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ABSTRACT: We have investigated the surface-enhanced resonance Raman spectroscopy (SERRS) for 4,4′-diaminotolane
absorbed on silver experimentally and theoretically. Experimental
observation shows greatly enhanced bg symmetric modes ν26 and
ν27, which are silent in normal Raman spectroscopy and SERS on
gold. The dependence of the surface-enhanced Raman spectroscopy (SERS) spectra on ﬁve excitation lines has also been
registered and classiﬁed for single bands into three proﬁles referring
to the diﬀerent contributions of resonant transitions. Theoretical
calculations based on the time-dependent path integral formalism
by including the Herzberg−Teller correction reproduce the
experimental spectra with good agreement. The importance of
the Herzberg−Teller term to improve the pattern of the spectra
and the enhancement of totally and non-totally symmetric modes are recognized and elucidated. The strong charge-transfer
transition with nearly close molecular excitations in this compound creates an opportunity to obtain insight into the combination of
molecular and charge-transfer transitions and their eﬀect on the chemical mechanism of SERS.

1. INTRODUCTION
Since the discovery of surface-enhanced Raman spectroscopy
(SERS) in 1974, diﬀerent mechanisms have been proposed to
account for the selective enhancement of vibrational bands on
the surface, and it is widely accepted as a very complex
phenomenon.1−3 Over the last 20 years, electromagnetic (EM)
and chemical (CM) mechanisms have been used to elucidate
the series of selection rules and enhancement factors. It is well
established that the EM mechanism (when the energy of
incident light is close to the plasmonic excitations) is
responsible for the largest contribution to the enhancement
factor. On the other hand, the CM mechanism explains the
pattern of spectra and depends on the adsorbed molecule in
combination with the surface. In this mechanism, the chargetransfer (CT) transition from metal to molecule (and molecule
to metal) usually plays the most important role. Finally,
molecular transition resonance, which arises when the energy
of molecular excitation is close to the energy of the plasmonic
excitation that creates SERS, can also enhance the signal in
surface-enhanced resonance Raman spectroscopy (SERRS).4−6
Separation of these mechanisms is deeply informative, and
to do so, changing the energy of the incident light has been
justiﬁed as an eﬀective controlling factor. However, the
predominant intensity of the EM mechanism compared to
the CM mechanism makes it diﬃcult to follow the CM
mechanism individually. In addition, the charge-transfer
© 2021 American Chemical Society

electronic transition for the adsorbed molecule on the surface
is not easily assigned, and the experimental data is available for
very limited systems.7,8 On the other hand, in SERRS,
resonance with both plasmonic and molecular excitations
contributes to the enhancement and intensiﬁes the signals
signiﬁcantly. However, the energy of the molecular excitations
for many analytes is relatively far from those of plasmonic and
CT excitations. Thus, the SERRS mechanism is more
accessible for chromophores or analytes with less than 1.0
eV energy separation between two maximum resonance
energies.9 Although SERRS intensities depend on the incident
light too, this phenomenon is observable for particular
systems.10
In theoretical modeling, it is possible to separate these
mechanisms by adjusting the energy of incident light to be in
resonance with each of these excitations. Although classiﬁcation of these mechanisms simpliﬁes the problem, to deeply
understand the origin of the phenomenon and explain the
experimental observations, we need a uniﬁed formula that can
Received: May 23, 2021
Revised: July 9, 2021
Published: July 29, 2021

17202

https://doi.org/10.1021/acs.jpcc.1c04524
J. Phys. Chem. C 2021, 125, 17202−17211

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

eﬃciently model all of the mechanisms together.11 In this
regard, we face a theoretical challenge for considering all types
of bright excitations, such as plasmon, CT, and molecular
transitions. On the other hand, it is usually the case that in
valid systems for SERRS, these types of transitions are close in
energy. Accordingly, it is possible that they borrow intensity
from each other, which gives rise to the Herzberg−Teller
correction in the intensity in addition to the Franck−Condon
approximation.12 Another computational diﬃculty is related to
density functionals suitable for describing CT transitions. It is
not easy to describe this type of excitation with density
functional theory (DFT), and one usually has to choose from
hybrid and range-separated functionals.13 All of these points
make the calculations hardware- and time-consuming; thus, it
is important to develop eﬃcient models for simulating all of
these excitations.
The resonance Raman intensities are calculated based on the
formalism developed by Kramers, Heisenberg, and Dirac
(KHD)14 and the two parallel time-independent and timedependent routes to treat it. The foundation of the timedependent approach to resonance Raman intensities is based
on Heller and Tannor’s formalism,15,16 which has since been
revised and further developed by diﬀerent groups to make it
simpler and more stable.17−19 Their original formalism is based
on the independent mode displaced harmonic oscillator
(IMDHO) model, which assumes that the ground and
excited-state potential energy surfaces are similar compared
to their equilibrium minima and neglects the Duschinsky
eﬀect. In recent years, several time-dependent models have
been proposed, but the issues with their numerical stability
make their implementation in diﬀerent codes diﬃcult. In this
regard, Barone and co-workers20 developed an eﬀective
computational formalism using the path integral approach,
which includes the Herzberg−Teller correction and Duschinsky rotation, with minimal input and numerical stability.
Moreover, de Souza and co-workers21−23 extended this
formalism to obtain the resonance Raman intensity for
overtone and combination bands, and we apply their
implementation in the current work. Particularly, for modeling
the SERS mechanism, Lombardi and Birke proposed a uniﬁed
formula and determined the importance of Albrecht B- and C
terms when the low-lying states have a charge-transfer nature.
However, for combined metal−molecule systems, they
considered the conduction band as the continuum
states.11,24−26 Based on their investigation, both totally and
non-totally symmetric modes are enhanced via the Herzberg−
Teller term, although it is not easy to address its contribution
experimentally.27
Finding a chemical system that is suitable for SERRS
experiments and also enables the computational study of
various types of CM mechanisms is a necessity for veriﬁcation
of the developed theoretical approaches. In the current work,
we study 4,4′-diaminotolane (DAT) (also is known as 4,4′diaminodiphenylacetylene), a compound with high-intensity
molecular excitation28 and nearly close CT transition, which
adsorbs on silver nanoparticles, to obtain a deeper look at the
combination of all SERS mechanisms. The designated
properties are inherent for DAT due to the relatively rigid
highly conjugated structure and good propensity to interact
with metals by virtue of the ending amino groups. Also, the
DAT molecule belongs to the C2h point group of symmetry
that reinforces the involvement of SERS selection rules. We
applied the time-dependent approach and considered all of the

Article

desired important types of electronic states to determine the
importance of Herzberg−Teller correction for them and to
reproduce the experimental spectra.

2. METHODS
2.1. Experimental Details. 4,4′-Diaminotolane (98%) was
purchased from Santa Cruz Biotechnology; silver nitrate
(99%), sodium borohydride (98%), hydrogen tetrachloroaurate trihydrate (99%), and trisodium citrate 5,5-hydrate (98%)
were purchased from Merck; and methanol (ultrapure grade)
was purchased from Vekton (Russia). All reagents were used
without further puriﬁcation. All aqueous solutions were
prepared with deionized water with a resistivity of 18.2 MΩ·
cm (Milli-Q Reference, Millipore). A stock solution of DAT
with a concentration of 1 × 10−4 M was prepared by dissolving
2.1 mg of the compound in 100 mL of methanol. The solution
with a concentration of 1 × 10−5 M obtained by dilution of the
stock solution with methanol was used for the SERS
measurements. This solution diluted 10 times with methanol
was used for the SERS measurements by mixing with a metal
colloid in a 1:9 volume ratio. For the ultraviolet−visible (UV−
vis) absorption measurements, the stock solution of DAT was
mixed with methanol solutions of silver nitrate in the
proportion of 100:1. The concentration of silver nitrate was
varied in the range from 1 × 10−2 to 5 × 10−2 M to obtain
diﬀerent DAT−Ag+ ratios. Silver colloid was prepared by
reduction of silver nitrate by sodium borohydride in
accordance with the standard procedure proposed by Creighton et al.29 Gold colloid was prepared by reduction of hydrogen
tetrachloroaurate by trisodium citrate in accordance with the
protocol proposed by Frens.30 Both colloids were characterized
using UV−vis spectroscopy and transmission electron
microscopy (TEM). Conventional parameters were obtained
in both cases. Namely, the absorption maximum at 394 nm and
spherical nanoparticles with a diameter of 12 ± 3 nm were
established for silver colloid, and the absorption maximum at
525 nm and spherical nanoparticles with a diameter of 22 ± 5
nm were obtained for gold colloid (see Figure S1).
2.2. Instrumentation. The laser power was set at 20 mW
in all Raman measurements. An attachable cuvette adapter for
a microscope was used for spectra acquisition of liquid
samples. Standard quartz cuvettes with an optical length of 10
mm were used. All SERS spectra were acquired immediately
after mixing the metal colloid with the DAT solution. The
detailed parameters of SERS spectra acquisition (diﬀraction
grating, accumulation time, number of repeated acquisitions,
etc.) are presented in Table S1. Both spectrometers were
calibrated before measurements using silicon and polystyrene
samples (validation of laser alignment, Raman shift axis
calibration, confocality test). To enable the excitation proﬁle
building from the SERS spectra obtained using the two
spectrometers, methanol was employed as an external and an
internal intensity standard. The SERS spectra recorded at
diﬀerent excitations were baseline-subtracted and normalized
on the methanol band at 1018 cm−1 using OriginPro 8.5
software. The UV−vis absorption spectra were recorded on a
UV-1800 (Shimadzu) spectrophotometer with a quartz cell of
2 mm path length in the case of DAT−Ag+ solutions and with
a quartz cell of 10 mm path length in the case of metal colloids.
TEM images of silver and gold nanoparticles were obtained
using a Zeiss Libra 200FE microscope at an accelerating
voltage of 200 kV. To prepare samples for TEM measurements, 10 μL of the silver colloidal solutions were drop-cast on
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Figure 1. Comparison of the experimental Raman (λexc = 633 nm) and SERS spectra proﬁles of DAT on silver (λexc = 488 nm) and gold (λexc = 633
nm).

top of carbon ﬁlms and air-dried. During water evaporation,
the ﬁlms were kept in a dark place.
A Thermo Fisher Scientiﬁc Escalab 250Xi spectrometer
using monochromatic Al Kα radiation (1486.6 eV) was used to
collect the X-ray photoelectron spectroscopy (XPS) spectra.
The position of the carbon C 1s peak was assumed to be at
285.0 eV and used as an internal standard to determine the
binding energy of other photoelectron peaks. The XPS peaks
were ﬁtted using a Gaussian/Lorentzian mixed function.
2.3. Computational Details. All ground- and excited-state
calculations were performed in the framework of density
functional theory (DFT) using the ORCA 4.1 program
package.31 The geometry and the Hessian matrix of the
ground state were obtained using GGA BP86,32 hybrid
B3LYP,33,34 and range-separated ωB97X-D335 functionals
and the Def2-TZVPP basis set36,37 with the auxiliary basis
for Coulomb ﬁtting. To accelerate the computation of twoelectron integrals, RIJCOSX,38,39 the resolution of identity
with a chain of spheres (COSX) approximation, was used with
the corresponding auxiliary basis. The DFT grid was set to
GRID4, and the convergence threshold TIGHT was employed
for the self-consistent ﬁeld (SCF) and the optimization
procedure.
Time-dependent density functional theory (TD-DFT)
accompanied by excited-state gradient calculations were
performed with ωB97X-D3 and B3LYP functionals for 25−
50 roots to recover the DAT excited states in the complex. The
resonance Raman calculation was performed using the path
integral formulation proposed by Barone and co-workers for
harmonic oscillators, including the Herzberg−Teller (HT)
correction.20 This approach has been further developed by de
Souza et al. with the name excited-state dynamics (ESD)
module in the ORCA package and considers the overtone and
the combination bands.21−23
Simulation of the resonance Raman spectra is done in three
main steps: ground-state optimization and Hessian frequency
calculations and the excited-state calculations in addition to the
ground-state structure to determine the type of excitations
(typically charge-transfer excitation between DAT and the
cluster). The resonance Raman calculations with the
ORCA_ESD module were performed using the vertical

excited-state gradient (VG) approach over the number of
diﬀerent bright excited states with the ﬁxed incident light. The
theoretical incident light energy was chosen as the diﬀerence
between the theoretical and the experimental CT excitation
energy plus the experimental laser energy. The Herzberg−
Teller correction has been considered in the modeling of SERS
spectra.

3. RESULTS AND DISCUSSION
The SERS spectra of DAT revealed a strong diﬀerence in their
pattern between silver and gold colloids. While the SERS
spectrum recorded for gold is very similar to the normal
Raman spectrum of DAT, the SERS spectrum for silver
showed two intensive peculiar bands at 1402 and 1446 cm−1
(Figures 1 and S2). Two main possible reasons could be
responsible for these striking spectral changes: a resonance
character of DAT SERS on silver and photoconversion of DAT
due to an oxidation coupling reaction that has been previously
observed for some aromatic amines.40 The stability of DAT
adsorbed on the silver and gold surfaces under the conditions
used was conﬁrmed by XPS spectra (see Figure S3). An
identical peak of 399.1 ± 0.1 eV, which is a signature of
unprotonated amine,41 was obtained for solid DAT and DAT
adsorbed in both colloids. Thus, the resonance contribution to
the SERS of DAT on silver seems to be the most likely reason
for the experimental observation. To verify this hypothesis,
calculations of SERRS of DAT that interacted with the Ag6
cluster were performed.
The prediction of SERS was begun from the analysis of
ground and excited states and the electronic transitions of
DAT and the DAT−Ag6 system. The geometries of the ground
state and vibrational frequencies of DAT and DAT−Ag6 were
obtained using BP86, B3LYP, and ωB97X-D3 functionals. In
the previous SERS simulation, the BP86 functional exhibited
good accuracy for the ground-state structure of molecules
adsorbed on Ag/Au clusters and also provided the vibrational
frequencies with less deviation from the experiment.42,43
Herein, the BP86 structure of DAT in the complexed form
remained symmetric, but for B3LYP and ωB97X-D3
structures, they show ﬁne curvature and deviation from the
planar structure. For the optimized structure of DAT−Ag6, the
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Figure 2. Calculated UV−vis absorption spectra for DAT and DAT−Ag6 and the isosurface plot of CDD at the ωB97X-D3//BP86 level of theory
(left). The spectra have been broadened with a σ = 15 nm Lorentzian function. The experimental UV−vis absorption spectra of DAT treated with
AgNO3 in methanol (right). The excitation wavelengths used in the SERS measurements are indicated by the vertical lines.

Table 1. Excitation Wavelengths, Oscillator Strength, and Weight of Each Transition and Its Molecular Orbitals at the ωB97XD3 Level of Theory

addition, the S9 excitation appears in the same position as that
of the isolated DAT excitation observed, but it is not just the
molecular excitation as the metal orbital also contributes to this
type of transition. These two types of excitations were
observed with B3LYP and BP86 calculations (see Figure S4).
As the experimental elucidation of the DAT−Ag charge
transfer in silver colloid is complicated by partial aggregation of
nanoparticles (see Figure S5), the UV−vis absorption spectra
of the series of DAT methanol solutions with increasing
concentration of silver nitrate were measured. In the
experimental UV−vis spectrum (Figure 2), the high-intensity
peak that appeared at 300 nm (4.1 eV) is related to the DAT
molecule, and this peak is conserved with reduced intensity in
the complex (DAT−Ag). In addition, for the complex, the lowintensity band near 400 nm (3.1 eV) is recorded and is
intensiﬁed by increasing the number of silver ions that
establish unambiguously its relation to CT transition. The
theoretical incident light energy at 3.0 eV (410 nm) was
selected based on the diﬀerence between theoretical (S8 = 3.7
eV (334 nm)) and experimental CT excitation (at 3.0 eV (412
nm)) plus the experimental laser energy (at 2.5 eV (488 nm)).
To compare the eﬀect of the DFT functional, the SERS of
bright excitations with the setting of the incident light energy

excited-state energy and gradient were computed using BP86,
B3LYP, and ωB97X-D3 functionals. The range-corrected
functional was chosen as it was supposed to work better for
the charge-transfer excited states.13,44 In addition, to determine
the type of transitions and the pattern of excited-state charge
density localization, the charge diﬀerence density (CDD) map
of a given excited state and the ground state was calculated.
Based on these features, intracluster and charge-transfer
excitations (between DAT and the cluster) could be separated.
Figure 2 displays the UV−vis absorption spectra for isolated
and complexed DAT along with the CDD map at the ωB97XD3 level of theory of the optimized BP86 structure. Two highintensity excitations, S8 = 334 and S9 = 287 nm, were observed,
and the CDD map for S8 is nearly localized on the metal and
for S9 on the molecule. Table 1 reports the weight of the
molecular orbitals that contributed to these transitions. For
this complex, the active orbitals are localized as follows: the
HOMO and HOMO − 1 on metal, the HOMO − 2 on the
molecule, and the LUMO + 1 to LUMO + 3 on the whole
DAT−Ag6 complex. The diﬀerence between these two bright
excitations, S8 and S9, is related, respectively, to the electron
transition from metal (S8Ag6→comp) and molecule (S9DAT→comp)
to the MOs, which are localized on the whole complex. In
17205
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Figure 3. Experimental and calculated (ωB97X-D3) SERS spectra of DAT−Ag6 including the Herzberg−Teller term using incident light
wavelength equal to 410 nm and the geometry and the Hessian matrix were from BP86/def2-TZVP.

of each functional were computed. The results of ωB97X-D3//
BP86 and ωB97X-D3//ωB97X-D3 are shown in Figure S6.
These two levels of calculations diﬀer from each other in the
ground-state geometry and the Hessian matrix. The structure
of DAT remained symmetrical for BP86 but deviated slightly
from the planar structure for the ωB97X-D3 functional. The
important diﬀerence between these two functionals at the FC
level of calculations is related to the high-intensity v8 C-ring
stretching mode at 1131 cm−1, which appeared with low
intensity for S8 transition of the BP86 symmetric structure but
was not observed for the ωB97X-D3 structure. On the other
hand, for the S9 transition at the ωB97X-D3 structure, this
peak was recorded with high intensity. Furthermore, the
asymmetric ring stretching deformation modes (v26 and v27 at
around 1400 cm−1) were not observed for these levels of
calculations by considering only the FC-term. Moreover, in
Figure S7, the B3LYP SERS calculations for CT and molecular
transitions cannot reproduce the experimental spectra. In
summary, ωB97X-D3 (on top of the BP86 geometry) performs
well and is used in the remainder of the current study.
In Figure 3, we show the calculated SERS of DAT−Ag6
with/without HT-correction and also display the contribution
of the two high-intensity S8Ag6→comp and S9DAT→comp transitions
to the overall spectrum. The main diﬀerence between
S8Ag6→comp and S9DAT→comp is the type of HOMOs that

contributed to these transitions. For S9DAT→comp, the occupied
orbital is localized on the molecule and the virtual orbitals on
the whole complex, and the CDD map displays the major
contribution of the molecule in this excitation. Furthermore,
the energy diﬀerence of these two bright excitations is less than
0.6 eV (50 nm), and it is possible to borrow intensity from
each other. Moreover, the symmetry of these two states is
similar, and by including the HT-correction, the non-totally
symmetric modes are enhanced.
To examine the claims made by the analysis of calculated
UV−vis and SERRS spectra of DAT, the excitation wavelength
dependence of the SERS spectra was studied. The spectra
recorded in silver colloid at ﬁve laser lines (488, 514, 532, 633,
and 785 nm) are represented in Figure 4. In comparison, the
SERS spectra registered in gold colloid at diﬀerent excitations
are shown in Figure S8. Both excitation dependencies of SERS
spectra are supported with the corresponding experimental
UV−vis spectra of DAT in silver and gold colloids (Figures 4b
and S8). The SERS spectra on silver have a pronounced
dependence of proﬁle on the excitation wavelength while the
spectra on gold change only in the overall intensity at diﬀerent
laser lines. To construct the excitation proﬁles, the spectra
obtained on silver were normalized to the intensity of the wellseparated 1018 cm−1 band of methanol and the values of
relative intensity were calculated.
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Figure 4. (a) SERS spectra of DAT at the indicated excitation wavelengths. The spectra were baseline-subtracted and normalized on the methanol
band at 1018 cm−1. (b) UV−vis absorption spectrum of silver colloid with DAT of 10−6 M concentration. The excitation wavelengths used in the
SERS measurements are indicated by the vertical lines. (c) Excitation proﬁles of the SERS spectral bands of DAT adsorbed on silver.

around 1446 cm−1), and the low-intensity non-totally
symmetric modes between 800 and 1000 cm−1 is according
to the HT selection rules (see Figure 3). Moreover, v8 C-ring
stretching (at around 1131 cm−1) as a totally symmetric mode
was intensiﬁed, and both of these variations under the eﬀect of
the HT-term resulted in the calculated spectrum being in good
agreement with the experiment. In addition, the improvement
of the overall spectrum (black curve), under the eﬀect of the
HT-term, is mainly from variation and the enhancement of the
S9DAT→comp spectrum. For the S9DAT→comp transition, the
FCHT-spectrum was intensiﬁed about 30 times in comparison
to the FC-spectrum. However, the S8Ag6→comp spectrum with/
without HT-correction is nearly similar. It is well established
that the amount of borrowing intensity from the HT-term for
each vibrational mode is proportional to the coupling integral
and vibrational mode displacements and inversely proportional
to the energy diﬀerence between the two involved states.12
For the charge-transfer SERS (CT-SERS) spectra, Birke and
Lombardi27 recently established the importance of HTcorrection for the intensity of totally and non-totally symmetric
modes with a small dimensionless displacement (|Δ| ≈ 0.05).
They obtained the relative contribution of the Albrecht C-term
compared to that of the A-term using eq 1. This equation is
derived from eqs A1 and A2 and by considering some
assumptions (in the Appendix section) simpliﬁed to eq 2 and
shows the relative intensity of the C- to the A-term.

The dependence of the SERS bands on excitation can be
classiﬁed into three types: (a) the proﬁle passing through the
maximum at 514 nm (1131 and 1308 cm−1 bands), (b) the
proﬁle with a sharp drop of relative intensity from 488 to 633
nm (1402 and 1446 cm−1 bands), and (c) the proﬁle with a
gradual decrease of relative intensity from 488 to 633 nm
(1596 and 2210 cm−1 bands). It is easy to notice that the type
of proﬁle replaces one another by increasing the value of the
Raman shift. Nonmonotonous dependence on excitation
observed for 1131 and 1308 cm−1 bands indicates the
inﬂuence of several electronic transitions on these modes, a
joint action of which reaches a maximum at 514 nm.
Apparently, the electronic transition observed in the UV−vis
spectra at 310 nm and the metal-to-molecule electronic
transition arising at 412 nm inﬂuence the 1131 and 1308
cm−1 vibrations. This correlates well with the calculated
predictions for the v8 C-ring stretching mode, which showed a
noticeable contribution from both S8 and S9 excited states
(Figure 3). The excitation proﬁle for the bands 1402 and 1446
cm−1 corresponds to the eﬀect from single electronic transition
strongly decreasing with remote resonance conditions.
Obviously, the closest-in-energy metal-to-molecule charge
transfer contributes to these vibrations. Bands at 1596 and
2210 cm−1 almost do not have a resonance contribution as
their intensity decreases gradually, matching well with the
proﬁle of the localized surface plasmon resonance band. This is
also well predicted for the v5 mode in the performed
theoretical calculations. Generally, the obtained excitation
proﬁles reinforce the assumptions made as a result of the
analysis of the calculated data.
In Figure 3, for the FC and FCHT spectra of S8Ag6→comp, the
agreement with the experimental spectrum is rather poor,
while for S9DAT→comp, including the HT-term reproduces
satisfactorily the intensity of totally and non-totally symmetric
peaks in comparison to the experiment (see Figure 3). The
appearance of the bg symmetric ring stretching mode, v26 (at
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Table 2. Comparison of the Experimental and Calculated SERRS Spectra and the Assignment of Bands
SERRS Ag coll 488
nm (cm−1)

SERRS intensity
exp. (au)

SERRS Ag calc.
FCHT (cm−1)

absolute intensity
calc. (Å4/amu)

relative
intensity

symmetry (for DAT
in vacuum)

411
477

561
238

456
482

4.99 × 1019
3.07 × 1020

vw
vw

bg
ag

539
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506

1.85 × 1019

vw

ag

547
562
619
640
692
722
737
792
833
855
924
1013
1095
1131
1182
1190
1308
1402
1446
1496
1548
1596
1609
2210

630
503
340
396
168
204
263
107
315
301
817
424
1547
37 382
1520
5307
4322
28 448
57 534
5132
2096
26 621
4033
16 294

524
533
610
631
692
752
769
794
833
873
977
980
1051
1106
1143
1150
1306
1391
1458
1481
1562
1565
1582
2168

3.19
1.91
4.71
4.72
5.99
4.59
2.39
9.72
3.67
2.92
5.65
5.00
3.03
1.25
2.59
2.00
1.75
1.30
4.75
1.17
7.70
9.17
1.28
4.32

×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×

vw
vw
vw
vw
vw
vw
vw
vw
vw
vw
w
vw
w
vs
sh
m
m
s
vs
m
vw
s
sh
s

ag
bg
ag
bg
bu
ag
bu
bg
ag
ag
bg
ag
bg
ag
bu
ag
ag
bg
bg
ag
bg
ag
ag
ag

1019
1019
1018
1018
1019
1019
1018
1020
1018
1020
1020
1020
1017
1022
1020
1020
1019
1019
1021
1020
1021
1021
1021
1022

fCT

=

fS

9

fS

obtained the

Δμn

( ) ratio for the S
IC
IA

( ).
Δμn

ΔQ k

0

9

(or Smol) state with respect

k

ÄÅ ÉÑ2 ÅÄ
S9
S8
ÑÉ2 ÅÄ
ÑÉ2 y
ÅÅ f ÑÑ jiÅÅ
ÅÅ S8 ÑÑ jjÅÅ hHTS9 ÑÑÑÑ ÅÅÅ hHTS8 ÑÑÑ zzz
jij IC zyz jij IC zyz
Å
Å
Ñ
j
jjj zzz /jjj zzz = ÅÅ ÑÑ jjÅÅ S ÑÑ /ÅÅ S ÑÑÑ zzz
ÅÅ f ÑÑ jjÅÅÅ Δ 9 ÑÑÑ ÅÅ Δk8 ÑÑ zz
k IA {k k IA {k
ÑÖ {
ÅÅÇ S9 ÑÖÑ kÇ k Ö ÅÇ
2
ij ij ΔμS9 yz yz
ij f yz i ΔS8 y2 jjjj jj ΔQ k zz zzzz
z
j Sz j
k
{0 zz
= jjjj 8 zzzz × jjjj Sk zzzz × jjjj
z
jj ΔμS8 zzz
j fS z jk Δk 9 z{
jj
z
k 9{
j ΔQ k zz
0{
k

IC/IA. Therefore, in comparison to ref 27, HT-correction has a
minor eﬀect on the charge-transfer SERS for the S8Ag6→comp
state.
However, in comparison to the minor eﬀect of including HT
in CT transitions (S8Ag6→comp), its major eﬀects on the
molecular transition (S9DAT→comp) can be explained based on
comparing the vibronic coupling (hHT), Δk, and the oscillator
strength of these two states (in eq 3). Moreover, as the
vibronic coupling constant, hHT, is proportional to the
ΔQ k

ν4

to the S8 (or SCT) transition through eq 3

< 1 decreased the ratio of

( )

ν27
ν26
ν6
ν25
ν5

As indicated before, for the ﬁrst 30 excited states with
wavelength >230 nm, only S8 and S9 have large oscillator
strength (f > 1), and it is possible that these two states borrow
intensity from each other. Therefore, to estimate the inﬂuence
of HT-correction for the same vibrational mode (ωk), we

8

transition dipole moment derivatives,

ν7

accordingly, the simpliﬁed eq 3 depends on f, Δk, and

f S9 = 1.07). These two transitions are close to each other with
the calculated energy diﬀerence of about (Emol − ECT) = 0.61
eV (in Table 1). Therefore, it is possible that the resonance
Raman spectra for S8Ag6→comp transition, the borrowed intensity
from the S9DAT→comp state. For S8Ag6→comp, the dimensionless
displacement for the totally symmetric normal modes is about
|Δ| = 0.2−0.6, which is clearly larger than the estimated Δ in
ref 27 (the estimated |Δ| = 0.05−0.1 by examination of the
overtone bands from the experimental spectra). In eq 2, the
fmol

ν10
ν30
ν8

electronic state and Qk is the kth normal mode) (eq A3),

Here, we try to understand through eq 2 the negligible
inﬂuence of HT-correction on the totally symmetric modes of
the CT-SERS spectrum for the S8Ag6→comp state in comparison
to its major eﬀects on the molecular transition, S9DAT→comp.
Herein, both S8Ag6→comp and S9DAT→comp transitions are the
bright excitations with large oscillator strength (f S8 = 1.91 and

replacement of large Δ and

assignment
CH def. + ring def.
CH def. + NH2 wag.+ C
C def.
CH def. + NH2 wag. + C
C def.
NH2 wag.
C−CC def.
ring def.
ring def. + C−C def.
ring def.
ring def.
ring def.
CH def.
CH def.
ring def. (trigonal)
CH def.
CH def. + ring def.
CH def.
C-ring stretch.
CH def.
CH def.
N-ring stretch.
CH def.
ring stretch. + CH def.
ring stretch. + CH def.
ring stretch.
ring stretch. + NH2 sci.
NH2 sci.
CC stretch.

( )

(3)

This ratio for two totally symmetric modes, v8 = 1105 and v5 =
1560 cm−1, can be estimated by replacing their Δk and hHT
values in eq 3. As can be found in Table S1, for S8 and S9
states, the dimensionless displacements of the v8 mode are ΔSv89
= 0.27 and ΔSv88 =0.35 and for the v5 mode are ΔSv59 = 0.53 and
S
Δv58 = 0.52, which is nearly similar. However, the ratio of the
transition dipole moment derivative for v8 and v5 modes is

(n is the

0
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i ΔμS y i ΔμS y
i ΔμS y i ΔμS y
equal to jjj ΔQ 9 zzz /jjj ΔQ 8 zzz = 20.4 and jjj ΔQ 9 zzz /jjj ΔQ 8 zzz = 12.7,
k v8 {0 k v8 {0
k v5 {0 k v5 {0
respectively. In agreement with Figure 3, the larger values of

the vibrational quantum number of the excited electronic
state) and Qk is the displacement of the kth normal mode.
To determine the eﬀect of the HT-term on the CT state, the
ratio of C and A terms was obtained by assuming the laser
energy to be close to the charge-transfer excitation, ω ≈ ωCT,
and the frequency diﬀerence between molecular and CT
excitations was more than the lifetime of the molecular
excitation, ωCT2 − ωmol2 ≫ γmol2.27

( ) for the S state compared to S explain the signiﬁcant
Δμn

ΔQ k

9

8

0

eﬀect of HT-correction on the former transition. Moreover,
substituting these values in eq 3 demonstrates the larger eﬀect
of the HT-term on v8 in comparison to the v5 mode (Table 2).

μ
⟨i|j⟩⟨j|Q k|f ⟩
hCT
C
= − mol
A
μCT ℏ(ωmol − ωCT) ⟨i|j⟩⟨j|f ⟩

4. CONCLUSIONS
In summary, the experimental SERS for DAT on silver was
observed for the ﬁrst time. Well resolved, highly intensive
spectra obtained with peculiar patterns allowed us to use this
compound to study diﬀerent contributions to overall SERS.
DAT with the nearly close charge transfer and molecular
transitions appeared to be an excellent model for the
veriﬁcation of the chemical mechanism of SERS with
predominant contribution from CT and molecular resonance.
The theoretical calculation based on the time-dependent path
integral formalism was performed, and the important role of
Herzberg−Teller correction to reproduce the peak intensity
with excellent agreement was established. For the totally
symmetric modes, the dominant contribution of Herzberg−
Teller to the intensity of the molecular resonance in contrast
with CT-SERS was revealed. For the molecular and CT states,
the diﬀerent amounts of vibronic coupling (in comparison to f
and Δ) elucidated the dissimilar contributions of A and C
terms. On the other hand, for the non-totally symmetric
modes, the molecular state in comparison to CT transition has
a larger displacement (Δmol/ΔCT = 2), and by including the
Herzberg−Teller correction, these modes intensiﬁed obviously. In the present work, the minimized contribution of the
electromagnetic mechanism provides this opportunity to
understand more clearly the eﬀect of HT-correction on the
chemical mechanism and surface selection rules.

If i = 0, j = 0, and f = 1, the analytical expression for
is derived as

C=

2
2
ℏ(ωPlas)2 ((ωCT
− ω 2) + γCT
)

1/2

⟨0|0⟩⟨0|1⟩

⟨i | j⟩⟨j |Q k| f ⟩
⟨i | j⟩⟨j | f ⟩

1
Δk

(A4)

As the ratio of (μmol/μCT)2 is proportional to oscillator
strengths f mol/f CT, we have
ÄÅ
ÉÄ
ÑÉÑ2
CT
ÅÅ f ÑÑÑÅÅÅÅi ℏ y1/2
ÑÑ
ij IC yz
ij C 2 yz
h
Å
Ñ
j
z
mol
Å
Ñ
HT
Å
Ñ
j
z
jj zz = jj zz = Å
ÅÅ f ÑÑÑÅÅÅÅjjj μω zzz (E − E )Δ ÑÑÑÑ
jj I zz
j A2 z
Å
Ñ
Å
mol
CT
kÑ
k A {k k {k ÅÇ CT ÑÖÅÅÇk k {
ÑÑÖ

(A5)

In addition, the ratio of C and A terms, for the cases where
molecular transitions borrowed intensity from CT states, the
laser energy was close to the molecular excitation, ω ≈ ωmol,
and the frequency diﬀerence between and CT and molecular
excitations was more than the lifetime of the CT state, |ωCT2 −
ωmol2| ≫ γCT2, is equal to
A=

C=

ρ
σ
2ωmol(μmol
Eρ)(μmol
Eσ )
2
2
ℏ(ωPlas)2 ((ωmol
− ω 2) + γmol
)

⟨i|j⟩⟨j|f ⟩

2
2
2
2
ℏ2(ωPlas)2 ((ωmol
− ω 2) + γmol
− ω 2) + γCT
)((ωCT
)

ÉÑ2
ÄÅ
ÉÄ
ÑÑ
mol
ÅÅ f ÑÑÑÅÅÅÅi ℏ y1/2
ij IC yz
i C 2 zy
ÑÑ
h
Å
Ñ
j
z
j
CT
Å
HT
ÑÑÅÅjj
zz
jj zz = jj zz = ÅÅ
ÅÅ f ÑÑÅÅjj μω zz (E − E )Δ ÑÑÑÑ
jj I zz
j A2 z
mol
CT
kÑ
k A {k k {k ÅÅÇ mol ÑÑÖÅÅÅÇk k {
ÑÑÖ

⟨i|j⟩⟨j|f ⟩
(A1)

2
2
2
2
ℏ2(ωPlas)2 ((ωCT
− ω 2) + γCT
− ω 2) + γmol
)((ωmol
)

(A6)

ρ
σ
−2(ωmolωCT + ω 2)(μCT
Eρ)(μmol
Eσ )hHT mol

⟨i|j⟩⟨j|Q k|f ⟩

ρ
σ
−2(ωCTωmol + ω 2)(μmol
Eρ)(μCT
Eσ )hHTCT

⟨i|j⟩⟨j|Q k|f ⟩

ij ℏ yz
zz
= jjj
j μωk zz
k
{

⟨0|0⟩⟨0|Q k|1⟩

APPENDIX
In the Kramer−Heisenberg−Dirac formalism, the Herzberg−
Teller expansion of the electronic wavefunction was introduced
and resulted in the Albrecht terms, α = A + B + C.45 In eqs A1
and A2, Lombardi and Birke utilized this approach and
presented the expression for the charge-transfer SERS intensity
from A and C terms.11
A=

(A3)

27

■

ρ
σ
2ωCT(μCT
Eρ)(μCT
Eσ )

Article

(A7)

(A8)

The relative borrowing of intensity from each other for the
molecular and CT transitions can be obtained as follows

(A2)

where ωCT, ωmol, and ωPlas are the frequencies of the charge
transfer and the molecular and intracluster excitations,
respectively; μCT and μmol are transition dipole moments of
the charge transfer and molecular states; ρ and σ are the
directions of the scattered and the incident light, respectively;
and γ is the lifetime. hHT is the Herzberg−Teller coupling
constant. The indices i, j, and f refer to vibrational quantum
numbers (i and f are the initial and ﬁnal vibrational quantum
numbers of the ground electronic state, respectively, and j is

ij IC yz
i y
jj zz /jjj IC zzz
jj I zz
jj zz
k A {k k IA {k
mol

CT

ÅÄÅ f ÑÉÑÅÄÅ h mol ÑÉÑ2
ÅÅ CT ÑÑÅÅ HT ÑÑ
ÅÅ f ÑÑÅÅ Δ mol ÑÑ
Å mol ÑÅ k ÑÖ
≈ ÇÄÅ ÖÉÑÇÄ
É2
ÅÅÅ fmol ÑÑÑÅÅÅÅ hHTCT ÑÑÑÑ
ÅÅ f ÑÑÅÅ Δ CT ÑÑ
ÅÇ CT ÑÖÅÇ k ÑÖ

(A9)

Substituting the Herzberg−Teller coupling term for CT and
molecular transitions in eq A9 gives
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(Emol − ECT)
hHTCT =

( )
ΔQ k

(ECT − Emol)
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