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A theoretical model is presented to describe the chemical mechanism of surface-enhanced resonance
Raman scattering (SERRS) via charge transfer (CT) in the pyridine—Ag, complex. We first describe the
influence of the interaction between the metal cluster and pyridine to the ground-state properties of the
pyridine—Ag, complex, such as charge redistribution, the change of the atomic-resolved density of state,
and the change of energy levels of occupied and unoccupied molecular orbitals. Second, we visualize the
CT between the metal cluster and pyridine and within the intracluster on the electronic state transitions
with charge difference density. The CT between the metal cluster and pyridine is the direct evidence of
chemical mechanism for SERRS. Third, the spectra of SERRS are calculated with different incident light
wavelengths that resonate with the different electronic state energy levels, and the enhanced intensities
of different vibrational modes are compared, which show that there are different enhancement rates for
different vibrational modes. Strong Raman scattering can be achieved not only by the CT between pyridine
and the metal cluster but also by electronic intracluster excitation via a type of Forster excitation transfer,
and the latter results from the local field effects by collective plasmons. The selection rules for the SERRS
have been obtained for these two types of enhanced mechanisms. Copyright © 2008 John Wiley & Sons,

Ltd.
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INTRODUCTION

Thirty years after the discovery of surface-enhanced Raman
scattering (SERS),!? it is generally accepted that the enor-
mous enhancement of the Raman signal is due mainly
to two types of mechanisms. The first is the electromag-
netic (EM) enhancement, which is caused by the strong
surface plasmon resonance of the rough metal surface cou-
pled to the incident light>=> The second is the chemical

t,°=26 which can be considered similar to a res-

enhancemen
onance Raman process between the ground electronic state
of the molecule-metal complex and its new excited lev-

els arising from charge transfer (CT) between the metallic
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surface and the adsorbed molecule. Apart from a factor of
10-10* chemical enhancement,'®!” the Raman wavenumbers
of molecule—metal complex are also usually different from
those of the molecule.

In this paper, we present the chemical mechanisms
of surface-enhanced resonance Raman scattering (SERRS)
based on the experimental and theoretical reports.'®~%
Through visualization we theoretically investigate how CT
occurs in the molecule—metal complex with our developed
code of charge difference density,?-3
the orientation and result of the CT between pyridine and
the Ag cluster in photoinduced dynamics. With difference
in charge density, electronic intracluster excitations with
strong oscillator strengths are also shown. The strong
Raman scattering can be achieved not only by the CT

between pyridine and the metal cluster but also by electronic

which shows visually

intracluster excitation via a type of Forster excitation transfer.
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The selection rules for the SERRS have been obtained for
these two types of enhanced mechanisms.

THEORETICAL METHOD

All the quantum chemical calculations were performed with
the Gaussian 03 suite.3! The ground state geometry of
pyridine was optimized by means of the density functional
theory (DFT), Becke’s three-parameter hybrid functional
with the nonlocal correlation of Lee—Yang—Parr (B3LYP)
along with the 6-31G(D) basis set. The optical spectrum
of pyridine was derived by the TD-DFT, B3LYP/6-31G(D)
method. For quantum chemical calculations, the complex
of pyridine and small Ag clusters is used. We assume that
the pyridine molecule interacts with Ag clusters along the
bond axis so that the pyridine—Ag complex keeps the Cy,
symmetry point group (Fig.1). In the process of normal
mode analysis, the Cp, symmetric configuration has the
advantage that the group representations of the vibrational
modes remain invariable in the pyridine-Ag complex.®
The geometry optimization and wavenumber analysis of
pyridine-Ag, for the ground states were performed with
DFT, B3LYP functional, and the LanL.2DZ basis set. Optical
spectra of pyridine-Ag were calculated by the TD-DFT
method with the same functional and basis set. Absolute
off- and on-resonance Raman intensities can be calculated
as the differential Raman scattering cross-section. For Stokes
scattering with an experimental setup of a 90° scattering angle

LI
9. -0
9313—“ ' {: : ® 0

Figure 1. Chemical structures of pyridine and pyridine-Ag,
with their Cartesian coordinates.
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and perpendicular plane-polarized light, the cross-section is
written as:3

do 712( " h S 1
Fo = 5 Win — o)
Q& P 8rcw, " 45[1 — exp(—hcw, /ksT)]

(€Y

where wj, and w, are the frequency of the incident light and
of the pth vibrational mode, respectively, and S, is the Raman
scattering factor (or Raman activity in unit A*/amu; note that
amu is not the mass unit in atomic units but the so-called
(unified) atomic mass unit, which is sometimes denoted as
u = (1/12)m(*C) = 10~*kg mol ' N).*®

2 3y \2
S, =45 ( ) +7 <—) 2)

0Q, 0Q,
which is a pure molecular property and independent
of experimental setup. a, and y, are the isotropic and

anisotropic polarizabilities. In this paper, S, values were
directly calculated by Gaussian 03 suite.?!

RESULTS AND DISCUSSION

Comparing the atomic-resolved density of state (DOS) of
pyridine with that of pyridine-Ag, (Fig.2), the orbital
energy levels of occupied molecular orbitals of pyridine—Ag,
increase, while that of the unoccupied molecular orbitals
decrease, and therefore the corresponding band gap (energy
difference between HOMO and LUMO, where HOMO and
LUMO stand for the highest occupied and lowest unoccupied
molecular orbitals, respectively) of pyridine—Ag, decreases,
which can be interpreted by the renormalization of molecular
electronic levels at the metal-molecule interface.* The DOS
in Fig. 2(b) shows that the densities of HOMO — 1, HOMO,
and LUMO + 2 are almost totally distributed on Ag, while
the densities of LUMO and LUMO + 1 are almost totally
distributed on the pyridine. The interaction between Ag and
pyridine also results in (1) Mulliken charge redistribution
and electron transfer from pyridine to Ag, Ae = 0.158
(there are 0.158 net electrons on Ag, cluster) and (2) the
increase of the static dipole moment and polarizability of
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Figure 2. The atomic-resolved density of state (DOS) of pyridine and pyridine—Ag,, where the OMOs and UMOs stand for occupied

molecular orbitals and unoccupied molecular orbitals.
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the pyridine-Ag, complex at the ground state, compared
to those of pyridine (see data in Table 1). These changes
in the electronic properties of the molecule will affect
the nonresonance spectra. The calculated normal Raman
spectrum of pyridine is shown in Fig. 3. Here, five important
vibrational modes of pyridine and the pyridine—Ag complex
(Fig. 4) are studied in the normal and the resonance
case, respectively. Comparing directly the normal Raman
spectrum of pyridine—Ag, with the normal Raman spectrum
of pyridine, five enhanced same vibrational normal modes,
1010, 1049, 1249, 1504, and 1630 cm™! for pyridine—Ag,
compared with those of pyridine were studied (Figs 3 and 4).

The enhancement in the normal Raman scattering fac-
tor (5, in Eqn (2)) of pyridine—Ag, relative to that for
pyridine in the absence of the cluster provides a direct
measure of the static chemical (SC) enhancement. The
rates of SC enhancement for these five vibrational modes
are listed in Table 2. One can see that the SC enhance-
ment rates of these five modes are different and all of
them are less than 4 times. In the case of the same vibra-
tional mode, the Raman wavenumbers of the pyridine-Ag,
complex are also different from those of pyridine, which
are blue shifted by about 50 cm~'. By analyzing these
enhanced vibrational modes (Fig.4), one important con-
clusion can be drawn: all the enhanced vibrational modes
are the symmetric vibrational modes, and their orientation
is consistent with the orientation of the permanent dipole
moment and permanent polarizability at the ground states
(along the molecule axis), i.e. consistent with the orien-
tation of charge redistribution between pyridine and the
metal.

Table 1. The calculated static dipole moments and static
polarizabilities of the ground states with DFT/B3LYP/6-31G(D)
for pyridine and DFT/B3LYP/LANL2DZ for pyridine—Ag. Their
Cartesian coordinates are shown in Fig. 1

Dipole moment (D) Polarizability (au)

x y z xx yy 2z

Pyridine 2.1063 —1.3167 0.0000 63.305 66.190 18.751
Pyridine-Ag —7.7503  0.0005 0.4703 240.076 134.641 97.433

JRS

In the Raman scattering measurement, when the incident
lightis close to an electronic excitation of the molecule (which
is adsorbed on the metal cluster), the intensity of the signal
can be enhanced by a factor of up to 10*~10°.1617 This process
is referred to as SERRS, and the enhancement is proportional
to the oscillator strength of the transition.

Depending on the nature of the interaction between pyri-
dine and the metal, the new metal—pyridine CT excited states
could occur. Transition energies and oscillator strengths
of pyridine and pyridine—Ag, for the lowest six singlet
excited states are listed in Table 3. It should be noted that the
absorption properties of the pyridine—metal cluster depend
strongly on the cluster size.!8

The S; of pyridine—Ag, is much lower than the intrinsic
intramolecular excitations (265.5 nm) because of the decrease
of the band gap of the pyridine—Ag, complex (compared to
that of pyridine), since S; is contributed from the orbital
transition HOMO — LUMO. The band gap in Fig. 2(b)
is larger than the excitation energy of S; in Table3 for
pyridine—Ag,, which can be interpreted with theories of CT
exciton and the exciting binding energy.®% The excited state
properties of pyridine—Ag, are investigated with the charge
difference density. From the charge difference densities of
pyridine—-Ag, (listed in Fig. 5), S1, S2, S5, and S are the CT-
excited states in absorption (electrons transfer from Ag, to
pyridine) since as a result of CT, the holes and electrons are
localized on Ag and pyridine, respectively. The transferred

Table 3. The calculated transition energies (TE) and oscillator
strengths (f) of pyridine and pyridine—Ag, with
TD-DFT/B3LYP/6-31G(D)//DFT/B3LYP/6-31G(D) and
TD-DFT/B3LYP/LANL2DZ//DFT/B3LYP/LANL2DZ

Pyridine Pyridine-Ag,
TE (nm) f TE (nm) f
S 265.51 0.0062 638.99 0.0003
S2 252.42 0.0000 505.82 0.0000
S3 218.56 0.0211 378.29 0.5784
Sy 187.44 0.0114 316.55 0.2651
Ss 163.32 0.4493 307.79 0.1719
Se 161.96 0.4575 302.27 0.1537

Table 2. The enhanced rates of intensities of Raman spectra by static chemical (Gsg), CT (GcT), and intracluster excitation (Gig)

enhancements. The vibrational modes a—e can be seen from Fig. 4

Ger G
Vibrational modes Gsc 785 nm 630 nm 514 nm 295 nm 370 nm 325 nm
a 3.05 3.43 3.4 x 10% 3.00 3.3 x 10° 1.4 x 10* 3.7 x 10°
b 1.20 1.78 3.70 441 1.9 x 10? 1.7 x 10° 6.0 x 10
C 0.72 0.95 7.5 x 102 157 1.5 x 10* 1.1 x 102 3.4 x10°
d 1.56 1.81 1.5 x 102 1.34 3.7 x 10° 1.7 x 10* 6.3 x 10*
e 3.33 4.63 1.7 x 10° 8.71 6.8 x 10° 1.3 x 10? 1.6 x 10°

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 3. The normal Raman spectra of pyridine and pyridine—Ag, and the resonance Raman spectra of pyridine—Ag with different
incident light wavelengths. This figure is available in colour online at www.interscience.wiley.com/journal/jrs.
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Figure 4. The enhanced vibrational modes of pyridine and pyridine—Ag, for normal Raman scattering. This figure is available in

colour online at www.interscience.wiley.com/journal/jrs.

electron resides for some femtoseconds in pyridine and after
that returns to the metal cluster.

For the pyridine—Ag, complex, the resonance Raman
spectra and the electronic polarizabilities were calculated
with the laser wavelength 780, 630 and 514, 370, 325, and
295 nm, respectively. The energy of the incident light of
780 nm is lower than the S; electronic transition energy
of pyridine—Ag, (638.99 nm), so the calculated result with
785 nm laser excitation is the normal Raman spectrum, and
the experimental spectra should be from normal Raman
scattering, and the large enhancement in the experiment
should mostly result from EM enhancement since the
calculated relative intensities of the Raman spectrum of
pyridine—Ag, with the incident light at 780 nm are almost
the same as those of pyridine—Ag without the incident light
(normal Raman of pyridine—Ag,).

Copyright © 2008 John Wiley & Sons, Ltd.

When the incident light is at 630 nm, it is almost resonant
with the transition energies at the first excited state, which
is the CT-excited state. The calculated intensities of the
resonance Raman spectrum of pyridine—Ag, is much larger
than that of the normal Raman spectrum of pyridine. It
can be seen that the CT enhancement can reach the order
of 10%, and the ring stretch mode at 1630 cm™! shows the
largest enhancement, which is larger than that of the two
ring breathing modes around 1000 cm™!, which is consistent
with the order calculated by Zhao etal.l’ Arenas et al.!*
also analyzed the results theoretically by considering the
displacements between the ground state of pyridine and
its anion. Our calculations are in good agreement with
their findings, particularly the very strong enhancement
of the mode at 1573 cm~!. When the laser wavelength is
514 nm, though this laser energy almost resonates with the

J. Raman Spectrosc. 2008; 39: 402-408
DOI: 10.1002/jrs
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Figure 5. The charge density differences of pyridine-Ag, for
the first six singlet excited states, where the green and red
stand for the hole and the electron, respectively.

transition energy of S,, the intensity of resonance Raman
bands is not enhanced strongly (less than 10 times compared
to the intensity of the normal Raman of pyridine (see
data in Table 2)). The reason is that the oscillator strength
f = 0.0000 for this excited state. The calculated resonance
Raman spectrum with the incident light of 295 nm can be
seen in Fig. 3, and the enhanced rates are listed in Table 3. It
can be seen that the largest enhancement is of the order of
10%. Note that the incident light at 295 nm is near-resonant
with the S¢ excited state (302 nm). If the incident light is in
exact resonance with 302 nm, the enhancement will be larger
than the calculated result with the incident light at 295 nm.

Copyright © 2008 John Wiley & Sons, Ltd.
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Table 4. The wavenumber-dependent polarizabilities of
pyridine—Ags in atomic units (a.u.). Their Cartesian coordinates
are listed in Fig. 1

Wavelengths

of laser (nm) xx yy zz
780 246 107 181
630 273 107 195
514 335 125 225
370 —1800 200 —460
325 86 439 574
295 —24.5 —589 81

From Fig. 4, when the excitation wavelength is resonant
with the strong electronic intracluster excitations (S; and Sy),
they are the localized excited states (all the electrons and hole
are localized on the metal cluster, and there is CT within the
metal cluster); there is no CT between Ag, and pyridine. S3
is a 5s bonding to 5s antibonding transition in Ag,. S, is a 5s
to 5p atomic transition within the first Ag atom bonded to
pyridine. The excited metal cluster shows a larger transition
dipole moment and wavenumber-dependent polarizability
(Table 4), but with different orientations. The large transition
dipole moment and wavenumber-dependent polarizability
on the metal cluster can of course strongly enhance the
intensity of SERRS. This type of contribution from the
resonant electronic intracluster excitations can be considered
as the local field effect by collective plasmons. The difference
is in the orientation of transition dipole and wavenumber-
dependent polarizability. For S; the orientation is along
the molecular axis (perpendicular the metal surface), so the
largest enhancement of SERRS is 10* times by collective
plasmons. There is an angle between the metal surface
and the orientation of the transition dipole for Si, so the
enhancement of SERRS along the molecular axis by collective
plasmons is less, and the order of the largest enhancement is
10° times for the considered five important modes (Table 2).
It should be noted that the vibrational mode at 1504 cm ™ is
significantly enhanced, and the enhanced factor is 2.5 x 10%;
the reason is that the orientation of the vibrational mode
is along the orientation of the transition dipole moment (or
polarizability) (Figs 4 and 5). The selection rule of SERRS
for this type of enhanced mechanism is I o¢ Inmax cos?(6),
where 0 is the angle between the orientation of molecular
vibration and the orientation of the polarizability within
cluster, and Iy, is the intensity at 6 = 0° So, the
enhancement of SERRS by collective plasmons depends
on the orientation of the transition dipole and frequency-
dependent polarizability in clusters. It should be noted that
strong intracluster excitations (S; and S4) yield high Raman
scattering from pyridine via a type of Forster excitation
transfer.

J. Raman Spectrosc. 2008; 39: 402-408
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CONCLUSIONS

Depending on the nature of the interaction between pyridine
and metal, the new metal-pyridine CT excited states have
been visualized directly by charge difference density. The
order of the CT enhancement can be up to the order of
10* for the pyridine—Ag, complex. The strong intracluster
resonance excitations were also shown with charge difference
density. These strong intracluster resonance excitations yield
high Raman scattering from pyridine via a type of Forster
excitation transfer. The enhancement of SERRS by local field
effects of collective plasmons depends on the orientation of
transition dipole and wavenumber-dependent polarizability
in the metal cluster, and the enhancement can be up to the
order of 10* for the pyridine-Ag, complex. The selection
rules for the SERRS have been obtained for these two types
of enhancement mechanisms.
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