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Direct Visualization of the Chemical Mechanism in SERRS
of 4-Aminothiophenol/Metal Complexes and Metal/4-
Aminothiophenol/Metal Junctions**

Mengtao Sun**® and Hongxing Xu® ®!

We theoretically investigate the mechanism of chemical enhance-
ment of surface-enhanced resonance Raman scattering (SERRS)
of para-aminothiophenol (PATP)/metal complexes and metal/
PATP/metal junctions. The method of charge difference density is
used to visualize intracluster excitation and charge transfer (CT)
between PATP and metal during the process of resonant electron-
ic transitions. It is found that the selective enhancement of the b,
mode in SERRS spectra result not only from Albrecht’s A term
(the Frank-Condon term), but also from the Herzberg-Teller term
(Albrecht’s B mechanism) via resonant CT. For the metal/PATP/
metal junctions, the calculated results reveal that the Raman
spectrum is of SERRS nature and the nontotally symmetric b,

1. Introduction

Surface-enhanced Raman scattering (SERS)"™® was discovered
about thirty years ago. There is general agreement that SERS
occurs by electromagnetic enhancement (EM) and chemical
enhancement mechanisms.”"" The former is caused by local
surface plasmon polaritons,”® which usually enhance the
Raman spectrum over a large frequency range, and the latter
is due to changes in the electronic structure of molecule ad-
sorbed on metal surfaces, whereby some Raman peaks under-
go enormous selective enhancement.”'¥ Chemical enhance-
ment is typically explained by the charge-transfer (CT) mecha-
nism.

When a molecule is adsorbed on a metal surface, new elec-
tronic states are formed due to chemisorption. The new elec-
tronic states may serve as resonant intermediate states in
Raman scattering. If the Fermi level of the metal is located be-
tween the HOMO and the LUMO in energy, CT excitations may
likely occur at lower energy than intrinsic intramolecular excita-
tions of the adsorbate.''® According to Albrecht’s nota-
tion,!'® in the CT mechanism via Albrecht's A term (Frank-
Condon term) only the totally symmetric modes are resonantly
enhanced when the laser excitation is close to an allowed elec-
tronic transition, and only one excited state is involved. The
resonance Raman effects for vibrational modes that are nonto-
tally symmetric, such as b,, are usually observed when the b,
modes couple two excited states of the chromophore. The
product of the symmetry of both excited states should be
equal or contain the b, symmetry. This mechanism is known as
the Herzberg-Teller mechanism or B mechanism in Albrecht’s
notation.
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mode is strongly enhanced at the incident wavelength of
1064 nm when Au and Ag nanoparticles are the first and second
layer, respectively, and the dominant enhancement mechanism is
the Herzberg-Teller term in chemical enhancement via tunneling
charge transfer (intervalence electron transfer from the Ag cluster
to the Au cluster). When the first and second layers were inverted
(i.e. the Ag and Au nanoparticles are the first and second layers,
respectively), the Raman spectrum at an incident wavelength of
1064 nm is due to normal Raman scattering, and the nontotally
symmetric b, mode is not strongly enhanced. Our theoretical re-
sults not only support the experimental findings, but also provide
a clear physical interpretation.

Recently, we developed a novel method of charge difference
density to visualize intracluster (electron and hole are localized
on metal cluster) excitation and CT (CT between molecule and
metal cluster) excitations for the case of pyridine adsorbed on
Ag nanoparticles.">' Intracluster excitation and CT excitation
are direct evidence for the EM mechanism and the chemical
mechanism, respectively.

The SERS of para-aminothiophenol (PATP) adsorbed on dif-
ferent metal surfaces has been extensively studied experimen-
tally."”2! Recently, more and more effort has been devoted to
studying the properties of metal/molecule/metal sandwich ar-
chitectures,'*%>?8 and typically silver and gold nanoparticles
were interconnected by PATP. Strong a, and b, modes domi-
nate the SERS spectra when molecules are attached in metal
complexes and when they are located in the junction of
metal/molecule/metal structures. These selective enhance-
ments of b, modes are ascribed to the effect of chemical en-
hancement.
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Chemical Mechanism in SERRS

Herein, using the visual method of charge difference density,
we theoretically investigate when and how CT excitations
happen and the mechanism by which CT selectively enhances
b, modes of PATP in metal complexes of molecules and in
metal/molecule/metal junctions (here metal=Au or Ag clus-
ters). We focus on 1) the role of chemical mechanism in SERS
of PATP at incident wavelengths of 514.4 and 632.8 nm for
PATP/Ags and PATP/Aus complexes, respectively; and 2) the
role of the chemical mechanism in SERS of PATP at an incident
wavelength of 1064 nm when PATP chemically connects two
metal clusters in a metal/PATP/metal junction model.

Methods

The optimized geometry and normal Raman spectrum of PATP (see
Figure 1a) in the ground state were obtained with density-func-
tional theory (DFT),”® B3LYP functional,®**" and 6-31G(d) basis set.
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Figure 1. Theoretical geometries for a) PATP, b) PATP/Ags, ¢) PATP/Aus, and
d) PATP/Ags complexes; e) Aus/PATP/Agg junction; f) side view of e); g) Ags/
PATP/Ags junction; and h) side view of g). Cartesian coordinates are shown.

The appearance of the 213 cm™ band (assignable to Ag—S stretch-
ing® in the SERS spectrum) indicates that PATP is adsorbed onto
the silver surface through the sulfur atom by rupture of the S—H
bond in metal PATP complexes. PATP/Ags and PATP/Aus; models
(see Figure 1b and c) were used for simulating PATP adsorbed on
silver and gold nanoparticles, respectively. As models of the metal/
PATP/metal junctions studied experimentally in ref. [24], Aus/PATP/
Ag (Figure 1e and f) and Ags/PATP/Aug (Figure 1g and h) junctions
were adopted, in which Aus and Ags clusters are bonded to the S
atom of PATP, respectively (the Au and Ag nanoparticles form the
first layer in the two above models for ref. [24], respectively). The
absorption and SERS spectrum of metal/PATP/metal junctions were
also investigated theoretically to interpret the experimental results
in ref. [24].
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Geometry optimization and frequency analysis of metal/PATP com-
plexes and metal/PATP/metal junctions in the ground state were
performed with DFT” B3LYP functional,®"*? and LanL2DZ basis
set.”¥ All models were fully optimized and there was no imaginary
frequency. The optimized geometries of metal/PATP/metal junc-
tions in the ground state are reported in the Supporting Informa-
tion. Their normal Raman scattering (NRS) spectra were calculated
with the same functional and basis set at the optimized ground-
state geometry. Their absorption transition energies and oscillator
strengths in absorption were calculated with time-dependent DFT
(TDDFT),?* B3LYP functional, and LanL2DZ basis set. The SERRS of
the PATP/Au; complex was calculated with DFT, B3LYP functional,
and LanL2DZ basis set at an incident wavelength of 632.8 nm. To
study the effect of cluster size, the NRS spectrum and optical ab-
sorption spectrum of PATP/Ag,, complex were also calculated (the
optimized geometry for the ground state is reported in the Sup-
porting Information).?™ In order to compare and contrast the re-
sults of neutral PATP/Ag's and anionic PATP/Ag’ complexes, the
NRS spectra of anionic PATP/Ag’s were calculated. To study the
effect of the functional on the calculations, the B3PW91 functional
was employed in the calculations of the ground- and excited-state
properties in metal/PATP/metal junctions. All quantum chemical
calculations were done with the Gaussian 03 suite.®

Absolute Raman intensities can be calculated as the differential
Raman scattering cross section. For Stokes scattering with an ex-
perimental setup of 90° scattering angle and perpendicular plane-
polarized light, the cross section is written as Equation (1)%”

do _lz(w —w,) h !
d g\ " TP 8n’cw, P 451 — exp(—hcw, /kyT)]

M

where w;, and w, are the frequency of the incident light and of
the pth vibrational mode, respectively, and S, is the Raman scatter-
ing factor (or Raman activity in units of A*amu™) [Eq. (2)]

_ da,\? o0, \?

s=5(56) 7 (5%) @
which is a pure molecular property and independent of experi-
mental setup. a,, and y,are the isotropic and anisotropic polariza-
bilities. For the normal Raman and Resonance spectra, we set w;, =
0 nm and w;, =633 nm in Equation (1) in our calculations, respec-
tively. In this paper, S, were directly calculated with the Gaussian 03
suite.”® The scale factor of the frequencies was set to 0.96 in our
calculations®® for comparison with experiment results.

The orientation of CT for the electronic resonance transitions were
visualized by means of the charge difference density.">'¥

2. Results and Discussion

2.1. Ground-State Properties and NRS Spectra for Metal/
PATP Complexes and Metal/PATP/Metal Junctions

Due to the interaction between metal and molecule, static CT
between metal and molecule occurs. For the PATP/Ags; com-
plex, the static CT is 0.07 from Ags cluster to PATP, while for
the PATP/Aus; complex the static CT is 0.21 from PATP to Au;
cluster. The interaction strength between PATP and Aus cluster
is much stronger than that between PATP and Ag; cluster, due
to the larger amount of charge transfer between metal and
molecule in the former. The CT between metal and molecule
in the ground state results in an increase in static polarizabili-
ties, which are listed in Table 1. The static charge redistribution

393

www.chemphyschem.org


www.chemphyschem.org

PHYS

Table 1. Calculated static polarizabilities [a.u.] in the ground state for
PATP, PATP/Ags complex PATP/Aus complex, Aus/PATP/Ags junction, and
Ags/PATP/Aug junction. Their Cartesian coordinates are shown in Figure 1.

XX yy zz
PATP 130.653 77.567 42,848

PATP/Ags complex 389.049 371.086 198.589
PATP/Aus complex 399.103 330,014 183.364
Au,/PATP/Ag, junction 716.274 618.388 456426
Ags/PATP/Aug junction 645.412 568.304 476.706

for the Aus/PATP/Ags and Ags/PATP/Au, junctions in the
ground state is shown in Figure 2. For the Aus/PATP/Ags junc-
tion, the electrons transfer from PATP to the Aus; and Agg clus-
ters, while for the Ags/PATP/Aug junction, the electrons transfer
from PATP and Aus cluster to Ag, cluster. The calculated static
polarizabilities of metal/PATP/metal junctions are also listed in
Table 1.

Charge distribution

Figure 2. Charge redistribution for the Aus/PATP/Ags and Ags/PATP/Aug junc-
tions in the ground state.

The calculated NRS spectra of PATP, PATP/Ags complex,
PATP/Aus complex, Aus/PATP/Ag, junction, and Ags/PATP/Aug
junction are shown in Figure 3. Due to the increased static po-
larizabilities of PATP/metal compared to isolated PATP, the two
totally symmetric modes of the S—C and C=C bonds (see inset
in Figure 3b) are strongly enhanced, by factors of about 30
and 50, respectively. Because the amount of CT between PATP
and the Au; cluster is larger than that between PATP and the
Ag; cluster, the enhancements for these two normal modes of
the PATP/Aus complex (Figure 3e) are stronger than those of
the PATP/Ags complex (Figure 3b).

To study the influence of cluster size on the NRS spectrum,
the NRS of PATP/Ag,, complex was calculated (see Figure 3¢),
and little influence of cluster size on the NRS profile was
found. In order to compare the results for neutral PATP/Ag's
and anionic PATP/Ag’s complex, the NRS spectra of the anionic
complex PATP/Ag’s were calculated (see Figure 3d). Little dif-
ference in profile was found between the spectra for the neu-
tral and anionic species, but the intensity of the latter is de-
creased.

The calculated NRS spectra of the Aus/PATP/Ag, and Ags/
PATP/Aug junctions are shown in Figure 3f and g, respectively.
Minor differences in profile are found between the NRS spectra
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of Aus/PATP/Age junction (and Ags/PATP/Aug junction) and the
NRS spectra of PATP/Aus complex (and PATP/Ags complex).

2.2. Optical Absorption Properties and SERRS Spectra for
Metal/PATP Complexes

The calculated optical absorption spectra of the PATP/Ag; com-
plex, PATP/Aus; complex, and Aus/PATP/Ag, junction are shown
in Figure 4. For the PATP/Ag; complex, the second excited
state (ca. 510 nm) is an optically allowed strong absorption
peak, and this excited state is a CT excited state (see charge
difference density in the inset), so the experimental SERRS
spectra at an incident wavelength of 514.4 nm should be
strongly enhanced by chemical enhancement via CT from PATP
to the Ags cluster. For the PATP/Aus; complex, the first excited
state (ca. 650 nm) has low oscillator strength, and this excited
state is a CT excited state (see charge difference density in the
inset), so the experimental SERRS spectra at an incident wave-
length of 632.8 nm should be strongly enhanced by chemical
enhancement due to CT from PATP to Aus cluster.

According to Albrecht’s notation," in the enhancement via
the Frank-Condon term only the totally symmetric modes are
resonantly enhanced when the laser excitation is close to an
allowed electronic transition, and only one excited state is in-
volved. The resonance Raman effects for vibrational modes
that are nontotally symmetric, such as b,, are usually observed
when the b, modes couple two excited states of the chromo-
phore. The product of the symmetry of both excited states
should be equal to or contain the b, symmetry. This mecha-
nism is known as the Herzberg-Teller mechanism.

From Figure 4a and b, there is only one excited state at
about 5144 nm for the PATP/Ags complex and at about
632.8 nm for the PATP/Aus complex which are suitable for
studying the resonance Raman effect via Albrecht’s A term
(the Frank-Condon term). We calculated the SERRS of the
PATP/Aus complex at 633 nm. From Figure 3h, the profile of
the pre-resonance Raman spectrum at the incident wavelength
of 633 nm is similar to that of the normal Raman spectrum of
the PATP/Aus complex (Figure 3e), and the intensity of Raman
spectrum was enhanced by a factor on the order of 10%. The
experimental SERRS spectrum in ref. [26] is quite different from
that calculated at an incident wavelength of 633 nm. Thus, the
experimental SERRS spectrum does not exclusively contain
contributions from the Frank-Condon term, and it is necessary
to consider the Herzberg-Teller mechanism.

When the size of the metal cluster is increased in calcula-
tions, there are more excited electronic states for the metal/
molecule complex.*' For PATP/metal complexes, if more
than one excited states are near the energy of the incident
wavelength of the laser, and the product of the symmetry of
both excited states is equal to or contains the b, symmetry,
the b, modes in the PATP/metal complex will be strongly en-
hanced. We calculated the optical absorption spectrum of the
PATP/Ag,, complex (fifty singlet excited states), which is shown
in Figure 4. The excited-state properties of the complex PATP/
Ag,, were investigated by means of charge difference density
around 514 nm (514+£20 nm). Seven excited states were
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Figure 3. Calculated NRS spectra for a) PATP; b) PATP/Ags, ¢) PATP/Ag,,, d) anionic PATP/Ags, and e) PATP/Aus; com-
plexes; f) Aus/PATP/Ags junction; and g) Ags/PATP/Aug junction. h) SERRS of PATP/Aus complex excited at

632.8 nm. The scaling factor of the frequencies was set to 0.96 in our calculations for comparison with experimen-
tal results. The inset in h) is the charge difference density, and green and red stand for hole and electron, respec-

tively.

found. According to the visualization of charge difference den-
sity in Figure 5, there are two kinds of excited properties: one
is collective intracluster excitations (S, and S,,, in which all the
electron and hole are localized on the Ag,, cluster), which is
direct evidence for electromagnetic mechanism; and the
second is CT from PATP to the Ag,, cluster, which is direct evi-
dence for the chemical mechanism via CT. Regarding the elec-
tromagnetic enhancement of the electronic transitions of S,
and S,,, even though the Ag,, cluster can not fully reflect the
delocalized surface-plasmon modes (collective motions of the
conduction electrons), Schatz et al. have successfully applied
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from PATP to metal cluster.

difference densities for these CT excited states shown
Figure 5, there are two kinds of CT excited states. For S,,, the
holes on PATP are only localized on the atoms, while for S,
S, Say, @and S, the holes on PATP are not only localized on
the atoms, but are also distributed over the bonds between C
atoms (the symmetry of hole distribution on PATP is G,,). For
the molecule with G,, symmetry,®® I'(uc;) for these (Sig Sy
S,;) excited states is A,, according to the orientation of CT
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TDDFT to study the absorption
and Raman scattering of Ag,y/
pyridine!® and Ag,,/pyridazine/
Ag,, model systems.'*! Their re-
sults indicate that the absorption
properties of a 20-atom tetrahe-
dral silver cluster behave quite
similarly to plasmon excitation
observed in nanoparticles, and
the Raman enhancement due to
this cluster is comparable to
findings on larger nanoparticles
(>10nm). For the electromag-
netic mechanism, Raman peaks
would not be selectively en-
hanced. For the strongly selec-
tive enhancements of b, modes
in experiments, the contribution
should be from chemical en-
hancement via CT. As discussed
above (see Figure 3h), b, modes
can not be strongly enhanced
by the Frank-Condon term, so
we focus on the coupling of CT
excited states for the Herzberg-
Teller mechanism.

Herzberg-Teller-surface selec-
tion rule is [Eq. (3)]®
F(QK):ZF(JuCT)XrK (3)

K

where I'(Qy) is the irreducible
representation to which the al-
lowed SERS vibration belongs,
I'(ucr) the irreducible represen-
tation to which the component
of the charge-transfer dipole
perpendicular to the surface be-
longs (in the combined mole-
cule/metal system), and [y the
irreducible representation of the
molecular excited-state to which
an optical transition is allowed.
According to the distribution
of holes on PATP from charge
in

Now, we discuss I'x of PATP. Experimentally, three absorption
bands of PATP were observed around 200, 250, and 300 nm,
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Figure 4. Calculated optical absorption spectra for a) PATP/Aus, b) PATP/Ags,
and c) PATP/Ag,,. The insets in a) and b) are charge difference densities, and
green and red stand for hole and electron, respectively.

which are closely related to B,y, L,, and L, in Platt’s notation."®
The last two transitions are symmetry-forbidden, but the sub-
stituents on the benzene ring lower the symmetry and intro-
duce some allowed character into the symmetry-forbidden
transitions. The L, and L, transitions are x (a;) and y (b,), re-
spectively. For substituted benzene the vg mode (1579 cm™)
can couple the L, transition with the b component of the B,
transition. On the other hand, the L, transition is coupled to
the B,,, transition via Vg, Vg, Vs, and v, modes. Osawa et al."®
show that the appearance of

strong lines of b, symmetry are
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PATP/Ag,, complex, where green and red stand for hole and electron, re-
spectively.

FQq)=A x (L +L,+B) = A xB, (4)

So, according to the Herzberg-Teller surface selection rules,
the vibrations of the b,(A, x B,) mode are strongly enhanced
in SERS by the Herzberg-Teller term via CT. Because of the
heavy computational demand of the SERRS spectrum for such
large system, the simulated SERRS spectrum was not calculat-
ed theoretically in this paper. Here we just point out the im-
portance of the chemical mechanism in SERRS of the PATP/
Ag,, complex due to charge transfer and the Herzberg-Teller
mechanism.

2.3. Excited-State Properties and Chemical Mechanism in
SERRS Spectra of Metal/Molecule/Metal Junctions

The calculated NRS spectrum of the Aus/PATP/Age junction
(Figure 3g) is significantly different from the experimental
SERS spectra of this sandwich structure in ref. [24]. The vibra-
tions of totally symmetric a, modes at 1076 cm™' and
1578 cm™', and nontotally symmetric b, modes at 1392 and
1439 cm™" in the experimental Raman spectrum in ref. [24] are
shown in the inset in Figure 3f. Thus, the experimental SERS
spectrum should not correspond to the NRS spectrum. We cal-
culated the first two singlet excited states in optical absorption
of the Aus/PATP/Ags junction with different functionals and the
same basis set (see Table 2). When calculated with the B3LYP
functional, S, lie at 989 nm, which is near the experimental in-
cident wavelength of 1064 nm. Hence, the experimental SERS

due to intensity borrowing from
. *
an intense w — m molecular

Table 2. Calculated electronic transition energies and oscillator strengths f for Aus/PATP/Ag, junction.

TD-B3LYP/LANL2DZ

TD-B3PW91/LANL2DZ

transition ('A,—'B,) at
[18,39] . eV nm f
200 nm."™** Then, Equation (3)
can be written as for (S5, S,0-S,3) 5 12530 98952 0.001
S, 13986 88646  0.0000

electronic transitions [Eq. (4)]

Cl coefficients eV nm f Cl coefficients
0.70505 (H—L) 1.3154 942.53 0.0007 0.70511 (H—L)
0.70557 (H—1—L) 1.4704 843.17 0.0000 0.70553 (H—1—L)
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spectrum should correspond to the pre-resonance Raman scat-
tering spectrum. The S, level calculated with the B3PW91 func-
tional is 948 nm. The calculated energy difference with differ-
ent functionals (B3LYP and B3PW91) is about 0.06 eV, which in-
dicates that the results calculated with the B3LPY functional
for metal/PATP/metal junctions are reliable. Density functional
theory is known to underestimate the excitation energies for
long-range CT excited states in weakly interacting complexes
due to incorrect asymptotic behavior of approximate ex-
change-correction functionals (i.e., the self-energy error®®);
thus, it is possible that the CT excitations will occur at higher
energies. On the other hand, with increasing cluster size, the
calculated lowest absorption peak would be redshifted to
nearer to 1064 nm, according to the comparison of the absorp-
tion peaks of the PATP/Ags and PATP/Ag,, complexes. Further-
more, Schatz et al. successfully calculated the optical absorp-
tion spectra of the Ag,/pyridine’ and Ag,y/pyridazine/
Ag,,"? and rhodamine 6G (R6G)/Ag,*"" model systems by the
TDDFT method. The CT transition at 1010 nm for the R6G/Ag,
model system was also obtained theoretically.*” Thus, the ex-
perimental SERS spectra should be at least a case of a pre-reso-
nance SERRS spectrum according to our calculations. There are
two ways to test our calculated results. The first one is with
the experimental electron energy loss (EELS)*? and the
second with long-range-corrected TDDFT.#%4!

As the discussion on the b, vibrational modes in metal/PATP
complex showed, the experimental SERRS of the Aus/PATP/Ag,
junction at an incident wavelength of 1064 in ref. [24] should
have contributions from both the Frank-Condon and the Herz-
berg-Teller mechanisms. To confirm the contribution of the
Herzberg-Teller mechanism, we investigated the S, and S, ex-
cited-state properties of the Aus/PATP/Age junction by means
of charge difference density. According to the charge differ-
ence density in Figure 6a, these two excited states are the
charge-transfer excited states, in which electrons transfer di-
rectly by tunneling from the Au; cluster to the Agg cluster in-
stead of passing through PATP (this is also called intervalence
charge transfer). Although the distributions of electrons on the
Au; cluster are almost the same for these two excited states,
the distribution of holes on the Agg cluster is significantly dif-
ferent. The symmetries of tunneling CT from Agg cluster to Aug
cluster are different, the product of the different CT symmetries
of these lowest singlet excited states should contain the b,
symmetry, and the SERRS spectrum in experiment in ref. [24]
must result from the Herzberg-Teller mechanism.

To interpret the electron tunneling transfer from the Ags
cluster to the Aus cluster on electronic excited states near
1064 nm, we checked the orbital energy levels of PATP/Aug
complex and Ag, cluster (see Figure 6b) and the distributions
of partial density of state (PDOS)™¥ on these molecular orbitals
(see Figure 6¢). In the calculations, the geometries were those
of the optimized Aus/PATP/Ag, junction without further optimi-
zation. According to Figure 6b, the energy levels of HOMO
and HOMO-1 for the Agg cluster are located between those
of the HOMO and LUMO of the PATP/Aus complex; while the
energy level of the LUMO for the Agg cluster is higher than
that of PATP/Aus; complex. Thus, the lowest electronic transi-
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Figure 6. a) Charge difference densities from S, to S, near 1064 nm for the
Aus/PATP/Ag junction, where green and red stand for hole and the electron,
respectively. b) Orbital energies of PATP/Aus complex and Ag, cluster. c) Dis-
tribution of partial density of states (PDOS) for PATP/Aus complex, where the
full width at half-maximum (FWHM) is set to 0.3 eV.

tion for the Aus/PATP/Ag, junction should be from the HOMO
and HOMO—1 of Age to the LUMO of the PATP/Aus; complex,
and the transition energy of the Aus/PATP/Ag¢ junction is
much lower (redshifted) than that of the Aus/PATP complex
(orbital transition from HOMO to LUMO for the Au/PATP com-
plex). Furthermore, the PDOS of the LUMO for the PATP/Aus
complex is localized on the Aus cluster (see Figure 6¢), so elec-
trons should transfer by tunneling from Ag, to Aug in the
lowest electronic transition for the Aug/PATP/Ag, junction.

For the Ag, cluster, we assume that the Fermi energy level is
located somewhere between the energy levels of the HOMO
and LUMO in the case of the PATP/Aus complex [the simplest
assumption is Egm; =1§(EHOMD+ELUMo)]- If the electrons are
transferred from Fermi energy level or HOMO (or HOMO—1) of
theAg, cluster to the LUMO energy level of PATP/Aus on elec-
tronic transition, optical absorption of the Aus/PATP/Ags junc-
tion at 1064 nm could occur, since the range of transition
energy is from 1720 nm [electron transfer from the Fermi
energy level of the Agg cluster to the LUMO energy level of
PATP/Aus  on  electronic  transition, and  assuming
Erermi = 3 (Evomo + ELumo)] to 836 nm (electron transfer from the
HOMO of the Agg cluster to the LUMO energy level of PATP/
Aus on electronic transition). The lowest transition energy (ca.
989 nm) calculated with TDDFT/B3LYP-LANL2DZ method
(Table 2) is within this range. Furthermore, because of the dif-
ferent CT symmetry of the intervalence charge transfer in the
first two electronic excited states, the experimental SERS spec-
trum should be a SERRS spectrum, with contribution from the
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Herzberg-Teller mechanism via electron tunneling transfer
from the Ag, cluster to the Aus cluster.

When the nanoparticles were assembled inversely (with the
silver nanoparticles as the first layer and the gold nanoparticles
as the second in the experiment in ref. [24]), the b, modes of
the interconnecting PATP molecules were not enhanced at an
incident wavelength of 1064 nm. To interpret such a phenom-
enon, the NRS spectrum and excited state properties of the
Ags/PATP/Aug junction were calculated. The calculated NRS
spectrum (Figure 3g) is similar to the experimental SERS spec-
tra of the Ag/PATP/Au sandwich structure in ref. [24]. Thus, the
experimental SERS spectrum may be the NRS spectrum, and
the enhancement may result from the static chemical enhance-
ment via static CT at the ground state, due to the interactions
between PATP and Ag and Au nanoparticles.

To further confirm this, we calculated the first singlet excited
state in the optical absorption of the Ags/PATP/Aug junction
with different functionals and the same basis set (see Table 3).

Table 3. Calculated electronic transition energies and oscillator strengths
f for Ags/PATP/Aug junction.

TD-B3LYP/LANL2DZ TD-B3PW91/LANL2DZ
eV nm f eV nm f

S 25275 490.54 0.0025 2.5909 478.54 0.0028

We found that the S, level calculated with the B3LYP functional
is 490 nm, which is far from the experimental incident wave-
length of 1064 nm. Hence, the experimental SERS spectrum at
an incident wavelength of 1064 nm must be the NRS spec-
trum. The S; level calculated with B3PW91 functional is
478 nm. The calculated energy difference with different func-
tionals (B3LYP and B3PW91) of about 0.06 eV indicates that the
result calculated with the B3LPY functional for the metal/PATP/
metal junction is reliable. From the charge difference density
in Figure 7a, S, is the CT excited state, whereby electrons trans-
fer from PATP to the Aug cluster.

To further answer the question why there is no optical ab-
sorption near 1064 nm, the molecular orbital energy levels of
PATP/Ags complex and Aug cluster were compared (see Fig-
ure 7b). In the calculations, the geometries are those of the
optimized Ags/PATP/Aug junction without further optimization.
From Figure 7b, we can see that the HOMO energy level of
the PATP-Ags; complex is higher than that of the Aug cluster;
and the LUMO energy level of the Aug cluster is lower than
that of the PATP/Ags; complex. Hence, the lowest transition
should be from the HOMO of the PATP/Ags; complex to the
LUMO of the Aug cluster. Furthermore, the PDOS of the HOMO
of the PATP/Ags complex is localized on PATP (see Figure 7¢),
so CT should take place from PATP to the Aug cluster at the
lowest transition energy. If electrons transfer from the HOMO
of PATP/Ag; to the LUMO of Aug on electronic transition, the
transition energy is about 2.53 eV (490 nm), and even if the
electrons transfer from the HOMO of PATP/Ags to the Fermi
energy level of the Aug cluster on electronic transition, the
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Figure 7. a) Charge difference density for S, of the Ags/PATP/Au, junction,
where green and red stand for hole and electron, respectively. b) Orbital en-
ergies of PATP/Ags complex and Au, cluster. c) Distribution of partial density
of states (PDOS) for PATP/Ags complex, where the FWHM is set to 0.3 eV.

transition energy would still about 1.82 eV (681 nm), assuming
Erermi :%(EHOMO + E,ymo)- Therefore, the calculated transitions
are all above the incident wavelength of 1064 nm. The lowest
transition energy (490 nm) calculated with the TDDFT/B3LYP-
LANL2DZ method (Table 3) is almost the same as the energy of
the orbital transition from the HOMO of PATP/Ag; to the
LUMO of Au, on electronic transition.

3. Conclusions

We have investigated the chemical enhancement of the SERRS
of the PATP molecule adsorbed on gold nanoparticles or silver
nanoparticles and in metal/PAPT/metal junctions. We visualized
intracluster and CT excitations by means of charge difference
density, which provides visual evidence for the electromagnetic
and chemical enhancements. The selective enhancements of
the b, modes in SERS experiments should be due to the Herz-
berg-Teller mechanism via CT for metal/PATP complexes. For
the Auy/PATP/Ags junction, the selective enhancement of b,
modes at an incident wavelength of 1064 nm in the experi-
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mental SERRS spectrum should be due to the Herzberg-Teller
mechanism via electron tunneling transfer from the Ag, cluster
to the Aus cluster. For the Ags/PATP/Aug junction, the b,
modes are not selectively enhanced at an incident wavelength
of 1064 nm in the experimental SERS spectrum, which is the
NRS spectrum.
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