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FT-IR and FT-Raman spectra of 2-(p-fluorobenzyl)-6-nitrobenzoxazole were recorded and analyzed. A
surface enhanced Raman scattering spectrum (SERS) was recorded in silver colloid. Using Gaussian03
set of quantum chemistry codes, the vibrational wavenumbers and corresponding vibrational assign-
ments were examined theoretically. The presence of CH2 and NO2 bands in the SERS spectrum indicates
the nearness of these groups to the metal surface, which affects the orientation and metal molecule inter-
action. From the SERS study, it is inferred that the para substituted phenyl ring is more tilted while the
tri-substituted phenyl ring assumes a nearly perpendicular orientation with respect to the metal surface.
The results indicate that the B3LYP method is able to provide satisfactory results for predicting vibra-
tional wavenumbers and structural parameters. The calculated first hyperpolarizability is comparable
with the reported values of similar derivatives. The geometrical parameters of the title compound are
in agreement with that of similar derivatives.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Benzoxazoles have been studied by researchers for many years
because they constitute an important class of heterocyclic com-
pounds exhibiting substantial chemotherapeutic activities [1–5].
Heterocyclic molecules with acid and basic groups, such as 2-(2-
hydroxyphenyl)benzoxazole and its derivatives [6] often give rise
to proton-transfer process in which the proton can be interchanged
between the two groups or between these groups and the sur-
rounding media [7,8]. Derivatives of benzoxazole, benzimidazoles
and related fused heterocyclic compounds exhibit significant
in vitro antimicrobial and antiviral activities [9,10]. Bigotto and
Pergolese reported the surface enhanced Raman spectroscopic
studies of 2-mercaptobenzoxazole on silver sols [11]. Liquid crys-
tals containing heterocycles such as 1,3,4-oxadiazole [12], 1,2,3-
triazole [13], and benzoxazole [14], have recently been explored
in the design and synthesis of novel molecular functional materi-
als, where liquid crystalline phases, geometry, polarity, lumines-
cence and other properties may be varied by introducing
heteroatoms [15]. Tasal et al. [16] reported the molecular
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structure, vibrational frequencies and infrared intensities of a
benzoxazole derived in the ground state by HF and DFT methods.
In the present work, the IR, Raman, SERS and theoretical calcula-
tions of the wavenumbers for the title compound are reported.
Nonlinear optics deals with the interaction of applied electromag-
netic fields in various materials to generate new electromagnetic
fields, altered in wavenumber, phase or other physical properties
[17]. Organic molecules enable to manipulate photonic signals effi-
ciently and are of importance in technologies such as optical com-
munication, optical computing and dynamic image processing
[18,19]. Phenyl substituents can increase molecular hyperpolariz-
ability [20,21]. Many organic molecules, containing conjugated p
electrons and characterized by large values of molecular first
hyperpolarizabilities, were analyzed by means of vibrational spec-
troscopy [22]. In this context, the hyperpolarizability of the title
compound is calculated in the present study.
2. Experimental

The chemicals were purchased from the commercial venders
and were used without purification. The title compound was pre-
pared by the protocol reported by Ertan et al. [23] and the general
procedure is as follows: The derivatives were synthesized by
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Fig. 2. Raman spectrum of 2-(p-fluorobenzyl)-6-nitrobenzoxazole.

Fig. 3. SERS spectrum of 2-(p-fluorobenzyl)-6-nitrobenzoxazole.
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heating 0.01 mol appropriate o-aminophenol with 0.01 mol suit-
able acid in 24 g polyphosphoric acid and stirring for 2–3 h. At
the end of the reaction period, the residue was poured into an
ice water mixture and neutralized with an excess of 10 M NaOH
solution extracted with ethyl acetate. Then, this solution was dried
over anhydrous sodium sulphate and evaporated under diminished
pressure. The residue was boiled with 200 mg charcoal and fil-
tered. After the evaporation of solvent in vacuo, the crude product
was obtained and re-crystallized from ethanol. The reactions were
monitored and the purity of the products was checked by thin
layer chromatography (TLC). Silica gel 60 F254 chromatoplates were
used for TLC. All the melting points were measured with a capillary
melting point apparatus (Buchi SMP 20 and Electrothermal 9100).
Yield was calculated after re-crystallization. The 1HNMR spectrum
was recorded employing a VARIAN Mercury 400 MHz FT spectrom-
eter, chemical shifts (d) are in parts per million relative to TMS, and
coupling constants (J) are reported in hertz. Elemental analysis was
taken on a Leco 932 CHNS-O analyzer. The results of the elemental
analysis (C, H, N) was within ±0.4% of the calculated amount. Yield:
60%, mp 109–110 �C. 1HNMR (400 MHz, CDCl3): d 4.31 (s, 2H), 7.06
(m, 2H), 7.37 (m, 2H), 7.77 (dd, 1H, J 8.8, 1.2 Hz), 8.27 (m, 1H), 8.39
(d, 1H, J 1.6 Hz). Anal. Found: C, 61.19; H, 3.20; N, 10.18; Calcd for
C14H9N2O3F: C, 61.77; H, 3.33; N, 10.29. The IR spectrum (Fig. 1)
was recorded on a Jasco FTIR-420 spectrometer with the sample
in standard KBr pellet technique. The spectral resolution was
2 cm�1. The FT-Raman spectra (Figs. 2 and 3) were obtained on a
Bruker RFS 100/S, Germany. For excitation of the spectrum, the
emission of a Nd:YAG laser was used, excitation wavelength
1064 nm, maximal power 150 mW, measurement on solid sample,
spectral resolution 2 cm�1. The aqueous silver colloid used in the
SERS experiment was prepared by reduction of silver nitrate by so-
dium citrate, using the Lee–Meisel method [24]. Solutions of the ti-
tle 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 overall concentration
was 10�3 mol dm�3. Colloid aggregation was induced by addition
of an aqueous solution of MgCl2 (one drop of a 2 mol dm�3 solu-
tion). Polyvinylpyrrolidone was then used to stabilize the colloid
(one drop of 0.1 g/10 cm3 aqueous solution). The final colloid mix-
ture was placed in a glass tube and the Raman spectrum registered.
3. Computational details

The vibrational wavenumbers were calculated using the Gauss-
ian03 software package on a personal computer [25]. The compu-
tations were performed at HF/6-31G⁄ and B3LYP/6-31G⁄ levels of
theory to get the optimized geometry (Fig. 4) and vibrational
wavenumbers of the normal modes of the title compound. Param-
eters corresponding to the optimized geometry of the title
compound are given in Table 1. The DFT partitions, the electronic
energy E = ET + EV + EJ + EXC, where ET, EV and EJ are electronic
kinetic energy, electron nuclear attraction and electron–electron
Fig. 1. IR spectrum of 2-(p-fluorobenzyl)-6-nitrobenzoxazole.
repulsion terms, respectively. The electron correlation is taken into
account in the DFT via the exchange–correlation term EXC, which
includes exchange energy arising from the anti-symmetry of quan-
tum mechanical wave function and dynamic correlation in the mo-
tion of individual electron, and it makes DFT dominant over
conventional HF procedure [26]. DFT calculations were carried
out with Becke’s three-parameter hybrid model using the Lee–
Yang–Parr correlation functional (B3LYP) method. Molecular
geometries were fully optimized by Berny’s optimization algo-
rithm using redundant internal coordinates. Harmonic vibrational
wavenumbers were calculated using analytic second derivatives
to confirm the convergence to minima in the potential surface.
At the optimized structure of the examined species, no imaginary
wavenumber modes were obtained, proving that a true minimum
on the potential surface was found. The optimum geometry was
determined by minimizing the energy with respect to all
geometrical parameters without imposing molecular symmetry
constraints. The DFT hybrid B3LYP functional tends also to overes-
timate the fundamental modes: therefore scaling factors have to be
used for obtaining a considerably better agreement with experi-
mental data [27]. Scaling factors 0.9613 and 0.8929 have been uni-
formly applied for the DFT and HF calculated wavenumbers [26].
The observed disagreement between theory and experiment could
be a consequence of the anharmonicity and of the general ten-
dency of the quantum chemical methods to overestimate the force
constants at the exact equilibrium geometry [28]. Potential energy
surface scan studies have been carried out to understand the sta-
bility of planar and non-planar structures of the molecule. The pro-
files of potential energy surface for torsion angles C15AN14AC3AC2,



Fig. 4. Optimized geometry (B3LYP) of 2-(p-fluorobenzyl)-6-nitrobenzoxazole.
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C16AC15AN14AC3, C19AC18AC16AC15 and C20AC18AC16AC15 are
computed. The energy is minimum for �179.8� (�973.825),
�177.6� (�973.82559), �65.7� (�973.82458) and 114.6�
(�973.82467 Hartree), respectively for the above torsion angles.
The potential energy distribution (PED) was calculated with the
help of GAR2PED software package [29].
4. Results and discussion

The observed IR and Raman bands and calculated (scaled)
wavenumbers and assignments are given in Table 2.
4.1. IR and Raman spectra

In nitro compounds, tasNO2 are located in the region
1580 ± 80 cm�1. The nitro benzene derivatives show tasNO2 in the
region 1535 ± 30 cm�1 and the 3-nitropyridine at 1530 ± 20 cm�1

[30]. In the present case, tasNO2 are obtained at 1429 theoretically
(DFT) and at 1435 cm�1 in both IR and Raman spectra. In nitro
compounds, tsNO2 are located in the region 1300–1360 cm�1. The
nitrobenzene derivatives show tsNO2 in 1345 ± 30 cm�1 and the
3-nitropyridines in 1350 ± 20 cm�1. For the title compound, tsNO2

is observed at 1363 cm�1 (DFT), 1368 cm�1 (IR) and 1367 cm�1

(Raman). In the aromatic nitro compounds, bands are usually seen
at 855 ± 40 cm�1 (NO2 scissors deformation dNO2), 760 ± 30 cm�1

(NO2 out of plane wag xNO2), 540 ± 30 cm�1 (NO2 in-plane rock
qNO2) and 70 ± 20 cm�1 (sNO2). In the present case, the observed
values for dNO2 are 778 (DFT), 773 (IR) and 773 cm�1 (Raman);
cNO2 is 692 cm�1 (DFT); dNO2 are 533 (DFT), 522 (IR) and
528 cm�1 (Raman) and sNO2 is at 61 cm�1 (DFT). Panicker et al.
[31] reported the NO2 deformation bands at 800, 724, 534 cm�1

(theoretically) and 809, 727, 717, 524 cm�1 (experimentally). Sun-
daraganesan et al. [32] reported the NO2 deformation bands at 839,
744 and 398 cm�1 experimentally and 812, 716, 703 and 327 cm�1

theoretically.
The vibrations of the CH2 group fall in the range 2940 ± 20 cm�1,

2855 ± 45 cm�1, 1440 ± 10 cm�1, 1340 ± 25 cm�1, 1260 ± 10 cm�1

and 800 ± 25 cm�1 [30]. In the present case, tasCH2 is found at
3009 (DFT) and 3011 cm�1 (Raman), tsCH2, dCH2, xCH2, sCH2 and
qCH2 at 2959 (DFT), 2918 cm�1 (Raman); 1456 cm�1 (DFT); 1335
(DFT), 1344 (IR) and 1341 (Raman) cm�1; 1250 (DFT) and 764
(DFT), 763 (Raman) cm�1.

Fluorine atoms directly attached to an aromatic ring give rise to
bands in the region 1270–1100 cm�1 [33]. Many of these
compounds, including compounds with one fluorine on the ring,
absorb near 1230 cm�1 [33]. The tCF is reported at 1233 (IR) and
1244 cm�1 (HF) [34] and at 1227 (IR) and 1239 cm�1 (HF) [35]
for fluoro-phenyl compounds. In the present case, it is obtained
at 1214 (IR), 1216 (Raman) and 1218 cm�1 (DFT).

Due to the stretching of the phenyl carbon–nitrogen bond,
primary aromatic amines with the nitrogen directly on the ring ab-
sorb strongly at 1330–1260 cm�1 [33]. For the title compound,
tC6N10 is observed at 1233 (DFT) and 1238 cm�1 (Raman) tC3N14

at 1209 (DFT) and 1194 cm�1 (Raman). Mary et al. [35] reported
tCN at 1343 (IR) and 1312 cm�1 theoretically. Ambujakshan et al.
[36] reported tCN mode at 1331, 1279 (IR) and 1323, 1273 cm�1

theoretically. The C@N stretching skeletal bands are obtained in
the range 1672–1566 cm�1 [37–40]. Saxena et al. [38] reported this
value at 1608 cm�1, Klots and Collier [41] at 1517 cm�1 and Anto et
al. [34] as 1643 cm�1 theoretically, 1661 cm�1 (Raman) and
1671 cm�1 (IR). In the present case, tC15@N14 is observed at
1536 (DFT), 1523 (IR) and 1522 (Raman) cm�1.

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 successfully utilized by several workers for vibra-
tional assignments of molecules containing multiple homo and
hetero aromatic rings [34,42–46]. In the present case, the para-
substituted ring (1,4-diheavy substituted phenyl ring), 1,2,4-tri-
heavy substituted phenyl ring and benzoxazole ring are designated
as PhI, PhII and Ring III respectively. The tCH vibrations are usually
expected in the range 3020–3120 cm�1 [30]. For RingI, the tCH
vibrations are observed at 3120, 3119, 3085 and 3084 theoreti-
cally; at 3106 (IR) and 3104 cm�1 (Raman) experimentally. For Rin-
gII, the tCH modes fall in the range 3000–3110 cm�1 [30]. The DFT
calculations give the three expected tCH modes at 3155, 3142 and
3122 cm�1 with a PED prediction of 99% contribution. The tPh
modes are expected in the regions 1280–1630 cm�1 and 1260–
1640 cm�1 respectively for ring I and ring II [37]. The tPhI modes
are observed at 1605, 1566, 1511, 1416, 1308 cm�1 in the IR spec-
trum; at 1566, 1415, 1309 cm�1 in the Raman spectrum and at



Table 1
Geometrical parameters of (B3LYP) the title compound.

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

C1AC2 1.3943 A(2,1,6) 120.2 D(6,1,2,3) �0.1
C1AC6 1.4083 A(2,1,7) 121.3 D(6,1,2,8) 179.9
C1AH7 1.0814 A(6,1,7) 118.5 D(7,1,2,3) 179.9
C2AC3 1.3978 A(1,2,3) 117.6 D(7,1,2,8) �0.1
C2AH8 1.0825 A(1,2,8) 121.5 D(2,1,6,5) 0.0
C3AC4 1.4091 A(3,2,8) 120.9 D(2,1,6,10) �179.9
C3AN14 1.4113 A(2,3,4) 120.2 D(7,1,6,5) �180.0
C4AC5 1.3814 A(2,3,14) 130.9 D(7,1,6,10) 0.0
C4AO13 1.3990 A(4,3,14) 108.9 D(1,2,3,4) 0.0
C5AC6 1.4003 A(3,4,5) 123.9 D(1,2,3,14) 179.8
C5AH9 1.0803 A(3,4,13) 107.4 D(8,2,3,4) �180.0
C6AN10 1.4644 A(5,4,13) 128.7 D(8,2,3,14) �0.2
N10AO11 1.2653 A(4,5,6) 114.5 D(2,3,4,5) 0.1
N10AO12 1.2645 A(4,5,9) 124.1 D(2,3,4,13) 179.9
C15AO13 1.4186 A(6,5,9) 121.4 D(14,3,4,5) �179.8
C15AN14 1.3081 A(1,6,5) 123.6 D(14,3,4,13) �0.0
C15AC16 1.4876 A(1,6,10) 118.5 D(2,3,14,15) �179.8
C16AH17 1.0945 A(5,6,10) 117.9 D(4,3,14,15) 0.0
C16AC18 1.5276 A(6,10,11) 118.0 D(3,4,5,6) �0.1
C16AH29 1.0946 A(6,10,12) 118.2 D(3,4,5,9) 179.9
C18AC19 1.4057 A(11,10,12) 123.8 D(13,4,5,6) �179.8
C18AC20 1.4026 A(4,13,15) 104.1 D(13,4,5,9) 0.2
C19AC21 1.3970 A(3,14,15) 105.7 D(3,4,13,15) �0.0
C19AH22 1.0856 A(13,15,14) 113.8 D(5,4,13,15) 179.7
C20AC23 1.3993 A(13,15,16) 117.0 D(4,5,6,1) 0.1
C20AH24 1.0854 A(14,15,16) 129.1 D(4,5,6,10) �180.0
C21AC25 1.3918 A(15,16,17) 107.1 D(9,5,6,1) 180.0
C21AH26 1.0830 A(15,16,18) 112.8 D(9,5,6,10) �0.0
C23AC25 1.3897 A(15,16,29) 109.0 D(1,6,10,11) 179.9
C23AH27 1.0829 A(17,16,18) 110.3 D(1,6,10,12) �0.1
C25AF28 1.3915 A(17,16,29) 107.8 D(5,6,10,11) �0.1

A(18,16,29) 109.7 D(5,6,10,12) 179.9x
A(16,18,19) 120.1 D(4,13,15,14) 0.0
A(16,18,20) 120.8 D(4,13,15,16) 177.9
A(19,18,20) 119.2 D(3,14,15,13) �0.0
A(18,19,21) 120.7 D(3,14,15,16) �177.6
A(18,19,22) 119.6 D(13,15,16,17) 161.0
A(21,19,22) 119.6 D(13,15,16,18) �77.5
A(18,20,23) 120.8 D(13,15,16,29) 44.6
A(18,20,24) 119.8 D(14,15,16,17) �21.5
A(23,20,24) 119.4 D(14,15,16,18) 100.1
A(19,21,25) 118.5 D(14,15,16,29) �137.9
A(19,21,26) 121.6 D(15,16,18,19) �65.7
A(25,21,26) 119.9 D(15,16,18,20) 114.6
A(20,23,25) 118.4 D(17,16,18,19) 54.0
A(20,23,27) 121.6 D(17,16,18,20) �125.7
A(25,23,27) 120.0 D(29,16,18,19) 172.7
A(21,25,23) 122.5 D(29,16,18,20) �7.1
A(21,25,28) 118.7 D(16,18,19,21) �179.9
A(23,25,28) 118.8 D(16,18,19,22) 0.7

D(20,18,19,21) 0.2
D(20,18,19,22) �179.5
D(16,18,20,23) 179.5
D(16,18,20,24) �0.6
D(19,18,20,23) �0.3
D(19,18,20,24) 179.7
D(18,19,21,25) �0.0
D(18,19,21,26) 179.9
D(22,19,21,25) 179.7
D(22,19,21,26) �0.4
D(18,20,23,25) 0.2
D(18,20,23,27) �179.9
D(24,20,23,25) �179.8
D(24,20,23,27) 0.1
D(19,21,25,23) �0.1
D(19,21,25,28) 179.9
D(26,21,25,23) 180.0
D(26,21,25,28) �0.0
D(20,23,25,21) 0.0
D(20,23,25,28) �180.0
D(27,23,25,21) �179.9
D(27,23,25,28) 0.1
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1603, 1589, 1506, 1413, and 1310 cm�1 in the DFT calculations for
ring I. The same is observed at 1659, 1463 cm�1 in the IR spectrum;
at 1620, 1467 cm�1 in the Raman spectrum and at 1609, 1596,
1458, 1405, 1304 cm�1 theoretically for ring II. Due to the contri-
butions from other modes, most of the vibrational modes are not
pure. The ring breathing mode of the para-diheavy substituted
benzene compounds with entirely different substituents has been
reported in the interval 780–880 cm�1 [47]. In asymmetric trisub-
stituted benzene, when all the three substituents are light, the ring
breathing mode falls in the range 500–600 cm�1; when all the
three substituents are heavy, it appears above 1100 cm�1 and in
the case of mixed substituents, it falls in the range 600–750 cm�1

[46]. In the present case, the ring breathing mode is reported at
829 cm�1 in DFT and 832 cm�1 in Raman spectrum for ring I and
at 1042 cm�1 in DFT, 1056 cm�1 in IR and 1057 in Raman for ringII.
Panicker et al. [48] has reported the ring breathing mode for a
para-disubstituted benzene compound at 873 cm�1 (IR) and at
861 cm�1 theoretically. Madhavan et al. [49] has reported the same
for a compound having two tri-substituted benzene rings as
1110 cm�1 and 1083 cm�1.

dCH in-plane deformation mode and cCH out-of-plane deforma-
tion mode for para-disubstituted benzene falls in the range 1305–
995 cm�1 and 970–800 cm�1 respectively [30]. In the present case,
dCH mode for ring I are observed at 1310, 1165, 1107, 1014 cm�1

(DFT); 1308, 1160, 1016 cm�1 (IR) and 1309 cm�1 (Raman). cCH
mode for ring I are observed in the range 961–845 cm�1 (theoret-
ically); 951, 934 cm�1 (IR) and at 940 cm�1 (Raman). dCH in-plane
bending vibration for tri-substituted benzenes are expected in the
region 1050–1290 cm�1 [30]. For the title compound, dCH modes
for ring PhII are observed at 1261, 1121, 1093 cm�1 (DFT); 1266,
1095 cm�1 (IR) and 1266, 1118 cm�1 (Raman).

The cCH vibrations are mainly determined by the number of
adjacent hydrogen atoms on the ring. Although strongly electron
attracting substituent groups, such as nitro-, can result in an in-
crease (about 30 cm�1) in the frequency of the vibration, these
vibrations are not very much affected by the nature of the substit-
uents. 1,2,4-trisubstituted benzenes show a medium absorption at
940–840 cm�1 and a strong band at 780–760 cm�1. In Raman spec-
tra, the out of plane bands are usually weak [50]. In the present
case, these vibrations are observed at 981, 913, 844 cm�1 (DFT)
and 838 cm�1 in IR. The shift in the DFT values are due to the pres-
ence of nitro compounds as discussed above. The substituent sen-
sitive modes and ring deformations are also identified and assigned
(Table 2).

4.2. Geometrical parameters and first hyper polarizability

No X-ray crystallographic data of this molecule has yet been
established to the best of our knowledge. However, the theoretical
results obtained are almost comparable with the reported struc-
tural parameters of the parent molecules. Lifshitz et al. [51] re-
ported the bond lengths for N14AC15, O13AC15, O13AC4, C3AC2,
C4AC5, C3AC4, and N14AC3 as 1.291, 1.372, 1.374, 1.39, 1.4, 1.403
and 1.401 Å. The corresponding values in the present case are
1.3081, 1.4186, 1.399, 1.3978, 1.3814, 1.4091 and 1.4113 Å. Corre-
sponding values are reported as 1.2753, 1.3492, 1.359, 1.3768,
1.3879, 1.3784, 1.3892 Å [36] and 1.2727, 1.347, 1.3594, 1.3884,
1.3777, 1.3776, 1.3903 Å [34]. In our previous work, the corre-
sponding reported values are 1.27, 1.3456, 1.3566, 1.3872, 1.37,
1.3854 and 1.3827 Å [35]. The bond lengths C4AO13, C3AN14,
N14AC15, C15AO13 and C3AC4 are found to be 1.3436, 1.3739,
1.3001, 1.3804 and 1.3827 Å for mercaptobenzoxazole [11].

The CC bond lengths in ring I lie between 1.3897 and
1.4057 Å and in ring II lies between 1.3814 and 1.4091 Å. The



Table 2
Vibrational assignments of 2-(p-Fluorobenzyl)-6-nitrobenzoxazole.

HF/6-31G⁄ B3LYP/6-31G⁄ IR Raman SERS Assignmentsa

t(cm�1) IIR RA t(cm�1) IIR RA t(cm�1) t(cm�1) t(cm�1)

3083 12.98 42.13 3155 8.74 48.73 – – – tCHII(99)
3071 3.08 90.10 3142 2.30 96.90 – – – tCHII(99)
3051 0.96 66.96 3122 1.65 74.41 – – – tCHII(99)
3047 1.99 187.36 3120 3.32 202.86 – – – tCHI(93)
3046 2.29 61.24 3119 2.86 67.96 3106 3104 – tCHI(95)
3015 7.09 47.08 3085 4.98 36.03 – – – tCHI(93)
3009 5.55 42.83 3084 7.77 55.54 – 3084 – tCHI(95)
2941 1.80 57.76 3009 1.89 64.97 – 3011 2986 tasCH2(99)
2886 8.48 114.03 2959 8.00 139.65 – 2918 2933 tsCH2(99)
1633 9.81 87.52 1609 10.34 214.86 1659 1620 1624 tPhII(61)
1625 33.00 44.11 1603 27.27 99.97 1605 – – tPhI(57)

dCCCI(10)
1618 15.55 127.22 1596 6.96 96.12 – – – tPhII(68)
1605 7.94 11.98 1589 5.32 9.19 1566 1566 1567 tPhI(83)
1583 239.16 265.58 1536 119.86 468.49 1523 1522 – tC@N(69)
1518 114.27 1.51 1506 107.65 8.28 1511 – – dCHI(22)

tPhI(64)
1476 51.85 9.99 1458 17.88 5.64 1463 1467 – dCHII(23)

tPhII(66)
1461 19.62 23.82 1456 19.58 33.88 – – 1452 dCH2(93)
1452 227.37 3.00 1429 106.96 20.85 1435 1435 – dCHII(10)

tPhII(24)
tasNO2(60)

1417 2.90 0.24 1413 1.50 1.15 1416 1415 – tPhI(61)
dCHI(26)

1400 119.29 10.74 1405 18.25 46.04 – – – tPhII(76)
1333 14.18 6.27 1363 62.18 49.72 1368 1367 1343 tPhII(22)

tsNO2(70)
1322 4.18 9.05 1335 0.42 10.46 1344 1341 – dCH2(45)

tPhI(35)
dCHI(13)

1318 417.36 404.91 1310 1.79 1.71 1308 1309 – tPhI(42)
dCHI(42)
1298 93.10 61.02 1304 0.29 5.54 – – – tPhII(65)
1275 21.28 17.39 1261 9.81 9.50 1266 1266 1286 dCHII(54)
1258 18.33 8.67 1250 4.07 33.99 – – – dCH2(69)
1222 75.07 1.99 1233 482.41 754.29 – 1238 – tC6N10(64)

dNO2(17)
1219 44.71 81.59 1218 77.37 17.25 1214 1216 1217 tC25F28(45)

tPhI(19)
dCCC(10)
dCHI(17)

1218 28.33 21.68 1209 11.06 95.10 – 1194 – tC3N14(49)
tPhII(23)
dCHII(15)

1184 8.17 9.06 1183 3.30 14.51 – – – tC16C18(40)
tPhI(18)
dCHI(17)

1169 22.20 1.58 1165 22.62 8.81 1160 – – dCHI(67)
1165 12.24 4.32 1164 22.10 9.52 1142 1160 – dCCCII(24)

tC4O13(49)
dCH2(16)

1129 25.33 1.42 1121 46.33 28.62 – 1118 1124 dCHII(71)
1114 1.09 36.25 1107 7.50 18.20 – – – dCHI(54)

dCCCII(10)
tPhI(15)

1094 3.51 3.13 1093 8.76 20.45 1095 – 1078 dCHII(70)
1057 13.08 47.13 1042 15.82 33.61 1056 1057 1044 dCHII(23)

tPhII(47)
tC4O13(11)
tC6N10(15)

1041 0.13 2.05 1014 6.69 0.82 1016 – 1003 dCHI(64)
1023 0.05 0.11 981 0.65 1.41 – – – cCHII(87)
1017 6.10 0.32 961 0.31 0.90 – – – cCHI(83)
1008 1.02 1.66 951 0.42 1.12 951 – – dCH2(12)

cCHI(63)
sCCCCI(13)

973 39.10 1.96 938 2.50 3.94 934 940 940 dCH2(32)
cCHI(62)

951 4.52 2.23 913 30.96 1.30 – – – cCHII(77)
sCCCCII(13)
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Table 2 (continued)

HF/6-31G⁄ B3LYP/6-31G⁄ IR Raman SERS Assignmentsa

t(cm�1) IIR RA t(cm�1) IIR RA t(cm�1) t(cm�1) t(cm�1)

924 7.60 9.60 910 4.63 5.49 886 – – tC4O13(17)
dCCCII(23)
tC6N10(11)

893 36.29 1.74 852 15.53 5.29 859 860 878 tO13C15(24)
dRingIII(22)
tC15C16(41)

887 37.87 1.47 845 10.40 10.42 – – – tO13C15(32)
cCHI(47)

886 39.42 0.99 844 28.48 1.98 838 – – cCHII(78)
866 0.22 2.66 829 13.36 32.72 – 832 831 dCCCI(13)

tO13C15(13)
tPhI(58)

837 37.82 12.73 824 2.49 4.15 820 – – cCHI(97)
823 38.21 33.61 814 60.48 14.21 – – – tO13C15(13)

cCHI(44)
803 96.54 14.23 778 63.59 20.76 773 773 – dNO2(72)
784 4.96 6.01 764 18.49 10.86 – 763 752 sCCCCI(17)

cRingIII(13)
dCH2(55)
dCCC(12)

767 2.62 3.88 737 0.81 1.93 736 737 – sCCCCII(59)
sRingIII(24)

724 12.32 2.39 722 4.96 3.16 – – – dRingIII(24)
dCCCI(21)
tC16C18(29)

722 34.28 6.19 692 20.28 3.86 – – – cNO2(48)
cCN(17)

708 0.97 1.82 686 1.50 3.40 688 689 – sCCCCI(61)
cCF(11)

686 15.79 5.43 675 9.86 4.12 664 – 675 dNO2(23)
dCCCII(38)
dRingIII(31)

653 14.56 5.49 648 7.58 6.73 – 650 – sRingIII(26)
dCCCI(10)
cRingIII(13)

642 0.66 6.15 637 1.48 5.58 – 633 607 dCCCI(64)
583 0.14 0.18 570 0.07 0.79 579 580 – sCCCCII(52)

cCN(19)
sRingIII(11)

569 5.22 5.95 562 1.35 9.34 551 548 556 dCCCII(35)
sRingIII(33)

536 6.93 0.21 533 4.05 0.56 522 528 522 dNO2(52)
dCCCII(23)
dCN(15)

519 13.64 1.57 512 11.44 1.02 503 502 – sCCCCI(28)
cCF(27)
cCC16(10)
dCCCI(10)

485 12.00 2.32 478 8.39 3.73 – – 498 sCCCCI(24)
cCF(23)
dCCCI(18)

440 5.11 0.47 436 0.20 2.18 – 438 435 dNO2(20)
dRingIII(46)
dCCCII(15)

434 4.25 3.74 427 5.20 0.99 426 – – sCCCCII(62)
sRingIII(19)

428 0.02 0.02 420 0.35 0.06 411 – – sCCCCI(85)
403 4.60 0.15 399 3.13 0.58 – – – dCF28(56)

dCCCI(16)
dC19C16C18(17)

372 3.87 2.73 366 2.29 3.11 – 378 366 dCCCI(31)
dCCCII(30)

347 2.83 4.40 336 1.68 5.22 – 347 – sRingIII(20)
cRingIII(13)
cCN(11)
cCC16(10)
sCCCCII(12)

315 0.56 2.70 318 0.62 2.06 – 323 – dCCCII(33)
dC20C16C18(13)
dC19C16C18(13)

309 0.63 0.93 296 1.07 2.33 – 290 – dC20C16C18(19)
dC19C16C18(19)
dRingIII(15)

(continued on next page)
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Table 2 (continued)

HF/6-31G⁄ B3LYP/6-31G⁄ IR Raman SERS Assignmentsa

t(cm�1) IIR RA t(cm�1) IIR RA t(cm�1) t(cm�1) t(cm�1)

280 0.46 1.12 274 0.15 1.26 – 260 – sCCCCII(39)
sRingIII(16)
cCN(11)

246 7.47 1.27 243 4.18 0.94 – – – dCN(28)
dC20C16C18(22)
dC19C16C18(22)
dRingIII(14)

191 6.31 1.51 189 3.97 2.09 – 185 – sCCCCI(12)
dCH2(12)
dC15C18C16(12)
sCCCCII(11)

155 3.29 0.44 157 2.90 0.62 – 164 – dCN(40)
dRingIII(23)

130 2.36 0.43 125 1.51 0.37 – 124 – sCCCCII(64)
86 0.60 0.51 86 0.58 0.44 – 100 – sRingIII(30)

cCN(31)
sCCCCII(25)

52 0.10 0.24 61 0.09 0.21 – – – sNO2(81)
15 0.22 6.44 27 0.19 7.38 – – – cRingIII(35)

dCH2(28)
dC15C18C16(28)

20 0.53 5.49 22 0.12 9.60 – – – sCH2(20)
sRingIII(80)

27 0.13 10.17 11 0.34 8.69 – – – sRingIII(84)

t-stretching; d-in-plane deformation; c-out-of-plane deformation; s-twisting; PhI-para substituted phenyl ring; PhII-ortho substituted phenyl ring; RingIII- benzoxazole
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CH bond lengths in rings I and II lie respectively between
1.0829–1.0856 Å and 1.0803–1.0825 Å. Here for the title com-
pound, benzene is a regular hexagon with bond lengths some-
where in between the normal values for a single (1.54 Å) and
a double (1.33 Å) bond [52].

Purkayastha and Chattopadhyay [53] reported N14@C15, N14AC3

bond lengths as 1.3270, 1.400 Å for benzothiazole and 1.3503,
1.407 Å for benzimidazole compounds. Ambujakshan et al. has re-
ported the same as 1.2753 and 1.3892 Å [36]. In the present case,
the respective bond lengths are 1.3081 and 1.4113 Å. In our previ-
ous work [35], the corresponding values are obtained as 1.2700
and 1.3827 Å. The bond lengths CAF is reported as 1.3242 [35],
1.3267 Å [34] and in the present case as 1.3915 Å. Theoretical cal-
culations give shortening of the angles C1AC6AC10 and C5AC6AC10

by 1.5� and 2.1� from 120� at C6 position respectively and
C6AN10AO11 and C6AN10AO12 by 2� and 1.8� from 120� at N10 po-
sition respectively.

The highly electronegative fluorine atom tries to obtain addi-
tional electron density and it attempts to draw electrons from
the neighboring atoms. The neighboring H atoms move closer to
F in order to share the electrons more easily. This resulted in an in-
crease of C21AC25AC23 angle by 2.5�. This has been reported as
122.5� [35] and 122.4� [34] and the values are in good agreement
with the present value.

The benzoxazole moiety is nearly planar with respect to the
phenyl ring II which is evident from the torsion angles
C6AC5AC4AO13 =�179.8�, C5AC4AO13AC15 = 179.7�, C1AC2AC3AN14

= 179.8� and C2AC3AN14AC15 = �179.8� whereas tilted from ring I
which is evident from the torsion angles C18AC16AC15AO13 = �77.5�
and C18AC16AC15AN14 = 100.1�. At C4, C5AC4AO13 is increased by
8.7�, C3AC4AO13 is reduced by 12.6� and at C3 position, C4AC3AN14

is decreased by 11.1�, C2AC3AN14 is increased by 10.9� from 120�,
which shows the interaction between the benzoxazole moiety and
phenyl ring II. At C15, the bond angles O13AC15AC16, O13AC15AN14

and C14AC15AN16 are 117�, 113.8� and 129.1� respectively. The
asymmetry of these angles reveals the interaction between the
methylene moiety and O13.Nonlinear optics deals with the interac-
tion of applied electromagnetic fields in various materials to gener-
ate new electromagnetic fields, altered in wavenumber, phase, or
other physical properties [17]. Organic molecules able to manipu-
late photonic signals efficiently are of importance in technologies
such as optical communication, optical computing, and dynamic
image processing [18,19]. In this context, the dynamic first hyperpo-
larizability of the title compound is also calculated in the present
study. The first hyperpolarizability (b0) of this novel molecular sys-
tem is calculated using B3LYP method, based on the finite field ap-
proach. 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 components of the 3D matrix can be reduced to 10 compo-
nents due to the Kleinman symmetry [54]. 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

E ¼ E0 �
X

i

liF
i � 1

2

X
ij

aijF
iFj � 1

6

X
ijk

bijkFiFjFk � 1
24

�
X
ijkl

cijklF
iFjFkFl þ . . .

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 hyperpolarizabilities, and second hyperpolar-
izibilites, respectively. The calculated first hyperpolarizability of the
title compound is 17.7 � 10�30 esu, which comparable with the re-
ported values of similar derivatives [55] and which is 136.15 times
that of the standard NLO material urea (0.13 � 10�30 esu) [56]. We
conclude that the title compound is an attractive object for future
studies of nonlinear optical properties.

In order to investigate the performance, root mean square
(RMS) value between calculated and observed wavenumbers were
calculated. RMS values of the wavenumbers were evaluated using

the following expression [57]. RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n�1

Pn
i ðtcalc

i � texp
i Þ

2
q

. The

RMS error of the observed Raman and IR bands are found to be
27.35, 28.34 for HF and 10.70, 12.90 for B3LYP methods, respec-
tively. The small differences between experimental and calculated
vibrational modes are observed. This is due to the fact that
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experimental results belong to solid phase and theoretical calcula-
tions belong to gaseous phase.

4.3. SERS spectrum

The relative intensities of the bands from the SERS spectra are
expected to differ significantly from those of normal Raman spec-
trum owing to specific selection rules [58]. Surface selection rules
suggest that, for a molecule adsorbed flat on the silver surface, its
out-of-plane bending modes will be more enhanced when com-
pared to its in-plane bending modes, and vice versa when it is ad-
sorbed perpendicular to the silver surface [59]. It is further seen
that vibrations involving atoms that are closer to the silver surface
will be more enhanced. In the present study, the CH2 stretching
modes attached to the phenyl ring PhI appear at 2986 and
2933 cm�1 in the SERS spectrum. It should be related to the close-
ness of the CH2 group to the metal surface. This is justifiable be-
cause the modes in groups directly interacting with the metal
surface will be prominent in the SERS spectrum and undergo a
wavenumber shift [60]. Further the CH2 bands at 1452, 752 cm�1

and C15AC16 stretching mode at 878 cm�1 are also observed in
the SERS spectrum thereby supporting the above argument. Bun-
ding et al. [61] noticed a significant shift and broadening of the
methyl modes in the SERS spectrum in the case of 2-methylpyri-
dine. They explained this in terms of the interaction of the methyl
group and the metal surface. In the case of the SERS spectrum of b-
hydroxyl-b-methylbutanoic acid, the bands corresponding to CH2

and CH3 modes at 1447, 880, 725 and 692 cm�1 suggest that these
moieties assist the molecule to bind to the silver surface [62]. In
the SERS study of (RS)-phenylsuccinic acid, the CH2 stretching
mode is observed at 2920 cm�1 and downshifted from the normal
Raman spectrum by 24 cm�1 [63]. For, L-histidine the CH2 stretch-
ing mode is downshifted from 2968 to 2933 cm�1 in the SERS spec-
trum in silver colloid [64]. For 2-phenoxymethylbenzothiazole, the
tasCH2 mode was reported at 2953 cm�1 in the SERS spectrum
which indicated the closeness of CH2 group with metal surface
and interaction of the silver surface with phenoxy group [65].

For the title compound the symmetric stretching mode of NO2

seen at 1367 cm�1 in the normal Raman spectrum is observed at
1343 cm�1 in the SERS spectrum. The downshift of NO2 may be
due to the charge transfer from the oxygen atoms of the nitro group
to the metal [66–68]. According to surface selection rule, the vibra-
tions involving atoms that are close to the metal surface will be en-
hanced [58,59]. Interaction through the NO2 group was also
supported by the presence of modes at 675, 522 and 435 cm�1. For
2-amino-5-nitropyrimidine [66] the symmetric NO2 stretching
mode corresponds to the most intense band, which appears broad
and significantly downshifted from 1344 cm�1 (Raman) to 1326
cm�1 (SERS), suggesting a binding to silver surface through the lone
pairs of oxygen atom. Carasco et al. [67] observed NO2 stretching
band in the SERS spectrum at around 1500 cm�1 with medium
intensity which demonstrates the importance of nitro group in re-
gard to the interaction with the metal. Further, they observed the
enhancement of phenyl ring modes revealing that the molecule is
oriented perpendicular to the metal surface where as the changes
that occur in the nitro group indicates 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 substituent site. Also
Gao and Weaver [68] observed broadening and downshift of the cor-
responding band of nitrobenzene, adsorbed on gold via nitro group.

The CH stretching vibrations of the benzene ring, in the region
3000–3100 cm�1 has been shown to be an unambiguous probe in
the determination of surface orientation of substituted aromatics
[69]. Since CH stretching modes do not mix significantly with other
vibrational modes of the aromatic ring, their SERS intensities are
known to provide the most specific evidence of the orientation of
the adsorbate with respect to the surface [70]. The presence or
absence of the benzene ring CH stretching vibration is a reliable
probe for the perpendicular or parallel orientation, respectively,
of the benzene ring with respect to the surface [71,72]. Hence, in
the present case the complete absence of the CH stretching bands
in the SERS spectrum means that the adsorbed molecule may lie
flat on the metal surface. With a flat orientation, the benzene rings
may also interact with the metal surface directly.

For the phenyl ring I, the tPh modes are observed in the SERS
spectrum at 1567, 1217 and 831 cm�1 without any significant shift
from the normal Raman values. Also the in-plane and out-of-plane
CH modes of the ring PhI are observed at 1003 and 940 cm�1 in the
SERS spectrum. For the phenyl ring PhII, the ring stretching modes
are observed in the SERS spectrum at 1624, 1044 cm�1. For the ring
PhII, the ring breathing mode is observed at 1057 cm�1 in the nor-
mal Raman spectrum and this band is redshifted by 13 cm�1 in the
SERS spectrum with significant band broadening. It has been doc-
umented in literature [73], that when a benzene ring moiety inter-
acts directly with a metal surface, the ring breathing mode is red
shifted by 10 cm�1 along with substantial band broadening in the
SERS spectrum. In the present case no such shift was observed
for phenyl ring PhI, but in the case of PhII, such a shift was ob-
served, which shows the direct interaction of the benzene ring
Ph II and the metal surface. The in-plane CH bending modes of phe-
nyl ring PhII are observed at 1286, 1124 and 1078 cm�1 in the SERS
spectrum. It may be inferred that the phenyl ring PhI is more tilted
from the metal surface due to the presence of in-plane and out-of-
plane CH bending modes, in-plane ring deformation bands at 607
and 498 cm�1. But for the phenyl ring PhII, out-of-plane CH bands
are absent in the SERS spectrum, while the in-plane CH bending
modes and in-plane ring deformations bands (556, 435 cm�1) are
present in the SERS spectrum, which suggest a nearly perpendicu-
lar orientation with respect to the metal surface.

5. Conclusion

The FT-Raman and FT-IR spectra of 2-(p-Fluorobenzyl)-6-nitro-
benzoxazole were recorded and analyzed. The surface enhanced Ra-
man scattering (SERS) spectrum was recorded in a silver colloid.
The molecular geometry and wavenumbers were calculated
theoretically using Gaussian03 software package. The observed
wavenumbers were found to be in agreement with calculated
(B3LYP) values. Optimized geometrical parameters of the title com-
pound are in agreement with the reported values. From a compar-
ison of SERS and normal Raman spectra, it can be deduced that the
title compound is adsorbed on the metal surface and that it inter-
acts with the silver sol via CH2 and NO2 groups. The SERS study re-
veals a tilted orientation for the para substituted phenyl ring and a
nearly perpendicular orientation for the tri-substituted phenyl ring
with respect to the metal surface. The predicted infrared intensities,
Raman activities and first hyperpolarizability values are reported.
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