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ABSTRACT: p-Aminobenzenethiol (ABT) is a popular molecule for surface-
enhanced Raman scattering experiments (SERS), providing large signal
enhancements on a range of metal surfaces. However, SERS intensities vary
very much according to experimental conditions, and the interplay between ABT
protonation, polymer state, and electronic structure/Raman cross section is still
not completely clear. To understand main factors affecting Raman intensities,
density functional theory (DFT) and matrix polarization theory (MPT) models
were used to generate the spectra and compare to the experiment. The
simulations showed that ABT protonation as well as its binding to the metal
surface shift the absorption threshold, which invokes resonance or preresonance
conditions favorable to the signal enhancement. The MPT approximation
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enabled modeling of the effect of the metal bulk and orientation of the dye on the metal surface on the enhancement and relative
band intensities. The simulations can be done relatively easily and reveal chemical changes and system geometry important in

rational design of SERS molecular sensors.

B INTRODUCTION

Since its discovery,' surface-enhanced Raman scattering
(SERS) developed for many techniques broadly used in
analytical chemistry and spectral imaging.” For molecules
placed in proximity of a noble metal, the surface Raman cross
section can increase up to several orders in magnitude. In
general, the interaction with the surface is difficult to control,
and the enhancement strongly depends on experimental
conditions. In the past, Matejka et al. proposed control of the
absorption process of p-aminobenzenethiol (ABT) dye on Au,
Ag, and Cu surfaces via the electrochemical potential of the
metal plates.”™ On metal surfaces, ABT is supposed to form
self-assembled monolayers, attached via the thiol group.*’
Various computational models were previously used to
interpret ABT SERS spectra,”'° which, however, mostly dealt
with qualitative aspects of the event, such as vibrational mode
assignment. Enhancement factors for the modes of the b,
symmetry were found to be higher than those for a,. The
charged (NH;") and zwitterionic ABT forms, most probably
dominant in many experiments, were sometimes not
considered at all. In the present study, we compare the
observed intensities to density functional computations,
investigate the role of metal binding and protonation on the
ABT absorption threshold, and model the effect of ABT dye
orientation with respect to the metal surface. The simulations
are primarily compared to experiments obtained on copper
colloids and plates, where the monomeric ABT form prevails.
On silver and gold, depending on experimental conditions, 4,4'-
dimercaptoazobenzene (“dimer”) may be formed by a photo-
catalytic coupling from two ABT molecules, which interferes
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with the ABT SERS signal.'' In electrochemical surface-
enhanced Raman scattering (EC SERS) spectroscopy, for-
mation of the dimer can be avoided or limited by pH, potential,
electrolyte composition, laser power, and surface feature
variations.'”"? De/protonation of ABT and activation of
oxygen on the surface were also suggested as important factors
in dimer formation."""*

Traditionally, the SERS increase of Raman band intensities is
attributed to the amplification of the laser electromagnetic field
at the vicinity of metal nanostructured surfaces and particles
(“plasmon resonance”) and “chemical” changes of the
absorbing species.15 This can also be shown for ABT, where
the computations given below suggest that the chemical bound
to the metal increases absorption in the region of the laser
excitation radiation and thus significantly contributes to the
overall enhancement. Matrix polarization theory (MPT),"*"
where the metal is modeled simply by a polarizable sphere,
enables one to estimate the effect of molecular orientation on
relative Raman intensities of individual vibrational bands.

B METHODS

Experimental Raman and SERS Spectra. Experimental
details related to sample preparation and measurement are
described elsewhere.”'” Briefly, copper, silver, and golden
surfaces were prepared by electrochemical metal coating of
platinum targets. Cu nanoparticles were prepared using
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aqueous sodium citrate solution reduced by copper sulfate in
the presence of borohydride under an inert nitrogen
atmosphere using a known procedure.'"*° The ABT dye
was then deposited on the surfaces from its saturated solution
in methanol. Ordinary Raman spectra of ABT powder were
measured with excitation wavelengths of 488, 785, and 1064
nm, and the Raman spectrum of 0.1 M methanolic ABT
solution was measured with the 1064 nm excitation. If not said
otherwise, targets’ SERS spectra presented in this study were
obtained in a spectroelectrochemical cell, in a 0.1 M aqueous
K,SO, solution (pH = 7) and using the 785 nm excitation. The
structure of the metal target surfaces is characterized in ref 4.
No voltage was applied. Cu nanoparticles were kept in a quartz
cell under a nitrogen atmosphere, and the 1064 nm laser was
used. The spectra were acquired on the following instruments:
disperse Raman spectrometer of LabRam, Dilor Jobin—Yvon,
with a 488 nm argon ion laser and thermoelectrically cooled
CCD, a Dimension P2 Raman spectrometer, Lambda Systems,
with a 785 nm diode laser and thermoelectrically cooled CCD,
and FT-Raman spectrometer Equinox 55/S, FRA106/S,
Bruker, with a Nd:YAG 1064 nm excitation laser and a
liquid-nitrogen-cooled germanium diode detector.

Density Functional Calculations. Geometries of neutral
and zwitterionic ABT forms and the dimer (Figure 1) were

HS NH, S NH3
ABT ABTow
HS N=N SH
dimer

Figure 1. p-Aminobenzenethiol in nondissociated (ABT) and
zwitterionic (ABT,,,) forms and the dimer.

optimized by energy minimization, and their spectra were
calculated at the B3LYP/6311++G** level using the Gaussian
09, DO1*' program. ABT derivatives with one or several metal
atoms were used to simulate the effect of binding to the metal.
Such an approach has been used previously and successfully
reproduced trends in chromophore spectroscopic properties
upon binding.zzf24 For the Cu, Ag, and Au metals, the
MDF10,”° MWB28, and MWB60*® pseudopotentials were
used, respectively. Vacuum and the universal solvation model
(SMD)*” with methanol parameters were used for the
environment. Time-dependent density functional theory (TD
DFT)*® was used to calculate excited electronic (singlet) states
and absorption intensities. Raman spectra of crystalline ABT
were alternatively simulated by the CASTEP program.”” Here,
periodic boundary conditions based on X-ray parameters,”’
ultrasoft pseudopotentials,”* and a plane-wave cutoff energy of
300 eV were used. Note that ABT exists in the zwitterionic
form in the crystal, as determined by X-ray, and has a high
propensity to this form also in liquid.” At the surfaces, we used
by default the protonated form of ABT (Cu-ABTH' etc.)
because of the general stability of the charged form in crystal
and neutral environments. In a real sample, one can suppose

equilibrium of both forms; their Raman spectra, in any case, are
quite similar in shape.''

Matrix Polarization Theory (MPT). Within MPT,"” each
particle of a system of chromophores (molecules and colloids)
is represented by a golarizability, induced electric dipole, and
higher moments.'®>* Resultant time-dependent moments of
the whole system are collected in a matrix M and can be
obtained as M = P-(1 — X*P)™"-F,, where the matrix P collects
individual polarizabilities, 1 is a unit matrix, X is a tensor
describing system geometry, and F,, is the intensity of the laser
excitation.

In a simple case relevant for SERS, the matrix M contains
dipole moments p; and matrix P polarizabilities ;. Particle i is
either the dye or colloid; in the case of an experiment on the
plate, the metal surface is just considered to be a large colloid.
The dipole moments are induced by the electric field E, y; =
aE, The field at particle i consists of the laser field E, and
dipolar contributions from other particles, that is, E; = E; +
Y Tymy, where T; = (4ney) ™' Bryry; — 1r)r;™>, 1y s the
difference of particle position vectors, and &, is vacuum
permittivity. As shown before,” it is the mutual particle
polarization that can cause strong nonlinear SERS effects. The
necessary condition is that the polarizability of one particle is
large if (in atomic units) measured against r,-i-s.

MPT does not describe the chemical and resonance
contributions to the enhancement explicitly but enables one
to estimate the electromagnetic component of the dye—metal
interaction and the dependence of SERS spectra on system
geometry including molecular orientation, entering the total
response to the electromagnetic radiation via the position
tensor T. For this purpose, the metal surface or nanoparticle
was approximated by a large polarizable sphere (polarizability =
4 X 10° au), placed in the vicinity of the ABT molecule. The
molecule is represented by polarizability derivatives (“transition
polarizabilities”) calculated by Gaussian.

Backscattered Raman spectra were generated from the
calculated intensities standard procedure,””** using a temper-
ature of 298 K for the Boltzmann correction factors and
Lorentzian bands of 10 cm™ full width at half maximum.

B RESULTS AND DISCUSSION

Experimental Raman spectra of ABT powder and SERS
observed on copper colloids and copper, silver, and gold
nanostructured plates at 785 nm laser excitation are plotted in
Figure 2. The ABT powder spectrum is similar to that obtained
in methanol solution (Figure S1), indicating that the
zwitterionic form of the compound is present also in the
methanol polar solvent. This is consistent with the previous
experimental and theoretical analyses showing that ABT prefers
the zwitterionic form in crystal and liquid forms.’® ABT spectra
obtained at 488 and 1064 nm also plotted in Figure S1 do not
significantly differ from the 785 nm curve in Figure 2. This
suggests off-resonance Raman scattering for bare ABT because
resonance of laser excitation light with electronic transitions of
the free dye would lead to a signal boost and changes of relative
band intensities.”> For SERS spectra on colloids or metal plates,
approximately 10°-fold signal enhancement was achieved.

The interpretation of SERS observed on the copper surfaces
is the most straightforward because here the dimer is not
extensively formed. In Figure 2, one can observe that Cu
colloids and plates provide very similar SERS spectra. Most
Raman bands seen in the powder are apparent on the copper
surfaces too, differing by minor intensity variations only (band
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Figure 2. Experimental Raman spectra (785 nm excitation) of ATB
powder and SERS at copper nanoparticles and copper, silver, and gold
nanostructured plates (see ref 4 for experimental details). Raman
intensities are normalized to the strongest peak.

positions in cm™" for powder/plate SERS: 1589/1592, 1490/
1488, 1174/1179, 1084/1076, 1003/1007, 822/81S, 638/635).
On the other hand, the strong 461 cm™! band of the powder
disappears in SERS, and a new band appears at 404 cm™".

The broad signal at around 1380 cm™" on copper plates and
colloids very much depends on experimental conditions. Most
probably it stems from a presence of water under ambient
conditions because it decreases under an inert atmosphere or
system drying. Its properties can be studied using temperature-
and humidity-controlled conditions, as shown in previous
works.®*” For silver and gold plates, ABT dimer significantly
contributes to SERS intensities in this region, as shown below.

First, however, to verify the computational methodology, we
modeled the spectrum of pure (powder) ABT. Three
approaches were adopted as presented in Figure 3. The
ABT,,, zwitterionic form in vacuum (trace A in the figure) does
not reproduce the experiment particularly well; for example, the
relative intensity of the highest wavenumber signal at ~1590
cm™! is underestimated, while the bands at 1464 and 652 cm™!
are too strong and so forth. The CASTEP computation (B) is
technically the most appropriate one in that it includes the
crystal periodicity and it also provides a much more realistic
spectrum than the vacuum calculation. Similar intensity
changes, however, can be achieved when the crystal environ-
ment of the zwitterion is simulated by the SMD continuous
solvent model of methanol (C). Only the strongest band at 470
cm™" in the experiment seems to be better reproduced by
CASTEP but accidentally also by the vacuum calculation.
Experimental and calculated frequencies of the strongest
vibrational bands are summarized in Table 1. The assigned
vibrations are consistent with previous computations for neutral
ABT 3%

The off-resonance Raman scattering on free ABT is not
favorable for signal enhancement. However, dissociation to the
zwitterion form and/or binding to the metal significantly
increase the absorption threshold wavelength, as can be seen in

Raman intensity

461

1084

N
N
©

1589
1490
1174
1003
638

1800 1600 1400 1200 1000 800 600 400 200
Wavenumber / cm™!
Figure 3. Raman spectra of the ATB,,, dye calculated for one molecule
in vacuum (A), the CASTEP crystal calculation (B), calculation for
one molecule within the methanol-like continuum solvent environ-
ment (C), and the experiment (D). The intensities are normalized to

the highest peak.

Table 1. Calculated and Observed Frequencies and
Assignment of the Strongest Raman and SERS Bands”

ABT Monomer
Vs Ve Cu- Very Cu
Ve, ABT,, powder ABTH* E}iate
1610—1636 1616 1624 1592 S(N—H), scissor
1585 1589 1616 1592 5(N-H), v(C—C)
1517 1490 1517 1488 5(N—H), umbrella
1333 1288 1335 1341 5(C-H)
1174 1174 1179 1179 5(C—H)
1075 1084 1085 1076 v(C-S), 5(C—H)
1020 1003 1030 1007 8(C-C-C)
800 822 807 815 8(C—C), v(C—N)
703 701 717 704 7(C—H), y(C-S)
634 638 623 635 v(C-8), §(C-C—
©)
483 461 500 519 y(C—H), y(C-S)
381 385 382 405 5(C-C-C)
286 320 342 335 7(C—NHj,)
253 254 247 265 5(C=S), §(C-N)
ABT Dimer
Vg dimer v, Ag plate
1622 1576 v(C—C), v(N—-N)
1505 1471 5(C-C), 6(C-H), ¥(N-N)
1472 1435 v(N-N), 6(C—H)
1423 1389 v(C—C), v(N-N), §(C—H)
1339 1304 8(N—C), 6(C—H)
1229 1188 v(N-C), 6(C—H)
1161 1142 v(N-C), 6(C—H)
1085 1072 v(C=S)

“y, stretching; &, bending; 7, out of plane.

the absorption spectra plotted in Figure 4. The simulated
absorption spectrum of ABT,, is in a good agreement with the
experiment in ref 39. At present, we are not able to simulate the
metal bulk on an atomic level. Nevertheless, computations with
a limited number of copper atoms suggest an important trend
of increasing absorption in the laser excitation region,
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Figure 4. Calculated (B3LYP/6-311++G**/SMD(MeOH)) absorp-
tion spectra of ABT, ABT,,, Cu-ABT, and Cu-ABTH".

explaining in part the enhancement of the Raman signal. Even
though the laser excitation is not in direct resonance with
electronic transitions of the dye, preresonance conditions can
lead to a significant signal increase, too. The total enhancement
is then a product of all of the contributing “chemical” and
“electromagnetic” factors.**!

A typical trend of the increase of the Raman intensities with
the excitation energy is shown in Figure S for the signal at
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Figure S. Calculated relative intensity (static case = 100%) of the 1610
cm™' Raman band for five excitation wavelengths.

around 1610 cm™ for the ABT,, and Cu-ABTH' molecules.
For Cu-ABTH" and the 488 nm excitation, the near-resonance
increases the signal almost 10 times compared with the off-
resonance scattering at Epyc — 0. The larger signal of Cu-
ABTHY is consistent with the absorption spectra in Figure 4; in
particular, the Cu-ABTH" absorption threshold (~440 nm) is
closer to the 488 nm excitation than the ABT,,, one. Note that
the electronic transitions seen in the absorption spectra enter
computations of Raman intensities via frequency-dependent
polarizability derivatives.”

The metal bulk itself as modeled by the polarizable sphere
causes about a 10 increase of the Cu-ABTH' Raman signal
(Figure 6). The neutral form (Cu-ABT, Figure S2) provides
very similar spectra to Cu-ABTH'. Although the sphere
polarizability was estimated only approximately from a typical
size of colloid particle or roughness of the plate surfaces, "
together with occasional resonance or preresonance between
the laser excitations, the bulk electromagnetic enhancement can
well explain the observed effective enhancement values of ~10°.
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Figure 6. Raman Cu-ABTH" simulated for a single molecule (A) and
in the presence of a polarizable sphere placed in the C—S bond
direction (B), perpendicular to the C—S direction in the phenyl plane
(C), and above it (D). For panels B—D, the MPT approach was used;
(E) is the experiment on a Cu plate.

Comparing the computation to experiment, one should also
consider that both the enhancement due to resonance of ABT
electronic transitions with the laser excitation and the
electromagnetic/plasma components are very dependent on
the geometry and environment.”'>***’ In a real sample,
individual ABT molecules are supposed to experience different
local environments and may exhibit significantly different
enhancements.

‘When the metal is positioned along the molecular axis in the
C—S bond direction (panel B, Figure 6), it does not
significantly change relative intensities of Raman bands
compared to bare ABT,,. Polarizable spheres positioned
perpendicular to the axis, in the benzene ring plane or above
(panels C and D), change the relative intensities of Raman
bands more. For example, in panel C, the intensity of the band
at ~1085 cm™' dramatically drops down. In this model, the
“chemical” SERS effect is at least partially included via the
attachment of the metal atom (cf. Figures 4 and S). Clearly, the
perpendicular positions are not very probable in experiment,
both because of the disagreement of the simulated spectra with
the observations and because of the obvious sterical constraints
for ABT molecules bound to the metal via the sulfur atom.
Unlike the hypothesis sometimes present in previous works,**
we can see that although vibrations I—III have the same
symmetry with respect to molecular axis they may be enhanced
differently. For C and D, the presence of the sphere changes the
symmetry of the whole system, which thus clearly seems more
important than local symmetry with respect to a particular
molecular residue.

Although a detailed analysis of the ABT dimer goes beyond
the scope of the present study, its presence on the gold or silver
surfaces can be confirmed by comparison of the simulated and
experimental SERS as well. Theoretical spectra of the ABT
monomer and dimer are plotted in Figure 7. Indeed, the
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Figure 7. Simulated Raman spectra of Ag-ABTH" and the Ag-ABT—
ABT-Ag dimer and the experiment on the Ag surface.

comparison of the simulation results with experimental
intensities for silver and gold surfaces (Figure 2) suggests
that both the molecular and dimerized ABT forms (in ~1:2
ratio) are present in the real samples. As an additional
computational check, we model ABT spectra for 1, 3, and 5 Cu
atoms attached to it (Figure S3). Such variations in the number
of metal atoms causes minor changes in the ABT vibrations
(above 400 cm™') only; below 400 cm™', copper vibrational
modes start to appear, which are in the experiment subtracted
as a background. One can also notice that relative experimental
intensities at lower wavenumbers are stronger than predicted,
both for the monomer and dimer. This could not be explained
by accuracy of the DFT computations or by the effect of
molecular orientation and was attributed to an uneven
enhancement across a wider spectral region in the experiment.
Indeed, the silver plasmonic resonance quickly diminishes
beyond the 785 nm excitation,” which makes the measured
signal of high-wavenumber vibrations smaller.

B CONCLUSIONS

We compared solid ABT Raman spectra and corresponding
SERS spectra on copper, silver, and gold surfaces with density
functional simulations combined with MPT in order to
understand the experimental results obtained under various
conditions. The modeling provided a good basis for under-
standing the experimental observations; the results suggest that
observed enhancement of the Raman signal is a combination of
enhancement stemming from resonance between the excitation
radiation and ABT and metal electronic levels and electro-
dynamic enhancement due to the polarizable metal bulk. We
also found that both protonated ABT forms (NH;*) and
binding to the metal cause a red shift of the absorption
threshold and favor the resonance of molecular energy levels
with laser excitation. MPT also enabled us to model the
dependence of relative Raman intensities on molecular
orientation; the results suggest an almost perpendicular average
orientation of the ABT dye to the metal surface, which is
consistent with attachment to the surface through the sulfur
atom.
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