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Resonance Raman (RR) and surface-enhanced resonance Raman scattering (SERR&\ edithethyl-
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 gr&)rash@ excited &) 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. The effect of the dye concentration on the orientation of the
molecule is also discussed.

1. Introduction Surface-enhanced resonance Raman spectroSd&BRRS),
awhich is a combination of SERS and RRS, has major advantages
over the latter techniques; namely, it can be used to study wide

associated with the nuclear motion of a molecule following Cconcentration ranges, and the detection limit is orders of

electronic excitatiod-® The RR frequencies reflect the geometry Magnitude below monolayer coverage; i.e., its sensitivity is
of the molecule in the ground electronic state. Under prereso- COMparable to or better than that of fluorescence. The SERRS

nance or resonance conditions, the Raman bands gain intensity€chnique also has the advantage of overcoming the problem
and, thus, reflect the excited-state geometry change uponF’f quore;cence in solution, in addltlpn to prowdlr)g V|brat|ona]
electronic excitation. Often during the study of RR in solution, information on the adsorbate. It is also possible to obtain
due to the high fluorescence quantum yield of the system undere€lectronic information through the excitation profiles obtained
investigation, the weak Raman signals are completely maskedfrom SERRS.

by the fluorescence background and, hence, do not give Hemicyanine (HC) dyes are characterized by the presence
meaningful information. Under these conditions, the technique of two nitrogen atoms, one of which is positively charged and
of choice is surface-enhanced Raman scattérh¢SERS), acts as an electron acceptor and the other with a lone pair of
where due to adsorption of the molecule onto the metal surface,electrons that acts as a donor. HC dyes thus exhibit solvent-
the fluorescence background is reduced followed by the dependent emission properties and have been widely used as
enhancement of Raman intensities. SERS has become arfluorescent probes in biochemistry and biophydfc3! These
increasingly popular technique not only for studying the dyes also undergo intramolecular charge transfer, have large
molecules or ions at trace concentrations but also in estimatingfirst-order hyperpolarizability £),22-24 and are useful in the
their possible orientations on the metal surfafe®> An study of nonlinear optical devic®sand molecular electronic.
important aspect of SERS is its potential for probing the These dyes have also been widely used in industries as spectral
interaction between various adsorbates and metallic surfacessensitizers for silver-halide photography in optical disks as
The application of “surface selection ruléhelps in providing  recording media, as photorefractive materials, in laser devices,
information on the sites of blnd|ng and the molecular orientation as antitumor reagentS, and as molecular aggre@%orp_

on the metal surface. tion, RRL spectra, and fluorescence lifetimes of(M,N'-
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In this article, we report the RR and SERRS spectra of HC Wavelength / nm
{4'-(N,N'-dimethylaminostyryl)-4-propylpyridinium bromiglen Figure 1. (A) UV —vis absorption spectra of (a) HC in acetonitrile

acetonitrile solution and on a colloidal silver surface. HC and (b) HC in 10% acetonitrile in water. (B) UWis absorption
represents a donemcceptor system that can exist in a resonance il‘gﬁgf“(‘;;“lfg (Xa)lgr“{ e(j;lvf; r)\(y(ir(c;ss?l(,e?nl%v:thlggsz?] dH(% %t.dfbf 8
balance between benzenoid and quinonoid forms, as shown inj ;-5

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 calculate
vibrational frequencies; (3) to probe the interaction/orientation
of HC on the silver surface as seen from the enhancement an : :
shifts in the SERRS spectra and from theoretical calculations;dg' Computational Details
and (4) to study the effect of HC concentration on the SERRS  To get an insight into the experimental results, the structure

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

spectra. of HC in its ground &) and excited &) electronic states was
computed using the density functional theoretical (DFT) and
2. Experimental Section the configuration interaction with singlet excitation (CIS)

, L . . ) methods with Gaussian 98 program pack#gdhe DFT

4-(NN -d|methylam|nostyryl)-4?propylpyr|d|mum_ bro“?'de calculations were carried out with Becke’s three-parameter
(HC) was prepared by the reaction wipropylbromide with g method using the LeeYang—Parr correlation functional
y-picoline followed by Knoevenagel condensation with dimeth- (abbreviated as B3LY®). The 6-31G* Pople split-valence

ylaminob;rgaldehyc;e. following a method reported in the ,oarization basis set was used for the geometry optimization.
literature32:33 Acetonitrile, used for the Raman measurements, This basis set is sufficiently complete to permit a good

was bought from SISCO Research Laboratories, India, and Wasgegcription of the wave function and has been known to work

used without further purifiqation. The QM/isibIe absorption reasonably well for large polyatomic syste#82For the HG-
spectra were recorded using a Chemito UV2600 spectrophp-Ag complex, the LANL2DZ basis set was used. No symmetry
tometer. For the RR measurements, the samples of HC inyqgtriction was applied during geometry optimization. The
acetonitrile were taken in a caplllary tube and were excited using yiprational frequencies were computed at the optimized geom-
457.9, 476.5, 488, and 514.5 nm lines of a Coherentlaser, etry to ensure that no imaginary frequencies were obtained
and the laser powers used were 50, 60, 100, and 90 MW, confirming that it corresponds to a local minimum on the
respectively. The Raman scattered light was collected at 90 potential-energy surface and not to a saddle point.

using a SPEX Ramalog double monochromator (model 1401).

The spectrometer was operated in the photon-counting mode,4_ Results and Discussion

and a PC-based system was used for data acquisition and

monochromator control. For SERRS, colloidal silver sol was  4.1. UV—Vis Absorption Spectra. The UV—vis absorption
prepared by the reduction of silver nitrate with sodium boro- spectra of HC in acetonitrile and in 10% acetonitrile in water
hydride using the method of Creighton ef4llThe size of the are shown in Figure 1A (a and b, respectively). The absorption
silver particles in the colloid was determined to be-2® nm band of HC, which is attributed to the charge-transfer transition,
using TEM studies$® Water purified by a Millipore systemwas  shows a maxima at 471 and 461 nm in acetonitrile and 10%
used for the preparation of silver sol. The SERRS measurementsacetonitrile in water, respectively. HC, in its ground electronic
were carried out at pk 9 using the 514.5 nm line of a Coherent  state, is known to exist in a trans configuration around the central
Art laser. The laser power at the sample was 90 mW at 514.5C=C bond. In the ground%) state, it has a positive charge
nm. The Raman scattered light was collected similar to that centered on the pyridyl ring, whereas in the excitg( étate,
mentioned above for the RR measurements. For the RR andthe charges are more evenly distributé@Vith the excited state
SERRS measurements, a defocused beam was used to impaiwf HC being less polar in nature as compared to the ground
thermal effects. The RR and SERRS signals were found to bestate, the absorption maxima shifts to the blue with an increase
linear with an incident laser power of 3®@0 mW. Each in solvent polarity. HC thus exists in a resonance balance
measurement was repeated several times to ensure reprodudetween the benzenoid and quinonoid forms, as shown in
ibility. Moreover, the absorption spectra of the irradiated sample Scheme 1. In the ground state, the benzenoid form dominates,
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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) AgN stretching vibration at 241 cm.
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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 thgandS, electronic states
are included in Table 2. It is seen from the table thgE{has

a bond length of 1.375 (1.393) A whereagdz and GC, have
bond lengths of 1.428 (1.412) and 1.426 (1.411) A in $e
and &) 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 iodidé) in solid KBr. The most intense Raman bands
observed in the RR spectra at 1586 and 1167 chave been
assigned to ethylene,C; and G4Nas3 stretching vibrations,
respectively. The former Raman band has contributions from
the aniline ring CC stretch, €, 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,

whereas the quinonoid form dominates in the excited state. TheOn résonance excitation to the lowest energy state, the HC

electronic excitation from the ground to the excited state, which
involves a change from the benzenoid to the quinonoid form,

molecule undergoes maximum displacement along t@;,C
Cs4N33, C3Cy, aniline, and pyridyl ring coordinates. The weak

is thus expected to be accompanied by significant changes inband observed in the RR spectra at 887 tim assigned to the

the central &C bond and the pyridyl and aniline rings
connected to the central&C bond.

4.2. Resonance Raman (RR) Spectrdhe Raman spectrum
of the HC dye in acetonitrile (% 10~ 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¢ntwo strong peaks
were observed for HC at 1167 and 1586 émNeak peaks of

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 iodidé3° and n-docosyl homologue of
hemicyaninél). 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
vibration, which clearly is in agreement with our assignment.
The other weak modes are observed at 1212, 1331, 1375, 1441,
1548, 1622, and 1648 crh Of these vibrations, the 1212 and

HC were also observed at 887, 1212, 1331, 1375, 1441, 1548, 1331 cn* modes are assigned to pyridyl ring HCC ip bends.

1622, and 1648 cni. The experimentally observed vibrations

are tabulated in Table 1. The observed frequencies are assigne

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 ch From the figure, it is

The 1375, 1441, 1548, 1622, and 1648 émodes are assigned
lp a HGN33 ip bend, HCN4 methyl bend, @Ni4 stretch,
aniline ring (CC) stretch, and pyridyl ring (CC) stretch,
respectively. The normal-mode displacements of 1167, 1586,
and 1648 cm! vibrations are also included in Figure 54.

The silver complex of th&ransHC conformer was optimized
using B3LYP with the LANL2DZ basis set. Two possible
conformers were obtained. In conformer I, Ag is in proximity

observed that at the excitation wavelengths, 457.9, 476.5, andto the pyridinium moiety, whereas in conformer II, it is close
488 nm (these wavelengths are in resonance with the absorptiorfo the dimethylamino group, as shown in Figure 6a,b. Conformer
band corresponding to the charge-transfer transition) along with | is found to be slightly more stable-(38 cnt?) with respect

an increase in the fluorescence background, the vibrationsto conformer Il. The schematic model for the adsorption of

corresponding to 1167 and 1586 thshow maximum intensity

transHC on the silver surface (Figure 6) will be discussed later

and, hence, must be coupled to the charge-transfer transitionin the section of SERRS. For both conformers of the-+g

The RR spectrum recorded using 514.5-nm excitation is not complex, the vibrational frequencies were computed at the
shown due to the huge fluorescence background. Due to theoptimized geometry to ensure that no imaginary frequencies
interference from the fluorescence background, absolute RRWwere obtained. The calculated frequencies for both of the
intensity analysis could not be carried out. The experimentally conformers were within a few wavenumbers and were scaled
observed frequencies are assigned on the basis of the computelly a factor of 0.97 to have a good agreement with the observed

vibrations, as shown below.

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

SERRS vibrations. The calculated frequencies for conformer |
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
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TABLE 1: Assignment of IR, Normal Raman, RR, SERRS, and
(Conformer I) in cm 12

Biswas et al.

Calculated Vibrations of HC and HC-Ag Complex

IRP Ramafi RRe SERRS calcd! calcd approximate assignments

1643 m 1641 m 1648 w 1640 s 1656

1613 m 1622 w 1617 s 1633
1580 s 1575 s 1586 s 1578 s 1574
1544 w 1541 w 1548 w 1543 m 1540
1508 m 1510 w 1507 w 1513
1466 m 1467 w 1466 m 1461
1447 w 1441 w 1434 w 1428
1372 m 1363 m 1375m 1370 m 1358
1331w 1328 w 1331 m 1327 m 1317
1304 m 1303 m 1303 m 1298
1225 m 1219 m 1212 m 1206 m 1208
1177 s 1176 s 1167 s 1161 s 1160
1040 m 1039 w 1049 w 1027
975 m 976 w 970 w 933
871m 880s 887 w 883 m 869
851w 846 w 848 m 819
728 w 738 m 728
572w 570 m 585w 574
536 m 545w 532
500 w 500 m 501w 497
458 m 459 w 453
241 sh

1642  »(CCy + d(HCC)yy
1627 o(CClani+ O(HCCani + 1(CoCo)
1569 U(Cgcl) + U(CC)ani+ (S(HCC)em + U(C3C1)
1534  »(C13Nw) + v(CClni+ S(HCC)ani
1506  &(HCC)y + 1(CCy
1471 »(CClani+ O(HCC)ani
1454 O(HCN14)me
1384  3(HCaN33) + 6(HCC)y
1323 O(HCC)yy + v(CerlCrr) + 1(CC)py
1296  O(HCC)ein + v(CoCy)
1218  S(HCC)y+ o(CCly+ S(HCCetn
1156 U(C34N33) + U(py) + (3(HCC)py
1022 »(CC)ne+ O(HCC)y
924 U(CmeN14) + U(Cc)ani
865  (CC)y+ 6(CCetiCetr) + (CCani
836  y(CH)ani+ 7(CH)py+ ¥(CH)enn
723 U(CmeN14) + ‘[(C35C34) + U(Cc)ani+ U(C34N33)
574 O(CCettrCetty) + 0(Cs5C34N33) + 7(C34Css)
540 ‘)/(C— H)me + ‘[(C34N33) + T(C4C2)
500  8(CNwCia) + 0(CanCanCetr) + 0(CoyCpyCetr) + O(CCetrCet)
453 5(prprCe1|~D + 6(CmeN14C13) + T(CmeN14) + ‘[(C34N33)
260  »(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® Methyl pyridinium iodide in solid KB ¢ Present work?d B3LYP/6-31G* calculated frequencies for HC in vacuum scaled by a
factor of 0.97.¢B3LYP/LANL2DZ calculated frequencies for HEAg complex scaled by a factor of 0.97.
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Figure 3. RR spectrum of HC in acetonitrile at excitation wavelengths
(a) 457.9, (b) 476.5, and (c) 488 nm.
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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 (A) of HC in the
Ground (S) and Excited (S;) Electronic States

B3LYP CIS B3LYP CIS

bond lengths 6-31G* 6-31G* bond lengths 6-31G* 6-31G*
C.Cy 1.375 1.393 &Co 1.428 1.427
CsCy 1.428 1.412 &Cu1 1.425 1.430
CsCo 1.426 1411 GoN33 1.364 1.354
CsCs 1.418 1.428 &Na3 1.364 1.362
CeCs 1.426 1.427 @&N14 1.361 1.342
C:Cs 1.420 1.429 &N14 1.462 1.457
CsCy 1.426 1.431 @eN14 1.462 1.457
CoCr 1.375 1.359 GNa3 1.484 1471
C1Cs 1.370 1.354 65Csa 1.534 1.530
C1:Cs 1.377 1.357 6Css 1531 1.528
C1.Cs 1.370 1.352

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 nanopatrticles) and the appearance
of a new band around 4800 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 (1:6107% M) in silver
hydrosol, measured using 514.5 nm excitation in the region of
200-1700 cnt?, 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 40000
cm~1. The vibrations observed in the SERRS spectrum are
included in Table 1. Similar to the RRS, the most intense bands

sharp peak with maximum at 377 nm, which is due to the surface in the SERRS appear at 1161 and 1578 &nbut these are
plasmon absorption band. The absorption spectra of the hemi-red-shifted by 6-8 cnmt. Other Raman bands, which were

cyanine dye at various concentrations in the solx(8.07¢,
1.0x 1075 1.3 x 1075 1.6 x 1075 and 2.4x 107> M) are
also shown in Figure 1B (bf). It is observed that with the

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 cihmodes. In addition to these
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Figure 5. Normal-mode displacements of (a) 887, (b) 1167, (c) 1586,
and (d) 1648 cm! vibrations.
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bound through the pyridyl ring and (b) bound via the dimethylamino
group.
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data of methyl pyridinium iodide in the solid state and with the
calculated vibrations of the HEAg complex. In the SERRS
spectrum of HC, in addition to the relative enhancement of
intensities of various vibrations in the region of 400700 cn?,

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?, assigned to the £N33 + pyridyl ring (CC)
and GC; + aniline ring (CC) stretching vibrations, respectively.
Many other ip Raman bands with moderate intensities are
observed. The bands at 459, 545, 585, and 848'cmhich
arise from the oop deformations of the aromatic rings, are also
observed. Of these modes, the 848¢rband is assigned to
the CH oop deformation of the aniline ring, pyridyl ring, and
ethylene. In addition, a shoulder at 241 ¢nfFigure 2c, inset)
is observed, which is attributed to the Adl 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 (N4 and Ns3), 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 Bind Ns3 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 transHC—Ag complex. The theoretical results show
two stable conformers, | and Il (Figure 6 a,b). In conformer I,
the silver atom interacts with the pyridinium moiety, whereas
in conformer I, the silver interacts with the dimethylamino
group. However, the calculated results show that conformer |
is slightly more favorable in energy as compared to conformer
Il. Because, the energy difference between the two conformers
is quite low (138 cm?), 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-
tions1341 Although, 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

modes, a few weak bands, which are not observed in RRS, aremolecule assumes a slightly tilted orientation with respect to
observed in the SERRS spectrum, viz. 459, 501, 545, 585, 738 the metal surfac&1542As mentioned earlier, the SERRS spectra

848, 970, 1049, 1303, 1466, and 1507 €émAll of these

of HC shows enhancement along various ip and oop stretching

vibrations are in reasonable agreement with the IR and Ramanand bending vibrations. Thus, HC is bound to the metal surface
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Figure 7. Effect of concentration on the SERRS spectra of HC
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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 cnt1), accompanied with

a substantial increase in the bandwidth, is observed in the cas
of aromatic molecules that are adsorbed on the metal surface

via their z-systems3 Hence, the red-shift of 58 cnrl,

observed in the SERRS spectra of HC along various vibrations,

viz. the 1578, 1167 cm 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 Spectraln

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
1075, 1.6 x 107> 1.3x 107° 1.0x 107° and 8x 106 M in
the silver sol, are shown in Figure #a. From the figure, it is

seen that maximum intensity enhancement is observed at a HC

concentration of 1.6x 1075 M (Figure 7b). With a further

increase in HC concentration, it is observed that the intensities
n

of the Raman bands decrease (Figure 7a) with an increase i
the fluorescence background. It is also evident from Figuree7c
that with lowering in HC concentration, although the Raman
intensities decrease, the band at 1640 trshows relative
enhancement with respect to the 1578 émode. The modes
at 1578 and 1640 cm are assigned to the ethyleneGz +
aniline ring stretches and pyridyl ring stretch, respectively. At

a low concentration of HC, the Raman bands at 883 and 1161

cm1, 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

€
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background. The monolayer of the HC dye is formed on the
silver surface at a concentration of1.6 x 105 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 ciwere found to be in
disagreement with those reported earlier for a similar hemicya-
nine dye (methylpyridinium iodid¢. The SERRS study shows
the appearance of a shoulder at 241 ¢rfAg—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 cn! 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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