which is evident from the enlarge-
ment in the angle C1AC2AC3 by 3.3�. At C6 position the exocyclic
angles are nearly the same (119.4, 119.7�).

For the carboxylic group, the bond angles O12AC11AO13 = 122.3,
O12AC11AC4 = 112.7, O13AC11AC4 = 124.9, C11AO12AH32 = 106.0�
which are similar to the reported values [62]. For the title com-
pound C11AO13 = 1.2132, C11AO12 = 1.3545, O12AH32 = 0.9754 ÅA

0

and the corresponding reported values are 1.203, 1.361, 0.965 ÅA
0

[63]. The carbon–oxygen distance unambiguously define the single
and double bonds in the carboxylate group and are in agreement
with the values given by Ng et al. [64] For the carboxyl group, Kad-
uk [65] reported C4AC11 = 1.481 and the in the present case the
corresponding value is 1.4906 Å.

The sulfanyl moiety is twisted from the phenyl ring II and Phe-
nyl ring I as is evident from the torsional angles, C5AC4AC3AS18 = -
�170.9, C4AC3AS18AC19 = 151.3, C2AC3AS18AC19 = �24.2,
C1AC2AC3AS18 = 168.5 and C23AC21AC19AS18 = 85.4, C25AC23AC21-

AC19 = 179.8, C24AC22AC21AC19 = �180.0, C22AC21AC19AS18 = -
�94.2�. At C4 position, C3AC4AC11 is increased by 0.8� and
C5AC4AC11 is reduced by 2� from 120� which show the interaction
between O13 and S18 atoms.

Analysis of organic molecules having conjugated p-electron
systems and large hyperpolarizability using infrared and Raman
spectroscopy has been evolved as a subject of research [66]. The
first hyperpolarizability (b0) of this novel molecular system is cal-
culated theoretically, based on the finite field approach. In the
presence of an applied electric field, the energy of a system is a
function of the electric field. First hyperpolarizability is a third rank
tensor that can be described by a 3 � 3 � 3 matrix. The 27 compo-
nents of the 3D matrix can be reduced to 10 components due to the
Kleinman symmetry [67].

The components of b are defined as the coefficients in the Taylor
series expansion of the energy in the external electric field. When
the electric field is weak and homogeneous, this expansion becomes

E¼ E0�
X

i

liF
i�1

2

X
ij

aijF
iFj�1

6

X
ijk

bijkFiFjFk� 1
24

X
ijkl

cijklF
iFjFkFlþ ::::

where E0 is the energy of the unperturbed molecule, Fi is the field at
the origin, li, aij, bijk and cijkl are the components of dipole moment,
polarizability, the first hyper polarizabilities, and second hyperpo-
larizibilities, respectively. The calculated first hyperpolarizability
of the title compound is 8.86 � 10�30 esu, which is comparable with
the reported values of similar derivatives [68] and experimental
evaluation of this data is not readily available. We conclude that
the title compound is an attractive object for future studies of non-
linear optical properties.

RMS values of wavenumbers were evaluated using the follow-
ing expression [69].

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n� 1

Xn

i
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i � texp
i
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r

The RMS error of the observed Raman bands is 33.31, 10.13 and that
for IR bands is 33.57, 11.08, respectively, for HF and DFT calculations.
SERS in silver colloid

In the SERS spectrum of the title compound, the aromatic CAH
stretching vibrations are observed at 3070 and 3060 cm�1 as weak
bands for the phenyl ring PhI, which suggests that the ring PhI may
be in a position close to the perpendicular to the silver surface [70–
72], possibly a tilted position since it is a weak band. It has also
been documented in the literature [73] that when a benzene ring
moiety interacts directly with a metal surface, the ring breathing
mode has to be red-shifted by �10 cm�1 along with substantial
band broadening in the SERS spectrum. Neither a substantial red
shift nor significant band broadening was identified in the SERS
spectrum of the title compound implying that the probability of
a direct ring p-orbital to metal interaction should be low, in accor-
dance with a tilted position of the ring PhI.

In the SERS spectrum of 2-amino,5-nitropyrimidine [74], the
symmetric NO2 stretching mode corresponds to the most intense
band, which appears broad and significantly downshifted from
1344 to 1326 cm�1, suggesting a binding to the silver through
the lone pairs of the oxygen atom. Carrasco et al. [75] observed
the tasNO2 band in the SERS spectrum at �1500 cm�1 with med-
ium intensity, which demonstrates the importance of nitro group
in regard to the interaction with the metal. Further, they observed
the enhancement of tPh modes revealing that the molecule is ori-
ented perpendicular to the metal surface, whereas the changes that
occur in the nitro group indicate that the interaction occurs
through O atoms of the nitro moiety. The interaction induces a p
electronic redistribution primarily around both the nitro group
and the aromatic portion in the vicinity of the substitution site.
Gao and Weaver [76] observed broadening and downshift of the
corresponding band of nitrobenzene adsorbed on gold via the nitro
group. In the SERS spectrum of p-nitroaniline, the tPh vibration at
1597 cm�1 is very strong, indicating the interaction between ben-
zene ring and the metal surface. Also, a strong enhancement is ob-
served [77] for the symmetric stretching mode of NO2 at 1336 cm
and the wagging mode of NO2 at 865 cm�1.

For the title compound the symmetric stretching mode of NO2 is
seen at 1319 cm�1 in the SERS spectrum which is absent in the nor-
mal Raman spectrum, whereas the computed value is 1332 cm�1. A
charge transfer from the oxygen atoms of the NO2 group to the me-
tal is evidenced by the marked downshift of the symmetric stretch-
ing of the NO2 group as is detected by the SERS spectrum [74–77].
Interaction through the NO2 group was also supported by the pres-
ence of modes at 1575, 1554, 1353, 780, 736, 703, 532, 509 cm�1 in
the SERS spectrum. According to surface selection rule, vibrations
involving atoms that are close to the silver surface will be en-
hanced [78,79]. The in-plane bending modes dCH of the aromatic
ring PhI are observed at 1432, 1172, 1066 cm�1 in the SERS spec-
trum. The presence of these modes suggests that the benzene ring
PhI is oriented tilted to the silver surface [78,79]. Also tPhI modes
observed at 1502, 1432, 1172, 1066 cm�1 in the SERS spectrum
supports this fact. According to the surface selection rules
[80,81], the presence of in-plane vibrational modes at 1172,
1066, 996 cm�1 and of the out-of-plane vibrational modes at 836,
462 cm�1 in the SERS spectrum of the title compound suggest that
there is a certain angle between the ring PhI and the surface of the
silver particle. The substituent sensitive in-plane and out-of-plane
modes are also detected at the same time for the ring PhI, suggest-
ing a tilted orientation of the molecule [49,82]. In the case of SERS
spectrum of thymine molecules on silver [83], the deformation
band of the methyl group attached with the phenyl ring is present
at 1355 cm�1 with the position of the methyl group close to the
metallic surface. In 2-methyl pyridine, Bunding et al. [84] noticed
significant shift and broadening of the CH3 modes in the SERS spec-
trum. They explained this in terms of the interaction of the methyl
group with the metal surface. In the present study, the CH
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stretching of the CH2 group attached with the phenyl ring PhI is ob-
served at 2990 cm�1. It should be related to the closeness of the
CH2 group to the silver surface. This is justifiable because the
modes in groups directly interacting with the metal surface will
be prominent in the SERS spectrum and undergo a wavenumber
shift [85]. Further, the CH2 bands at 1233, 1066, 877 cm�1 are also
observed in the SERS spectrum thereby supporting the above
argument.

SERS spectrum in silver electrode

The SERS spectrum of the title compound (0.1 M) on silver elec-
trode in 0.1 M KCl was recorded in the wavenumber range 600–
2000 cm�1 at an electrode potential 0.1 V.

In this case, the symmetric stretching of NO2 is seen at
1353 cm�1 in the SERS spectrum, which is absent in the normal Ra-
man spectrum and upshifted from the computational value
1347 cm�1, which indicates that the nitro group is not subjected
to change upon the surface adsorption of the title compound on sil-
ver, as reported by Han et al. [86]. Interaction through the nitro
group was also supported by the presence of bands at 1617,
1557, 1528, 914, 787, 753, 739, 681, 523, 447, 420 cm�1 in the SERS
spectrum.

The in-plane bending modes dCH 1449, 1171, 1144, 1058,
1011 cm�1 and 1394, 1077 cm�1 are present in SERS spectrum
for the aromatic rings PhI and PhII, respectively. Also the out-of-
plane ring CH bending modes cCH are present in the SERS spec-
trum at 962, 843 cm�1 and at 914 cm�1 for ring PhI and PhII,
respectively. The bending modes of phenyl ring are observed at
962 cm�1 for PhI and at 914, 787, 739, 681, 447, 420, 357,
320 cm�1 for PhII indicates change in orientation in this case. Also,
the benzene ring vibrations present at 1500, 1293, 1183, 1171,
1058, 1011 cm�1 for PhI and at 1557, 1528, 1394, 1353, 1272,
1077 cm�1 for PhII in the SERS spectrum on silver electrode sup-
port this argument. In the potential dependent SERS spectrum of
pyrazine adsorbed on silver substrate, the ring stretching modes
are upshifted and this indicates that the adsorption of pyrazine
on the substrate is quite strong [87]. Neto et al. [88] reported
marked upshifts and small downshifts with respect to the corre-
sponding Raman bands on the free molecule, and for salicylic acid
there is an upshift for the ring stretching modes in the SERS spec-
trum [89]. Sajan et al. [90] reported phenyl ring stretching mode at
1618 and 1585 cm�1 in the SERS spectrum and at 1604 and
1577 cm�1 in the normal Raman spectrum for methyl-3-(4-
methoxyphenyl)prop-2-enoate and the ring modes are blue shifted
with substantial band broadening in the SERS spectrum. This indi-
cates the direct interaction between the benzene ring moiety with
metal surface, as well documented in literature [91–93] and the
probability of direct ring p-orbital to metal interaction should be
high [94–96]. This can be interpreted as the bond weakening in
the benzene ring system caused by the back donation of the metal
d electrons to the benzene ring antibonding p� orbitals [96]. Liu
[97] also reported the upshift of stretching modes on roughened
metal surfaces. In the present case also, the ring stretching modes
in the SERS spectrum shows such variations.

SERS spectrum on substrate

In this case also, the NO2 bands are present at 1610, 1566, 1335,
785, 701 cm�1 which shows the interaction between NO2 moiety
and the metal surface. The in-plane bending modes dCH of the aro-
matic ring are observed at 1065 cm�1 for PhI and at 1387,
1079 cm�1 for PhII rings. The presence of these modes suggests
that the benzene rings are tilted with respect to the silver surface
[78,79]. The benzene ring vibrations observed at 1610, 1566, 1387,
1278, 1079, 1028 cm�1 for PhII and 1485, 1187, 1065 cm�1 for PhI
rings in the SERS spectrum support this fact. Also the out-of-plane
cCH vibration is present at 946 cm�1 for the ring PhII. The phenyl
ring deformation bands are present in the SERS spectrum at 984,
806, 669, 536, 466, 386, 222 cm�1 for PhI and at 1028, 765, 701,
638, 585, 508, 449, 414, 333 cm�1 for PhII ring which show that
both the phenyl rings are tilted with the metal surface. Kwon et
al. [98] reported the vibrational spectroscopic investigations of
benzoic acid and 4-methylbenzoic acid adsorbed on silver sol
and silver electrode and proposed different orientations based on
the different surface morphologies along with intrinsic difference
in the nature of SERS active sites on the two surfaces. Wang et al.
[99] and Podstawka et al. [100] also reported similar orientation
and adsorption changes in silver colloid and silver electrode.

Conclusion

FT-IR and FT-Raman spectra of 2-(benzylsulfanyl)-3,5-dinitro-
benzoic acid were recorded and analyzed. SERS spectra were re-
corded in silver colloid, silver electrode and silver substrate. The
vibrational wavenumbers were computed using HF and DFT basis
sets. And potential energy distribution of the normal modes of
vibrations was done using GAR2PED program. The geometrical
parameters of the title compound are in agreement with the re-
ported similar derivatives. The presence of phenyl ring modes in
the SERS spectra suggests a tilted orientation with respect to the
metal surface in all cases. In silver electrode and substrate phenyl
ring PhII modes are additionally seen in the SERS spectra, which
are absent in the SERS spectrum in silver colloid. It shows an orien-
tation change in the electrode and substrate. In all the three SERS
spectra the NO2 moiety shows an enhancement, which indicates
the interaction with the metal surface. The first hyperpolarizability
is high and the title compound is an attractive object for future
studies of nonlinear optics.
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