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Resonance Raman (RR) and surface-enhanced resonance Raman scattering (SERRS) of 4′-(N,N′-dimethyl-
aminostyryl)-4-propylpyridinium bromide (hemicyanine, HC dye) in acetonitrile solution and on a colloidal
silver surface have been investigated. The structure of the dye in the ground (S0) and excited (S1) electronic
states was optimized using density functional calculations along with the B3LYP and the configuration
interaction with the singlet excitation (CIS) methods, respectively, using the 6-31G* basis set. The vibrational
frequencies of the molecule were computed at the optimized geometry and compared with the observed Raman
bands. A complete normal-mode analysis has been carried out because it is essential for the accurate assignment
of the vibrational spectra. From the observed enhancement along various in-plane and out-of-plane vibrations
in the SERRS spectrum and from theoretical calculations, it has been inferred that the interaction with the
silver surface occurs via the nitrogen lone pair of the pyridyl or the dimethylamino group of the molecule
with a tilted orientation. The observed red-shifts in the SERRS spectrum along various vibrations indicate
strong interaction (chemisorption) of the HC dye with the silver surface. This is also supported by the presence
of a Ag-N stretching vibration at 241 cm-1. The effect of the dye concentration on the orientation of the
molecule is also discussed.

1. Introduction

Resonance Raman (RR) spectroscopy is a powerful technique
for extracting valuable information regarding the changes
associated with the nuclear motion of a molecule following
electronic excitation.1-6 The RR frequencies reflect the geometry
of the molecule in the ground electronic state. Under prereso-
nance or resonance conditions, the Raman bands gain intensity
and, thus, reflect the excited-state geometry change upon
electronic excitation. Often during the study of RR in solution,
due to the high fluorescence quantum yield of the system under
investigation, the weak Raman signals are completely masked
by the fluorescence background and, hence, do not give
meaningful information. Under these conditions, the technique
of choice is surface-enhanced Raman scattering7-9 (SERS),
where due to adsorption of the molecule onto the metal surface,
the fluorescence background is reduced followed by the
enhancement of Raman intensities. SERS has become an
increasingly popular technique not only for studying the
molecules or ions at trace concentrations but also in estimating
their possible orientations on the metal surfaces.10-15 An
important aspect of SERS is its potential for probing the
interaction between various adsorbates and metallic surfaces.
The application of “surface selection rules”16 helps in providing
information on the sites of binding and the molecular orientation
on the metal surface.

Surface-enhanced resonance Raman spectroscopy17 (SERRS),
which is a combination of SERS and RRS, has major advantages
over the latter techniques; namely, it can be used to study wide
concentration ranges, and the detection limit is orders of
magnitude below monolayer coverage; i.e., its sensitivity is
comparable to or better than that of fluorescence. The SERRS
technique also has the advantage of overcoming the problem
of fluorescence in solution, in addition to providing vibrational
information on the adsorbate. It is also possible to obtain
electronic information through the excitation profiles obtained
from SERRS.

Hemicyanine (HC) dyes are characterized by the presence
of two nitrogen atoms, one of which is positively charged and
acts as an electron acceptor and the other with a lone pair of
electrons that acts as a donor. HC dyes thus exhibit solvent-
dependent emission properties and have been widely used as
fluorescent probes in biochemistry and biophysics.18-21 These
dyes also undergo intramolecular charge transfer, have large
first-order hyperpolarizability (â),22-24 and are useful in the
study of nonlinear optical devices25 and molecular electronics.26

These dyes have also been widely used in industries as spectral
sensitizers for silver-halide photography in optical disks as
recording media, as photorefractive materials, in laser devices,
as antitumor reagents, and as molecular aggregates.27 Absorp-
tion, RR1 spectra, and fluorescence lifetimes of 4′-(N,N′-
dimethylaminostyryl)-4-alkylpyridinium) salts of varying alkyl
chain lengths28 and their aggregates29 have been measured in
different organic solvents. A detailed vibrational assignment of
the 4′-(N,N′-dimethylaminostyryl)-4-propylpyridinium bromide
and its structural characterization is not available in the literature.
Moreover, in the reports on SERS of methyl pyridinium salt30
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and then-docosyl homologue of HC31 as well as Langmuir-
Blodgett films deposited on a copper surface, the assignments
of various normal modes are found to be in disagreement with
the present investigation.

In this article, we report the RR and SERRS spectra of HC
{4′-(N,N′-dimethylaminostyryl)-4-propylpyridinium bromide} in
acetonitrile solution and on a colloidal silver surface. HC
represents a donor-acceptor system that can exist in a resonance
balance between benzenoid and quinonoid forms, as shown in
Scheme 1. The aim of the present study is as follows: (1) to
elucidate the detailed structural and vibrational characteristics
of HC using electronic absorption, RRS, and SERRS techniques;
(2) to assign the observed Raman vibrations using the calculated
vibrational frequencies; (3) to probe the interaction/orientation
of HC on the silver surface as seen from the enhancement and
shifts in the SERRS spectra and from theoretical calculations;
and (4) to study the effect of HC concentration on the SERRS
spectra.

2. Experimental Section

4′-(N,N′-dimethylaminostyryl)-4-propylpyridinium bromide
(HC) was prepared by the reaction ofn-propylbromide with
γ-picoline followed by Knoevenagel condensation with dimeth-
ylaminobenzaldehyde following a method reported in the
literature.32,33 Acetonitrile, used for the Raman measurements,
was bought from SISCO Research Laboratories, India, and was
used without further purification. The UV-visible absorption
spectra were recorded using a Chemito UV2600 spectropho-
tometer. For the RR measurements, the samples of HC in
acetonitrile were taken in a capillary tube and were excited using
457.9, 476.5, 488, and 514.5 nm lines of a Coherent Ar+ laser,
and the laser powers used were 50, 60, 100, and 90 mW,
respectively. The Raman scattered light was collected at 90°
using a SPEX Ramalog double monochromator (model 1401).
The spectrometer was operated in the photon-counting mode,
and a PC-based system was used for data acquisition and
monochromator control. For SERRS, colloidal silver sol was
prepared by the reduction of silver nitrate with sodium boro-
hydride using the method of Creighton et al.34 The size of the
silver particles in the colloid was determined to be 15-20 nm
using TEM studies.35 Water purified by a Millipore system was
used for the preparation of silver sol. The SERRS measurements
were carried out at pH≈ 9 using the 514.5 nm line of a Coherent
Ar+ laser. The laser power at the sample was 90 mW at 514.5
nm. The Raman scattered light was collected similar to that
mentioned above for the RR measurements. For the RR and
SERRS measurements, a defocused beam was used to impair
thermal effects. The RR and SERRS signals were found to be
linear with an incident laser power of 30-90 mW. Each
measurement was repeated several times to ensure reproduc-
ibility. Moreover, the absorption spectra of the irradiated sample

were also checked to ensure that no photodegradation or
photoproducts were formed during irradiation with the laser
beam.

3. Computational Details

To get an insight into the experimental results, the structure
of HC in its ground (S0) and excited (S1) electronic states was
computed using the density functional theoretical (DFT) and
the configuration interaction with singlet excitation (CIS)
methods with Gaussian 98 program package.36 The DFT
calculations were carried out with Becke’s three-parameter
hybrid method using the Lee-Yang-Parr correlation functional
(abbreviated as B3LYP37). The 6-31G* Pople split-valence
polarization basis set was used for the geometry optimization.
This basis set is sufficiently complete to permit a good
description of the wave function and has been known to work
reasonably well for large polyatomic systems.38,39For the HC-
Ag complex, the LANL2DZ basis set was used. No symmetry
restriction was applied during geometry optimization. The
vibrational frequencies were computed at the optimized geom-
etry to ensure that no imaginary frequencies were obtained
confirming that it corresponds to a local minimum on the
potential-energy surface and not to a saddle point.

4. Results and Discussion

4.1. UV-Vis Absorption Spectra.The UV-vis absorption
spectra of HC in acetonitrile and in 10% acetonitrile in water
are shown in Figure 1A (a and b, respectively). The absorption
band of HC, which is attributed to the charge-transfer transition,
shows a maxima at 471 and 461 nm in acetonitrile and 10%
acetonitrile in water, respectively. HC, in its ground electronic
state, is known to exist in a trans configuration around the central
CdC bond. In the ground (S0) state, it has a positive charge
centered on the pyridyl ring, whereas in the excited (S1) state,
the charges are more evenly distributed.40 With the excited state
of HC being less polar in nature as compared to the ground
state, the absorption maxima shifts to the blue with an increase
in solvent polarity. HC thus exists in a resonance balance
between the benzenoid and quinonoid forms, as shown in
Scheme 1. In the ground state, the benzenoid form dominates,

SCHEME 1

Figure 1. (A) UV-vis absorption spectra of (a) HC in acetonitrile
and (b) HC in 10% acetonitrile in water. (B) UV-vis absorption
spectrum of (a) pure silver hydrosol, and with added HC at (b) 8×
10-6, (c) 1.0× 10-5, (d) 1.3× 10-5, (e) 1.6× 10-5, and (f) 2.4×
10-5 M.
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whereas the quinonoid form dominates in the excited state. The
electronic excitation from the ground to the excited state, which
involves a change from the benzenoid to the quinonoid form,
is thus expected to be accompanied by significant changes in
the central CdC bond and the pyridyl and aniline rings
connected to the central CdC bond.

4.2. Resonance Raman (RR) Spectra.The Raman spectrum
of the HC dye in acetonitrile (2× 10-4 M) in resonance with
the lowest energy-absorption spectrum recorded at 457.9-nm
excitation is shown in Figure 2a. In Figure 2b is shown the
Raman spectrum of the solvent acetonitrile. A comparison of
the two spectra shows that apart from the acetonitrile peaks
appearing at 381, 922, 1374, and 1452 cm-1, two strong peaks
were observed for HC at 1167 and 1586 cm-1. Weak peaks of
HC were also observed at 887, 1212, 1331, 1375, 1441, 1548,
1622, and 1648 cm-1. The experimentally observed vibrations
are tabulated in Table 1. The observed frequencies are assigned
on the basis of the normal modes obtained from DFT calcula-
tions.

In Figure 3a-c, the RR spectra of HC are shown as a function
of the excitation wavelength, viz. 457.9, 476.5, and 488 nm.
All of the Raman spectra were normalized with respect to the
solvent band observed at 922 cm-1. From the figure, it is
observed that at the excitation wavelengths, 457.9, 476.5, and
488 nm (these wavelengths are in resonance with the absorption
band corresponding to the charge-transfer transition) along with
an increase in the fluorescence background, the vibrations
corresponding to 1167 and 1586 cm-1 show maximum intensity
and, hence, must be coupled to the charge-transfer transition.
The RR spectrum recorded using 514.5-nm excitation is not
shown due to the huge fluorescence background. Due to the
interference from the fluorescence background, absolute RR
intensity analysis could not be carried out. The experimentally
observed frequencies are assigned on the basis of the computed
vibrations, as shown below.

4.3. Computational Results.The trans conformer of HC in
the ground (S0) and excited (S1) electronic states were optimized
using DFT (B3LYP/6-31G*) and CIS/6-31G* methods. The
ground-state geometry oftrans-HC, optimized at the B3LYP/

6-31G* level, is shown in Figure 4 along with the atom
numbering. To have a better understanding of the structure of
the molecule, the bond lengths of theS0 andS1 electronic states
are included in Table 2. It is seen from the table that C2C1 has
a bond length of 1.375 (1.393) Å whereas C3C1 and C4C2 have
bond lengths of 1.428 (1.412) and 1.426 (1.411) Å in theS0

and (S1) electronic states, respectively. The pyridyl and aniline
rings also have varying bond lengths. Thus, HC exists in the
benzenoid form in its ground electronic state and shifts toward
the quinonoid form in its excited electronic state.

The B3LYP vibrational frequencies with the 6-31G* basis
set for HC in vacuum were slightly overestimated and were
scaled by a factor of 0.97 to get a better agreement with the
experimental frequencies. For a one-to-one correspondence of
the calculated vibrations with the observed RR frequencies, the
calculated Raman intensities were also taken into account. For
the sake of comparison, we have also included the IR and Raman
data obtained from the literature for the hemicyanine dye (methyl
pyridinium iodide1) in solid KBr. The most intense Raman bands
observed in the RR spectra at 1586 and 1167 cm-1 have been
assigned to ethylene C2C1 and C34N33 stretching vibrations,
respectively. The former Raman band has contributions from
the aniline ring CC stretch, C3C1 stretch, and ethylene HCC
in-plane (ip) bend, and the latter band is in combination with
the pyridyl ring CC stretch and the pyridyl HCC ip bend. Thus,
on resonance excitation to the lowest energy state, the HC
molecule undergoes maximum displacement along the C2C1,
C34N33, C3C1, aniline, and pyridyl ring coordinates. The weak
band observed in the RR spectra at 887 cm-1 is assigned to the
pyridyl ring-breathing mode in combination with the ethylene
CCC ip bend and aniline ring deformation. This assignment is
in disagreement with that reported previously in the literature
(methyl pyridinium iodide1,30 and n-docosyl homologue of
hemicyanine31). The previous reports have assigned this mode
to the ethylene H out-of-plane (oop) bend. In Figure 5a we have
shown the normal-mode displacement picture for the 887 cm-1

vibration, which clearly is in agreement with our assignment.
The other weak modes are observed at 1212, 1331, 1375, 1441,
1548, 1622, and 1648 cm-1. Of these vibrations, the 1212 and
1331 cm-1 modes are assigned to pyridyl ring HCC ip bends.
The 1375, 1441, 1548, 1622, and 1648 cm-1 modes are assigned
to a HC34N33 ip bend, HCN14 methyl bend, C13N14 stretch,
aniline ring (CC) stretch, and pyridyl ring (CC) stretch,
respectively. The normal-mode displacements of 1167, 1586,
and 1648 cm-1 vibrations are also included in Figure 5b-d.

The silver complex of thetrans-HC conformer was optimized
using B3LYP with the LANL2DZ basis set. Two possible
conformers were obtained. In conformer I, Ag is in proximity
to the pyridinium moiety, whereas in conformer II, it is close
to the dimethylamino group, as shown in Figure 6a,b. Conformer
I is found to be slightly more stable (∼138 cm-1) with respect
to conformer II. The schematic model for the adsorption of
trans-HC on the silver surface (Figure 6) will be discussed later
in the section of SERRS. For both conformers of the HC-Ag
complex, the vibrational frequencies were computed at the
optimized geometry to ensure that no imaginary frequencies
were obtained. The calculated frequencies for both of the
conformers were within a few wavenumbers and were scaled
by a factor of 0.97 to have a good agreement with the observed
SERRS vibrations. The calculated frequencies for conformer I
of the HC-Ag complex are included in Table 1.

4.4. UV-Vis Absorption Spectra in Colloidal Silver. The
UV-visible absorption spectrum of colloidal silver sol (solid
squares) is shown in Figure 1B (a). The silver sol shows a single

Figure 2. (a) RR spectrum of HC in acetonitrile at excitation
wavelength 457.9 nm; (b) normal Raman spectrum of acetonitrile at
457.9 nm; (c) SERR spectrum of HC adsorbed on silver hydrosol at
514.5 nm. (Inset) Ag-N stretching vibration at 241 cm-1.
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sharp peak with maximum at 377 nm, which is due to the surface
plasmon absorption band. The absorption spectra of the hemi-
cyanine dye at various concentrations in the sol (8× 10-6,
1.0 × 10-5, 1.3 × 10-5, 1.6 × 10-5, and 2.4× 10-5 M) are
also shown in Figure 1B (b-f). It is observed that with the

addition of the HC dye to the silver sol, the absorption spectrum
becomes very broad with a decrease in the absorbance of the
surface plasmon band, which is also shifted toward 398 nm
(attributed to aggregated silver nanoparticles) and the appearance
of a new band around 480-500 nm that is ascribed to the
metal-molecule charge-transfer interaction At higher concen-
trations of the HC dye [Figure 1B (e,f)], the absorption spectrum
shows some amount of free HC molecules remaining in solution,
which is evident from the increase in its corresponding peak
intensity (around 460 nm).

4.5. Surface-Enhanced Resonance Raman Scattering
(SERRS).The SERRS spectrum of HC (1.6× 10-5 M) in silver
hydrosol, measured using 514.5 nm excitation in the region of
200-1700 cm-1, is shown in Figure 2c. A comparison of the
SERRS spectrum with the RR spectrum shows a relative
enhancement of various ip bending and stretching vibrations
and a few oop bending vibrations in the region of 400-1700
cm-1. The vibrations observed in the SERRS spectrum are
included in Table 1. Similar to the RRS, the most intense bands
in the SERRS appear at 1161 and 1578 cm-1, but these are
red-shifted by 6-8 cm-1. Other Raman bands, which were
observed to be of weak intensity in the RRS, gain moderate
intensity in the SERRS spectrum viz. 883, 1206, 1327, 1370,
1434, 1543, 1617, and 1640 cm-1 modes. In addition to these

TABLE 1: Assignment of IR, Normal Raman, RR, SERRS, and Calculated Vibrations of HC and HC-Ag Complex
(Conformer I) in cm -1 a

IRb Ramanb RRc SERRSc calcdd calcde approximate assignments

1643 m 1641 m 1648 w 1640 s 1656 1642 V(CC)py + δ(HCC)py

1613 m 1622 w 1617 s 1633 1627 V(CC)ani+ δ(HCC)ani + V(C2C1)
1580 s 1575 s 1586 s 1578 s 1574 1569 V(C2C1) + V(CC)ani+ δ(HCC)eth + V(C3C1)
1544 w 1541 w 1548 w 1543 m 1540 1534 V(C13N14) + V(CC)ani+ δ(HCC)ani

1508 m 1510 w 1507 w 1513 1506 δ(HCC)py + V(CC)py

1466 m 1467 w 1466 m 1461 1471 V(CC)ani + δ(HCC)ani

1447 w 1441 w 1434 w 1428 1454 δ(HCN14)me

1372 m 1363 m 1375 m 1370 m 1358 1384 δ(HC34N33) + δ(HCC)pr

1331 w 1328 w 1331 m 1327 m 1317 1323 δ(HCC)py + V(CethCPh) + V(CC)py
1304 m 1303 m 1303 m 1298 1296 δ(HCC)eth + V(C2C1)
1225 m 1219 m 1212 m 1206 m 1208 1218 δ(HCC)py + V(CC)py + δ(HCC)eth

1177 s 1176 s 1167 s 1161 s 1160 1156 V(C34N33) + V(py) + δ(HCC)py

1040 m 1039 w 1049 w 1027 1022 V(CC)me + δ(HCC)py

975 m 976 w 970 w 933 924 V(CmeN14) + V(CC)ani

871 m 880 s 887 w 883 m 869 865 V(CC)py + δ(CCethCeth) + V(CC)ani

851 w 846 w 848 m 819 836 γ(CH)ani + γ(CH)py + γ(CH)eth

728 w 738 m 728 723 V(CmeN14) + τ(C35C34) + V(CC)ani+ V(C34N33)
572 w 570 m 585 w 574 574 δ(CCethCeth) + δ(C35C34N33) + τ(C34C35)
536 m 545 w 532 540 γ(C-H)me + τ(C34N33) + τ(C4C2)
500 w 500 m 501 w 497 500 δ(CN14C13) + δ(CaniCaniCeth) + δ(CpyCpyCeth) + δ(CCethCeth)

458 m 459 w 453 453 δ(CpyCpyCeth) + δ(CmeN14C13) + τ(CmeN14) + τ(C34N33)
241 sh 260 V(Ag-N)

a Abbreviations used: eth: ethylene; py: pyridyl ring; ani: aniline ring; pr: propyl group, me: methyl group. s: strong, m: medium, w: weak;
sh: shoulder.b Methyl pyridinium iodide in solid KBr.1 c Present work.d B3LYP/6-31G* calculated frequencies for HC in vacuum scaled by a
factor of 0.97.e B3LYP/LANL2DZ calculated frequencies for HC-Ag complex scaled by a factor of 0.97.

Figure 3. RR spectrum of HC in acetonitrile at excitation wavelengths
(a) 457.9, (b) 476.5, and (c) 488 nm.

Figure 4. Trans-conformer of 4′-(N,N′-dimethylaminostyryl)-4-pro-
pylpyridinium bromide (HC) optimized at the B3LYP/6-31G* level
along with the atom numbering.

TABLE 2: Optimized Bond Lengths (Å) of HC in the
Ground (S0) and Excited (S1) Electronic States

bond lengths
B3LYP
6-31G*

CIS
6-31G* bond lengths

B3LYP
6-31G*

CIS
6-31G*

C2C1 1.375 1.393 C13C9 1.428 1.427
C3C1 1.428 1.412 C13C11 1.425 1.430
C4C2 1.426 1.411 C10N33 1.364 1.354
C5C3 1.418 1.428 C12N33 1.364 1.362
C6C4 1.426 1.427 C13N14 1.361 1.342
C7C3 1.420 1.429 C15N14 1.462 1.457
C8C4 1.426 1.431 C16N14 1.462 1.457
C9C7 1.375 1.359 C34N33 1.484 1.471
C10C8 1.370 1.354 C35C34 1.534 1.530
C11C5 1.377 1.357 C36C35 1.531 1.528
C12C6 1.370 1.352
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modes, a few weak bands, which are not observed in RRS, are
observed in the SERRS spectrum, viz. 459, 501, 545, 585, 738,
848, 970, 1049, 1303, 1466, and 1507 cm-1. All of these
vibrations are in reasonable agreement with the IR and Raman

data of methyl pyridinium iodide in the solid state and with the
calculated vibrations of the HC-Ag complex. In the SERRS
spectrum of HC, in addition to the relative enhancement of
intensities of various vibrations in the region of 400-1700 cm-1,
the fluorescence background is also quenched due to the binding
of the HC molecule with the silver surface.

The SERRS spectrum of hemicyanine, as shown in Figure
2c, is characterized by the presence of intense bands at 1161
and 1578 cm-1, assigned to the C34N33 + pyridyl ring (CC)
and C2C1 + aniline ring (CC) stretching vibrations, respectively.
Many other ip Raman bands with moderate intensities are
observed. The bands at 459, 545, 585, and 848 cm-1, which
arise from the oop deformations of the aromatic rings, are also
observed. Of these modes, the 848 cm-1 band is assigned to
the CH oop deformation of the aniline ring, pyridyl ring, and
ethylene. In addition, a shoulder at 241 cm-1 (Figure 2c, inset)
is observed, which is attributed to the Ag-N stretching
vibration. This indicates that the adsorption of HC on the silver
surface occurs via the nonbonding electrons of the nitrogen atom
in the pyridyl ring or the aniline ring. HC, with its two nitrogen
atoms (N14 and N33), can be chemisorbed on to the silver surface
via either of the N atoms or both can be involved in binding.
To find out the most probable active site, the Mulliken charge
densities on each atom were calculated from the B3LYP method
using the 6-31G* basis set. The Mulliken charge densities, with
hydrogens summed into heavy atoms, show that at the optimized
geometry, the negative charge density on N14 and N33 atoms
are-0.4659 and-0.3843, respectively. Thus, it is possible that
the adsorption on the silver surface occurs through the nitrogen
atom of the dimethylamino group or the pyridyl group. This is
supported by the B3LYP/LANL2DZ calculations carried out
for the trans-HC-Ag complex. The theoretical results show
two stable conformers, I and II (Figure 6 a,b). In conformer I,
the silver atom interacts with the pyridinium moiety, whereas
in conformer II, the silver interacts with the dimethylamino
group. However, the calculated results show that conformer I
is slightly more favorable in energy as compared to conformer
II. Because, the energy difference between the two conformers
is quite low (138 cm-1), it is expected that on the silver surface,
both of the conformers exist.

The orientation of the adsorbate on the metal surface usually
depends on the active sites of the molecule through which the
interaction takes place and can be estimated from the enhance-
ment of the relevant Raman bands according to the electro-
magnetic surface-selection rules. These surface-selection rules
are known to be applicable under off-resonance conditions but
can also be extended to preresonance and resonance condi-
tions.13,41Although, under resonance conditions, there could be
interference from the resonance-enhancement effect that could
override the surface-selection rules. However, in the present
study, to investigate the effect of the orientation and interaction
of HC with the silver surface, the SERRS spectrum is compared
to the RR spectrum instead of the normal Raman spectrum. This
is expected to take the resonance-enhancement effect into
consideration and, hence, would not interfere with the surface-
selection rules. It is known from the surface-selection rules that
any vibrational mode with its normal-mode component perpen-
dicular to the metal surface is likely to show enhancement as
compared to the parallel component. In cases where oop modes
are also observed along with the enhanced ip vibrations, the
molecule assumes a slightly tilted orientation with respect to
the metal surface.13,15,42As mentioned earlier, the SERRS spectra
of HC shows enhancement along various ip and oop stretching
and bending vibrations. Thus, HC is bound to the metal surface

Figure 5. Normal-mode displacements of (a) 887, (b) 1167, (c) 1586,
and (d) 1648 cm-1 vibrations.

Figure 6. Schematic model of HC adsorbed on the silver surface (a)
bound through the pyridyl ring and (b) bound via the dimethylamino
group.
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through the nitrogen atom of the pyridyl ring or the dimethyl-
amino group with the orientation being tilted with respect to
silver surface.

The enhancement in SERRS spectra of HC is accompanied
by a red-shift with no change in bandwidth along various Raman
vibrations. Usually the red-shift (∼10 cm-1), accompanied with
a substantial increase in the bandwidth, is observed in the case
of aromatic molecules that are adsorbed on the metal surface
via their π-systems.43 Hence, the red-shift of 5-8 cm-1,
observed in the SERRS spectra of HC along various vibrations,
viz. the 1578, 1167 cm-1 etc. with no change in bandwidth,
suggests chemisorption of the HC molecule over the silver
surface with a tilted orientation.

4.6. Effect of Concentration on the SERRS Spectra.In
the present study, we have investigated the effect of concentra-
tion of the hemicyanine dye adsorbed on the silver surface. The
SERRS spectra at different concentrations of HC, viz. 2.4×
10-5, 1.6× 10-5, 1.3× 10-5, 1.0× 10-5, and 8× 10-6 M in
the silver sol, are shown in Figure 7a-e. From the figure, it is
seen that maximum intensity enhancement is observed at a HC
concentration of 1.6× 10-5 M (Figure 7b). With a further
increase in HC concentration, it is observed that the intensities
of the Raman bands decrease (Figure 7a) with an increase in
the fluorescence background. It is also evident from Figure 7c-e
that with lowering in HC concentration, although the Raman
intensities decrease, the band at 1640 cm-1 shows relative
enhancement with respect to the 1578 cm-1 mode. The modes
at 1578 and 1640 cm-1 are assigned to the ethylene C2C1 +
aniline ring stretches and pyridyl ring stretch, respectively. At
a low concentration of HC, the Raman bands at 883 and 1161
cm-1, which are mainly due to the contributions from the pyridyl
ring stretch, tend to broaden out. This suggests that at a low
concentration of the HC dye, the pyridyl ring interacts more
effectively with the surface. This is possible only if the tilt angle
becomes so large that the molecule is almost lying flat on the
surface. This observation suggests that there is a change in the
orientation of the adsorbate with a decrease in the HC
concentration. This result corroborates the earlier observa-
tion.16,42,44The SERRS spectra shows that maximum enhance-
ment is observed when a monolayer of the adsorbed species is
formed on the surface, and with the formation of multilayers,
the SERRS signal decreases with an increase in the fluorescence

background. The monolayer of the HC dye is formed on the
silver surface at a concentration of∼1.6 × 10-5 M, thus
showing maximum enhancement in Raman intensities.

5. Conclusion

RR, SERRS, and theoretical (DFT calculations with B3LYP
functional and CIS method with 6-31G* and LANL2DZ basis
sets) studies have been investigated for the HC dye. The SERRS
spectrum is compared to the RR data and is assigned on the
basis of DFT calculations. The assignments for a few vibrational
modes, particularly 887 and 1167 cm-1, were found to be in
disagreement with those reported earlier for a similar hemicya-
nine dye (methylpyridinium iodide1). The SERRS study shows
the appearance of a shoulder at 241 cm-1 (Ag-N stretching
vibration) along with the enhancement of various in-plane and
a few out-of-plane vibrations. This suggests that the dye is
chemisorbed on the silver surface through the nitrogen atom of
the pyridyl or the dimethylamino group with a tilted orientation,
which is also supported by the theoretical results. The observed
red-shift of 4-8 cm-1 in the SERRS spectra along various
vibrations indicates a strong interaction of HC on the silver
surface. With the decrease in HC concentration, the SERRS
spectra show intensity variations followed by an increase in the
bandwidth of the pyridyl ring vibrations, which is attributed to
an increase in the tilt angle of the molecule assuming a nearly
flat orientation on the silver surface.
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