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Chapter 2. pH-Induced SERS Spectral Changes of Thiophenol on Gold

Abstract

Thiophenol is a model compound in the study of the self-assembly of arylthiols on
gold surfaces. In particular, changes in the surface enhanced Raman scattering (SERS)
spectra of these self-assembled monolayers (SAMs) with a change of conditions, have
been ascribed to, e.g., differences in orientation with respect to the surface, protonation
state and electrode potential. Here we show that potential-induced changes in the SERS
spectra of self-assembled monolayers of thiophenol on electrochemically roughened
gold surfaces can be due to local pH changes at the electrode. The changes observed
during potential step and cyclic voltammetry experiments are identical to those in-
duced by acid-base switching experiments in a protic solvent. The data indicates that
the potential dependent spectral changes, assigned earlier to changes in molecular
orientation with respect to the surface, can be ascribed to changes in the pH locally
at the electrode. The pH at the electrode can change as much as several pH units
during electrochemical measurements that reach positive potentials where oxidation
of adventitious water can occur. Furthermore, once perturbed by applying positive
potentials, the pH at the electrode takes a considerable time to recover to that of the
bulk solution. It is noted that the changes in pH even during cyclic voltammetry in
organic solvents can be equivalent to addition of strong acids, such as CF3SO3H, and
such effects should be considered in the study of the redox chemistry of pH-sensitive
redox systems and potential-dependent SERS in particular.

2.1. Introduction

Self-assembled monolayers (SAMs) of thiols on gold surfaces have played a central
role in surface science since the 1980s with the seminal studies on gold surfaces by
Nuzzo and Allara,1 and Bain and Whitesides.2 The characterisation of these SAMs, for
example, packing density,3 mobility, and nature of the bonding between the thiols and
the gold surface, is ongoing, in particular efforts towards characterisation of binding
motifs on gold surfaces.4–6 The adsorption of thiophenol and its analogs are the focus
of many theoretical and experimental studies.4 Properties of most interest are the
nature of the bonding interaction between gold and sulfur, distinguishing between
physisorption and chemisorption,7–9 the stability and prevalence of the various binding
modes,5,8,10 and the dependence of thiophenol self-assembly on conditions (e.g., pH,
electrode potential, temperature).11

The details of binding of thiols to gold are still under debate – in particular the
protonation state of the thiol – and are complicated by the dependence of binding
and protonation state on solvent conditions as well as the nature of the alkyl/aryl
group. Computational studies on atomically flat surfaces indicate that thiols bind
primarily to gold together with an ad-atom,8,12–14 which is an atom of gold present
on top of the surface due to the strong Au-S bond. For short chain alkanethiols, the
relatively low energy of intermolecular interactions likely results in strengthening of
Au-S bonds with respect to Au-Au bonds, effectively increasing Au ad-atom mobility.8
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2.1. Introduction

While the adsorption energy of thiophenol on gold is not known, Gibbs free energies
of adsorption have been reported for thiophenol on mercury,15 and platinum,16 and
theoretical calculations and comparisons with other thiols have led to an estimated
energy of 167.15 kJ mol−1 for the Au-S bond, a relatively large value indicating strong
chemisorption.17 On roughened gold surfaces, on the other hand, multiple adsorption
sites are available, and at room temperature the binding geometry is subject to thermal
fluctuations.18

Similarly, the protonation state of the thiol is not necessarily clear. The length of
the alkane in alkyl thiols was concluded to influence whether the thiol is protonated or
not, by Guesmi et al. based on DFT calculations, more specifically that longer-chain
alkanethiols favour retention of the S-H bond upon adsorption.8 Recently, Inkpen
et al. used electronic conductance in single-molecule junctions of various dithiol-
substituted compounds to determine the nature of the Au-S bond in self-assembled
monolayers prepared by solution deposition.7 They noted that measurements under
scanning tunneling microscopy break junction (STM-BJ) conditions and calculations
were not of an equilibrium state, but nevertheless provide information on the bonding
at equilibrium (i.e. chemisorption or physisorption), and concluded that the hydro-
gen/proton is not lost upon self-assembly onto gold during solution deposition from
1,2,4-trichlorobenzene at room temperature. For arylthiols, however, such solvation
effects are less likely to play a role and they are intrinsically more acidic than alkyl
thiols. Indeed, when immersed in proton-accepting solvent, the adsorbed thiophenol
can easily lose its proton to the surrounding solvent (i.e., solvent levelling, especially
when solvent contains adventitious water, e.g., in acetonitrile, or ethanol), resulting in
formation of a PhS-Au species (Scheme 2.1).19
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Scheme 2.1: Compounds and binding modes discussed in this work.

Amongst the wide range of techniques applied to date to study alkyl-/arylthiol
SAMs, vibrational spectroscopy is especially informative as it enables (changes in) the
molecular structure of adsorbed thiols to be probed. The surface plasmon of rough
gold surfaces provides for enhancement of Raman scattering intensity when excitation
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Chapter 2. pH-Induced SERS Spectral Changes of Thiophenol on Gold

is resonant with the plasmon absorption band, referred to as surface enhanced Raman
scattering (SERS),20,21 overcoming the limitations in signal intensity arising from
the low number density of molecules in the confocal volume.22–24 For instance, the
dependence of the adsorption of thiophenol onto gold on various conditions (e.g., pH)
was studied by Tripathi et al. using SERS spectroscopy.11 The binding of thiophenol to
Au was found to be pH-dependent: at low pH the rate of SAM formation is limited by
the rate of physisorption, while at high pH the rate-limiting step is chemisorption due
to the majority of molecules being in the (deprotonated) thiophenolate state already in
solution (PhS-Au, Scheme 2.1).11

The SERS spectrum of PhS-Au SAMs are distinctly different to those of neat PhSH,
in terms of the Raman shifts of specific bands. These differences were attributed by
Szafranski et al. to the orientation of the aromatic ring with respect to the surface.25

Carron and Hurley drew a similar conclusion and related a difference in ratio of two
Raman bands of thiophenol adsorbed to gold, silver, and copper, to different axial and
azimuthal angles of the molecule with respect to the surface.26

The effect of electrode potential on thiophenol SAMs is of interest also. Holze
reported an increase in SERS intensity and concomitant shift to lower wavenumber
of the Au-S bond (265 cm−1) at more positive potentials in HClO4 (aq.).27 In contrast,
in KClO4 (aq.), the same Raman band shifts to higher wavenumbers upon cycling to
positive potentials, which was rationalised by the presence of the deprotonated thiol
species (PhS-Au) at higher pH, which binds more strongly. Although not commented on
specifically, the SERS data indicate a change in ratio of the bands at 1000 and 1025 cm−1

during cyclic voltammetry. The spectral changes during cyclic voltammetry described
by Holze,27 were noted by Yokota et al. also in studies with thiophenol as a standard for
tip-enhanced Raman scattering (TERS) spectroelectrochemistry.28 Changes in relative
intensities and peak positions of Raman bands around 1000 cm−1 were observed at
potentials close to that of oxidative desorption of the PhS-Au SAM (0.7 V vs Au, i.e.
1.15 V vs Ag/AgCl). More precisely, the relative intensity of the band at 1025 cm−1

increased versus that at 1000 cm−1 as the electrode potential was cycled from 0.05 to
1.05 V (vs Ag/AgCl). Hong et al., however, noted variation in intensity of the bands at
1000 and 1025 cm−1 as a surface was scanned using TERS spectroscopy,29 and hence,
although the intensity of these bands are likely to be sensitive to structure and charge
transfer interactions between the molecules and substrate, it remains unclear as to the
specific changes in conditions that are responsible.

Here, we show that the changes in the SERS spectrum of thiophenol SAMs on
gold during cyclic voltammetry are identical to those induced by deliberate increase of
proton concentration through addition of strong acid, and we ascribe this to a significant
increase in proton concentration at the electrode at positive potentials where oxidation
of water occurs. The reversible change in relative intensities of the characteristic bands
at 1000 and 1025 cm−1, noted in the earlier data reported by Holze,27 and by Yokota et
al.,28 and the associated change in molecular structure, conformation, or orientation,
show therefore the relation with a substantial change in local pH at the electrode
where the self-assembled monolayers are located. The effect of pH on the relative
intensity of the bands also enables real-time monitoring of the local pH at electrodes
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2.2. Results & Discussion

during potential step experiments and cyclic voltammetry, and we show that in organic
solvents the change in local pH can be equivalent to the addition of strong acids such
as trifluoromethanesulfonic (triflic) acid.

2.2. Results & Discussion

The SERS spectrum of thiophenol SAMs on roughened beads in air and immersed
in solvent (water, ethanol, or acetonitrile) are equivalent and consistent with those
reported earlier (Figure S2.7 and Table S2.1).19,26,27 The spectra differ substantially
from the non-resonant Raman spectra of thiophenol neat and in solution. In particular,
the bands at 1585 and 1092 cm−1 in the spectrum of neat thiophenol shift, respectively,
to 1575 and 1073 cm−1 in the surface-enhanced spectra, consistent with a change in
structure (coordination of the sulfur to gold). Comparison of SERS spectra of a number
of PhS-Au SAMs, prepared from various stock solutions and using different roughened
gold beads (Figure S2.7), reveals a variation in the relative intensities of the bands at
1000 and 1025 cm−1 as noted earlier by Yokota et al.,28 whom attributed the differences
to structure and charge transfer from the adsorbed thiophenol to the gold surface,
however a correlation could not be drawn between the relative intensities of these
bands and the conditions used to prepare the SAMs. These observations prompted us to
examine first the effect of coordination of thiophenol to copper and gold on its Raman
spectrum, and then establish a correlation between conditions and spectral changes in
the SERS spectra of thiophenol SAMs on gold.

The complexes AuSPh,30,31 and CuSPh,26 see Scheme 2.1, prepared according to
literature procedures, were characterised by Raman spectroscopy (Figure S2.1) The
Raman spectrum of the CuSPh complex obtained is essentially identical to that of
AuSPh and both show substantial differences to the spectrum of PhSSPh, not least
the lack of the S-S stretch at 544 cm−1 (Figure S2.1).25,26 Both Raman spectra are in
agreement with those reported for CuSPh, AgSPh, and AuSPh by Carron and Hurley,26

and demonstrate how small a difference the nature of the metal thiophenolate has on
its vibrational spectrum despite the difference in polarisation of the Cu-S and Au-S
bond predicted for thiolate complexes.32

The Raman spectrum of AuSPh was observed to change over time during spectral
acquisition with an increase in overall spectral intensity and a change in relative band
intensity and position. Indeed, over a relatively short time (ca. 4 s) the Raman spectrum
changed to match that of the SERS spectrum of PhS-Au SAMs (Figure S2.4). These
changes were not observed when the laser power was reduced from 30 to 1 mW at
the sample even with prolonged exposure times. It was suspected that in situ thermal
reduction of the complexes to form thiophenol-coated Au nanoparticles was responsible
for these changes. Indeed, Demessence et al. have reported such reduction of a (Au-
SPh)n coordination polymer under calcination conditions combining high pressure
and high temperature.33 Raman spectra of a solid sample of AuSPh, recorded with
sufficiently low laser power to avoid sample heating, before, during, and after heating
in a microscope heating stage showed a substantial increase in spectral intensity and
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Chapter 2. pH-Induced SERS Spectral Changes of Thiophenol on Gold

a change in the position and relative intensity of the bands upon reaching 180 °C,
eventually yielding a spectrum that matches the SERS spectrum of thiophenol on gold
also (Figure 2.1). The ATR-FTIR spectrum of the thermally treated sample was, however,
essentially identical to that of the initial compound, apart from a new unassigned band
at 1730 cm−1 (Figure S2.5), indicating that the bulk sample was only slightly affected
by heating and that the SERS enhancement due to reduction of a minor amount of the
gold present to form nanoparticles was sufficiently strong to overwhelm the Raman
scattering of the remaining bulk material. It is of note that, before heating, the ratio of
the Raman bands at 1000 and 1025 cm−1 was consistent with SERS spectra obtained
under basic conditions, while after heating-induced changes to the sample, the ratio
resembled those under acidic conditions (vide infra).
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Figure 2.1: (left) Intensity of several Raman bands of the AuSPh complex over time during
heating in a microscope heating stage. The temperature increased monotonically from 160 °C
to 180 °C between 700 and 825 s (black box) and was held at 180 °C until 875 s (solid red box)
and thereafter allowed to cool rapidly (dashed red box). (right) Raman spectra (λexc 785 nm) of
the AuSPh complex before (black) and after (red) heating to 180 °C. The spectra are normalised
and offset for clarity.

The protonation state of thiophenol in solution is readily controlled by addition
of base. For neat thiophenol, the band at 2575 cm−1 is assigned to the S-H stretching
mode.25,27,34 Addition of base (triethylamine, Et3N) to a 0.5 M solution of thiophenol
in CH3CN results in a decrease in intensity of this band consistent with partial deproto-
nation (Figure S2.6). Further significant differences are the appearance of new bands at
966 cm−1 and 1170 cm−1, and the shift of the bands at 1095 and 1585 cm−1 to 1083 and
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2.2.1. pH Dependence of Thiophenol SAMs

1575 cm−1, respectively (Table S2.1). The shift to lower wavenumber is consistent with
deprotonation of thiophenol and moves the bands closer to their position in spectra of
SAMs of thiophenol on gold, i.e. at 1075 and 1575 cm−1 (Figure S2.7).

2.2.1. pH Dependence of Thiophenol SAMs

SERS spectra of PhS-Au SAMs show several subtle but notable changes as pH is varied:
variation in the ratio of intensities of the Raman bands at 1000 cm−1 and 1025 cm−1,
and changes in Raman shift of the bands at 1075 and 1575 cm−1 (Figure 2.2, and
corresponding full spectra in Figures S2.8 and S2.9). The change in ratio of intensities
of the two bands is seen to a greater extent when induced by addition of CF3SO3H
(TfOH, triflic acid) or triethylamine (Et3N) to the acetonitrile in which PhS-Au SAMs
on roughened gold beads are immersed. The ratio I1025/I1000 increases upon addition of
TfOH and reverts to its original ratio after subsequent addition of base. Concomitantly,
the band at 1075 cm−1 shifts to approximately 1071 cm−1 after addition of triflic
acid, and back to 1075 cm−1 after addition of base. The same happens to the band
at 1575 cm−1, but to a lesser extent, exhibiting a reversible shift of ca. 2 cm−1 (see
Figures S2.8 and S2.9).

1000 1050 1100

Raman shift (cm 1)

1000 1025

1075

PhSH on Au colloid
H2O (pH = 7)
aq. H2SO4 (pH = 0)
aq. KOH (pH = 13)

1000 1050 1100

Raman shift (cm 1)

1000

1025
1075

PhS-Au SAM in CH3CN

Initial

After TfOH

After Et3N

Figure 2.2: (left) SERS spectra (λexc 785 nm) of PhSH on aggregated gold colloid in H2O (black)
at pH = 0 (red) and pH = 13 (blue). (right) SERS spectra (λexc 785 nm) of PhS-Au on a roughened
gold bead in CH3CN before (black), after addition of TfOH (red), and after subsequent addition
of Et3N (blue). The spectra are normalised and offset for clarity. For full spectra range see
Figures S2.8 (colloids) and S2.9 (SAM on gold bead).

It should be noted that, although triethylamine (Et3N) has a Raman band at 1000
cm−1, it has more intense bands at 1068 cm−1 and 1452 cm−1 (Figure S2.6), neither
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Chapter 2. pH-Induced SERS Spectral Changes of Thiophenol on Gold

of which are observed in the SERS spectrum (Figure 2.2 (right, blue)) and hence the
contribution of Et3N to the intensity observed at 1000 cm−1 is negligible. Temperini et
al. noted pH induced changes in the SERS spectra of SAMs of thionicotinamide and
thioisonicotinamide on gold and attributed these to changes in the protonation state of
the (non-bound) amino group.35 The change in pH required to induce changes in the
SERS spectrum of thiophenol (pKa (aq.) of 6.5-8.0)11 is substantial, as demonstrated by
the relative invariance of the spectrum obtained on aggregated gold colloid in neutral,
basic (pH 13) and acidic (pH 0) water, and hence substantial changes are only observed
in aprotic solvents with strong acids such triflic acid.

The Raman bands of interest are assigned to their respective vibrational modes
by comparison with the calculated Raman spectra of protonated and deprotonated
thiophenolato Au4 clusters (Figures 2.3 and S2.10, and Table S2.2). Earlier studies by Li
et al., using a monometallic complex as computational model,19 led to the assignment
of the band at 1000 cm−1 to ring out-of-plane deformation and C–H out-of-plane bending,
the band at 1025 cm−1 to ring in-plane deformation and C–C symmetric stretching, the
band at 1075 cm−1 to C–C symmetric stretching and C–S stretching, and the band at 1575
cm−1 to C–C symmetric stretching. Indeed, our assignments are in qualitative agreement,
with the band at 1000 cm−1 corresponding to a ring breathing mode, and the other
three bands primarily involving C-H wagging, with the inclusion of a C-S stretch for
1075 cm−1 and a C-C stretch for 1575 cm−1.

1012

1000 1025

15751075

1091

1041

16121091

Figure 2.3: Characteristic vibrational modes of computational model PhS-Au4 (black) and
the corresponding experimental SERS bands of PhS-Au SAMs (red). The calculated values (in
cm−1) are of the Raman bands after Gaussian broadening, which produces a single band for the
frequencies at 1090.98 and 1094.8 cm−1. A scaling factor was not applied to the calculated
frequencies.

Li et al. conclude from the similarities between the SERS spectrum of PhSH on Au
colloid with the calculated Raman spectrum of their monomeric computational model,
and the lack of the predicted S-H stretching and CSH bending modes (at 2571 and 901
cm−1, respectively), that the adsorbed species on gold colloid is indeed deprotonated. A
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2.2.1. pH Dependence of Thiophenol SAMs

band at 933 cm−1 assigned by Holze as due to a CSH bending mode of PhSH-Au under
acidic conditions is due to the Cl=O stretching mode of the ClO–

4 ion (see Appendix
for details).27 It should be noted that Wan et al. do not observe the S-H stretch in the
FTIR spectrum of thiophenol adsorbed onto Au(111) also.36 Since the SERS spectra of
PhS-Au SAMs reported here do not show characteristic bands for a protonated sulfur
atom either, even in acidic media (Figures S2.7, S2.8, and S2.9), we draw the same
conclusion that the adsorbed thiophenol molecules are deprotonated.

Our calculations predict a similar change in relative intensities of the Raman bands
at 1000 and 1025 cm−1 upon addition of a proton to the system, i.e. the ratio 1000/1025
cm−1 decreases upon going from PhS-Au4 to PhSH-Au4 (Figure S2.11), as is observed
experimentally upon acidification of the medium in which a PhS-Au SAM is immersed.
On the other hand, the calculated Raman bands of the neutral deprotonated thiophe-
nolato gold cluster (PhS-Au4), associated with the experimental bands at 1075 and
1575 cm−1, shift to higher wavenumber for the cationic protonated system (PhSH-Au4,
Figure S2.11 and Table S2.2), while the opposite is observed experimentally for PhS-Au
SAMs in acidic media (vide supra).

This inconsistency between theory and experiment, combined with the change of
the Au4 cluster from tetrahedral to a flat diamond-like geometry upon addition of a
proton to the structure (Figure S2.10), demonstrate that this computational model is
insufficient for obtaining accurate calculated Raman spectra of a protonated, and there-
fore positively charged, thiophenolato-gold system. Tetsassi Feugmo and Liégeois also
calculated the vibrational spectra of adsorbed thiophenol on multi-atomic gold clusters,
and showed good general agreement with experimental spectra, albeit less good in the
region of interest around 1000 cm−1 (i.e. the bands at 1000 and 1025 cm−1).37 Notably,
the authors showed that a change in the orientation of the thiophenolato moiety, with
respect to the gold cluster, produced changes in Raman band intensities, and indeed,
the optimised geometry of PhSH-Au4 in the present study exhibits a smaller C-S-Au
angle than PhS-Au4. In conclusion, while the experimentally observed changes in
relative intensities can be reproduced to a certain extent by computational models, it
is clear that the employed gold clusters are inadequate representations of a bulk gold
surface, in particular when introducing a positive charge to the system, e.g., a proton.
Hence, while the changes observed could be correlated to changes in orientation, it
is unclear whether protonation or rather a change in local pH or local electric field
stimulates this change.

An alternative approach to describing a gold surface, in which introduced charges
can be delocalised, is to make use of periodicity in a computational model. Zayak et
al. achieved quantitatively accurate results in this way, for calculated Raman spectra
of thiophenol on planar Au(111) surfaces in comparison with experimental SERS
spectra.18 Such a periodical computational method seems promising for obtaining
meaningful values for the Raman shifts and intensities of adsorbed thiophenol in
both the deprotonated and protonated state. It should be emphasised that, for any
comparison between computed and experimental intensities, there will be differences
due to the dependence of the experimental values on the experimental aspects (e.g.,
angle of incidence, polarisation of beams), whereas the simulations are an average of
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Chapter 2. pH-Induced SERS Spectral Changes of Thiophenol on Gold

these parameters.37

2.2.2. Raman Spectroelectrochemistry

Although Wan et al. report the desorption of PhS-Au at potentials more positive than
1 V,36 destructive oxidation of the underlying Au surface to AuCl4, due to the presence
of chloride in the perchlorate electrolyte used in that study, is likely to catalyse this
process. In our present studies, using chloride-free electrolytes, such desorption was not
observed, with only minor but significant changes overall in the SERS spectrum during
cyclic voltammetry in acetonitrile up to 0.9 V or 1.2 V (Figures 2.4, 2.5 and S2.12), and
in KClO4 (aq.) or HClO4 (aq.) (Figures S2.12, S2.13 and S2.14)
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Figure 2.4: (left) Changes in ratio of intensities of the Raman bands at 1000 cm−1 and 1025
cm−1 (circle) during cyclic voltammetry of PhS-Au in CH3CN with 0.1 M TBAPF6. Potential is
indicated by colour from 0.0 V (black) to 0.9 V (red) vs Ag/AgCl. (right) Corresponding SERS
spectra (λexc 785 nm) at 0.0 V (black) and 0.9 V (red).

Specific changes to relative band intensities show close correspondence to changes to
the SERS and Raman spectrum observed upon addition of acid or base to the electrolyte
(Figure 2.2, vide supra). In particular, the relative intensity of the bands at 1000 and
1025 cm−1 shows a small but reproducible change as the potential reaches 0.9 V, with
the band at 1025 cm−1 gaining intensity relative to the band at 1000 cm−1. The original
ratio of intensities is recovered after the potential has returned to 0.0 V (Figure 2.4).

Noticeable secondary, but slight, changes to the SERS spectrum at different po-
tentials are the few-wavenumber shifts to lower frequencies of the Raman bands at
1075 and 1575 cm−1, both in acetonitrile (Figures 2.5 and 2.6) and in aqueous media
(Figures S2.13, S2.14 and S2.15).

A potential step experiment exhibits more rapid spectral changes (Figure 2.6), ca.
3 s vs ca. 100 s during cyclic voltammetry, which are a consequence of the equilibria
involved and mass transport by diffusion. During cyclic voltammetry, the gradual
change in potential results in a likewise gradual change in proton concentration at the
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Figure 2.5: SERS spectra (λexc 785 nm) of PhS-Au at 0.2 V (black) and 1.2 V (red) vs Ag/AgCl
during cyclic voltammetry (three cycles, top to bottom) in CH3CN with 0.1 M TBAPF6. Spectra

are normalised on the band at 1575 cm−1 and offset for a better comparison. Asterisk denotes
CH3CN Raman bands.

surface, while the rate of proton diffusion away from the gold surface is the same as
during potential step experiments, resulting in a continuously changing SERS spectrum.
In contrast, applying a sudden change in potential from the open circuit potential to
one in which water oxidation can proceed, rapidly lowers the pH at the electrode as the
Nernst diffusion layer is not fully established in this case.

The observation of identical changes in the SERS spectrum of a PhS-Au SAM both
during cyclic voltammetry and during acid-base cycling is consistent with changes in
pH at the electrode, possibly inducing variations in molecular orientation proposed
earlier.25,28,37 Indeed, oxidation of adventitious water at the roughened gold electrode
(at >0.8 V vs Ag/AgCl) will result in an increase in proton concentration (i.e. lower
pH) at the surface. The change in ratio of the bands at 1000 and 1025 cm−1, as well as
the shifts in frequency of the bands at 1075 and 1575 cm−1, are a direct manifestation
of the local pH change and are therefore useful indicators of local pH. During the
return cycle to lower potentials, although protons are no longer generated, the rate
of increase of pH at the electrode surface towards that of the bulk solution is limited
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(triangle) of PhS-Au in CH3CN with 0.1 M TBAPF6 during a potential step experiment between
0.2 V (black) and 1.2 V (red) vs Ag/AgCl. (right) Corresponding SERS spectra (λexc 785 nm) of
PhS-Au at 0.2 V, 1.2 V, and at 0.2 V again (top to bottom).

by diffusion of solvent and general acid present. Hence, although the SERS spectrum
reverts to its initial state as the potential becomes less positive, and therefore the
electrochemically-induced spectral changes are overall reversible, the rate of change is
diffusion-limited.

2.3. Conclusions

In this contribution we show that the SERS spectrum of thiophenol on gold is sensitive
to the local pH, i.e. the pH at the surface, manifested in subtle changes to the relative
ratio and position of certain bands. We show that several band assignments made in
earlier studies need to be reconsidered. In particular, the assignment of variations
in the SERS spectra of thiophenol to orientation with respect to the surface should
also consider the driving force that induces this change. Beyond specific assignments,
the changes observed during cyclic voltammetry, together with studies of acid-base
cycling of the SAMs on roughened gold bead electrodes, show clearly the relation
between positive applied potentials (where oxidation of water can occur) and transient
decreases in pH that match those achieved by addition of strong acids such as triflic acid.
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Furthermore, our calculated Raman spectra of a tetrahedral gold cluster complexed
with a thiophenolato moiety show conflicting results upon introduction of a proton to
the system, both indicating that the experimentally observed spectral changes could
be due to changes in orientation of the thiophenol moiety with respect to the surface,
as reported before, and that this computational model does not describe properly
self-assembled monolayers of thiols on gold surfaces when introducing extra charges,
i.e. protons. Further computational work incorporating periodicity is expected to
improve the accuracy in predicting (changes in) Raman intensities which were not
readily explained by our applied model.
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Experimental Details

Methods

Reagents and solvents were obtained from Sigma-Aldrich and used as received unless
stated otherwise. Copper26 and gold30,31 complexes of thiophenol were prepared using
reported procedures (see Synthetic Procedures). The gold complex (AuSPh) was prepared
by addition of excess thiophenol to a solution of HAuCl4 ·xH2O in a water/methanol
mixture. The copper complex (CuSPh) was prepared similarly from CuCl2. The
Raman26,33 and FTIR38 spectra of the compounds obtained were consistent with spectra
reported earlier (Figures S2.1 and S2.2).

Gold beads were prepared by melting gold wire in a butane flame. The beads were
roughened electrochemically using a literature procedure39 with a CH Instruments
760C bipotentiostat, and verified optically as a darkening of the surface of the gold
electrode (Figure S2.3). Self-assembled monolayers formed upon immersion in ethanol
or acetonitrile containing thiophenol (0.1 M). The gold colloid suspension in water was
prepared according to the citrate method.40 Addition of thiophenol (1 µL) to 2 mL of
aqueous Au colloid in a quartz cuvette with gentle mixing was followed by addition of
conc. aqueous H2SO4 to bring the pH to ca. 0.5, and a Raman spectrum was recorded.
The procedure was repeated, except that conc. aqueous KOH was added to bring the
solution to pH ca. 13.

Raman spectra were recorded with excitation at 785 nm using an Olympus BX51
microscope equipped with a fiber coupled laser (BT785, ONDAX) and a fiber coupled
Shamrock163i spectrograph and iVac-DLL CCD camera and 235 line/mm grating with
750 nm blaze. The power at the sample was varied from 1 to 300 mW and was typically
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2-5 mW. Heating of solid samples was carried out in a TG84 instrument (Mettler
Toledo) with optical access for Raman spectral measurements at 785 nm. Electrode
potential was controlled with either a CHI760c or CHI604E potentiostat, platinum
counter electrode and SCE or Ag/AgCl reference electrode.

Density functional theory (DFT) geometry optimisations and frequency calcula-
tions of the Au4-thiophenolato clusters were performed with ORCA 5.0.3,41,42 using
the default optimisation algorithm. Firstly, the gold clusters were optimised at the
B3LYP/def2-SVP level,43,44 using the default def2-SVP effective core potentials (ECPs)
for the Au atoms, with the def2/J auxiliary basis set,45 as well as electron smearing at
5000 K to aid SCF convergence. Next, the thiophenolato unit (-SPh or -SHPh) was added
and the molecular geometry was optimised at the aforementioned level while keeping
the gold atoms frozen. Finally, the whole system was optimised at the B3LYP/ZORA-
def2-TZVP level with a SARC/J auxiliary basis set,45,46 and with a conductor-like
polarisable continuum model (CPCM)47 of acetonitrile. See Computational Details for
further details.

Synthetic Procedures

Gold thiophenolate
The AuSPh complex was synthesised according to the procedure reported by Dyad-
chenko et al. using thiophenol and tetrachloroauric acid.30,31

A solution of thiophenol (99 mg, 0.9 mmol) in methanol (2 mL) was added slowly,
over a few minutes, to a stirred solution of HAuCl4 ·xH2O (65 mg, 0.19 mmol) in a
mixture of water (1 mL) and methanol (4 mL), during which a white precipitate formed.
The reaction mixture was stirred for 1 h, after which the white, milky suspension was
filtered over a paper filter. The light-yellow residue was washed with methanol (5 mL),
acetone (5 mL), and diethyl ether (5 mL), and dried in air overnight, yielding 39 mg
(0.13 mmol, 70%) of AuSPh as a yellow powder.

Copper thiophenolate
The CuSPh complex was synthesised according to the procedure reported by Carron
and Hurley using thiophenol and copper(II) chloride.26

Thiophenol (neat, 1.78 g, 16 mmol) was added to a solution of CuCl2 (203 mg,
1.5 mmol) in H2O (10 ml), upon which immediately yellow precipitate formed. The
reaction mixture was stirred for 1.5 h and subsequently filtered over a paper filter.
The yellow residue was washed with methanol (30 ml) and then dried in air overnight,
yielding 7 mg (0.04 mmol, 3%) of CuSPh as a yellow powder.

The solid state Raman spectrum (λexc 785 nm) of the product CuSPh is in agreement
with that reported by Carron and Hurley,26 but shows a residual small impurity of
diphenyl disulfide as evidenced by the S-S stretch at 542 cm−1 (Figure S2.1).48,49

2

74



Appendix

Appendix

400 600 800 1000 1200 1400 1600

Raman shift (cm 1)

AuSPh complex
CuSPh complex
PhSSPh

Figure S2.1: Solid-state Raman spectra (λexc 785 nm) of AuSPh (black), CuSPh (red), and
PhSSPh (blue). The spectra are normalised and offset for clarity.
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Figure S2.2: ATR-FTIR spectra of AuSPh (black), CuSPh (red), and PhSSPh (blue). The spectra
are normalised and offset for clarity.
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Figure S2.3: Microscope image (50x) of the electrochemically roughened surface of a gold bead.
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AuSPh complex
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Figure S2.4: (left) Solid state Raman spectra (λexc 785 nm) of the AuSPh complex before (black)
and after laser-induced heating (red) and thermal heating to 180 °C in a microscope heating
stage (blue), compared to the SERS spectrum (λexc 785 nm) of a PhS-Au SAM on a roughened
gold bead in CH3CN (gray). The spectra are normalised and offset for clarity. Asterisk denotes
CH3CN solvent bands. (right) Microscope image (50x) of the AuSPh sample after laser-induced
heating.
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Figure S2.5: ATR-FTIR spectra of the AuSPh complex before (black) and after (red) heating to
180 °C in a microscope heating stage. The spectra are normalised and offset for clarity.
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Figure S2.6: Raman spectra (λexc 785 nm) of 0.5 M PhSH in CH3CN before (black) and after (red)
addition of Et3N. Spectra of CH3CN (grey) and Et3N in CH3CN (blue) are added for reference.
The spectra are normalised and offset for clarity. Asterisk denotes CH3CN bands. Hash denotes
Et3N bands.
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Figure S2.7: Raman spectrum (λexc 785 nm) of 0.5 M PhSH in CH3CN (red), and SERS spectra
(λexc 785 nm) of PhS-Au SAMs on roughened gold beads (black), (a) under dry conditions (no
solvent), (b) in CH3CN, and (c) in CH3CN with 0.1 M TBAPF6. The spectra are normalised and
offset for clarity. Asterisk denotes CH3CN solvent bands.
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Figure S2.8: SERS spectra (λexc 785 nm) of PhSH on aggregated gold colloid in H2O (black) at
pH = 0 (red) and pH = 13 (blue). The spectra are normalised and offset for clarity.
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Figure S2.9: SERS spectra (λexc 785 nm) of PhS-Au on a roughened gold bead in CH3CN (a)
before, (b) immediately after addition of TfOH, (c) after waiting several minutes, and (d) after
subsequent addition of Et3N. The spectra are normalised and offset for clarity. Asterisk denotes
CH3CN bands.
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Figure S2.10: Characteristic vibrational modes of computational model PhSH-Au4. The values
(in cm−1) are of the Raman bands after Gaussian broadening, which produces a single band for
the frequencies at 1615.73 and 1617.24 cm−1. A scaling factor was not applied to the calculated
frequencies. See Table S2.2 for comparison with deprotonated and experimental Raman bands.
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Figure S2.11: Calculated Raman spectra of the neutral deprotonated (PhS-Au4, black) and the
cationic protonated (PhSH-Au4, red) thiophenolato gold clusters. The Raman intensities were
calculated from the obtained Raman activities (see Computational Details), and a Gaussian
broadening with a full width at half maximum of 8 cm−1 was applied to the Raman frequencies.

0.0 0.2 0.4 0.6 0.8
Potential (V) vs Ag/AgCl

0.4

0.0

0.4

0.8

1.2

1.6

C
ur

re
nt

 (1
0

6  
A)

0.0 0.2 0.4 0.6 0.8
Potential (V) vs Ag/AgCl

0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

C
ur

re
nt

 (1
0

6  
A)

Figure S2.12: Cyclic voltammograms of PhS-Au in (left) CH3CN (0.1 M TBAPF6) and (right) 0.5 M
KClO4 (aq.). Arrows indicate starting point and initial direction.
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Figure S2.13: (left) Changes in ratio of the Raman bands at 1000 cm−1 and 1025 cm−1 (circle)
during cyclic voltammetry of PhS-Au in 0.5 M KClO4 (aq.). Potential is indicated by colour from
0.0 V (black) to 0.8 V (red) vs Ag/AgCl. (right) Corresponding SERS spectra (λexc 785 nm) at 0.0
V (black) and 0.8 V (red). The spectra were normalised on the perchlorate band denoted by the
asterisk.
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Figure S2.14: (left) Changes in ratio of the Raman bands at 1000 cm−1 and 1025 cm−1 (circle)
during cyclic voltammetry of PhS-Au in 0.5 M HClO4 (aq.). Potential is indicated by colour from
0.0 V (black) to 0.9 V (red) vs Ag/AgCl. (right) Corresponding SERS spectra (λexc 785 nm) at
0.0 V (black) and 0.9 V (red). The spectra were normalised on the perchlorate band denoted by
the asterisk.
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Holze reported earlier an additional band at 933 cm−1 during cyclic voltammetry
in water with perchlorate as electrolyte, which was assigned to the CSH bending
mode of PhSH-Au.27 This band was assigned earlier by Scott et al.34 at 916 cm−1 for
neat thiophenol (PhSH) which prompted us to examine the reported band further.
In sulfuric acid, the same SERS spectrum was obtained except for the band at 933
cm−1 (Figure S2.8). This band corresponds to the Cl=O stretching mode of the ClO–

4
ion rather than a mode of thiophenolate (Figure S2.15). The apparent increase with
lowering of pH (using HClO4 (aq.)) noted by Holze is most likely due to a change in
overall SERS intensity relative to the Raman scattering of the ClO–

4 ion in solution.
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PhS-Au SAM in KClO4
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900 1000 1100 1200

1550 1600
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Figure S2.15: SERS spectra (λexc 785 nm) of PhS-Au (SAM on a roughened gold bead) in
aqueous solutions of KClO4 (black, solid) and HClO4 (red, solid), and Raman spectra (λexc 785
nm) of 0.5 M KClO4 (aq.) (black, dashed) and 0.5 M HClO4 (aq.) (red, dashed). The spectra are
normalised and offset for clarity. The dashed gray line indicates the Cl=O stretching mode of the
perchlorate ion at 933 cm−1. The spike at 2550 cm−1 in the spectra of KClO4 (aq.) and HClO4
(aq.) comes from a hot pixel artefact.
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Table S2.1: Raman shifts (cm−1) and vibrational mode assignments for PhSH, PhS-Au SAMs, and
the AuSPh complex under various experimental conditions. aSee Figure 2.3. oop = out-of-plane,
ip = in-plane, sym = symmetric.

Vibrational
Mode

PhSH PhSH with base
(deprotonation)

PhS-Au SAM
PhS-Au SAM

at low pH

AuSPh complex

Before
heating

After
heating

Au-S
stretching19,27 - - 270-275 265-270 305 280

C-S-H
bending19,34

under CH3CN
band; 91634

under CH3CN
band -

902
(Calc.)19 - -

ring oop
deforma-
tion &
C-H oop
bending19,27

1002 998 1000a 1000 998 998

ring ip de-
formation
& C-C sym
stretching19,27

1026 1024 1025a 1025 1021 1021

C-C sym
stretching
and C-S
stretching19

1095 1083 1075a 1071 1080 1070

C-C sym
stretching19 1585 1575 1575a 1573 1575 1570

S-H
stretching19,25,27,34 2575

2575
(lower int.) -

2571
(Calc.)19 - -

Table S2.2: Comparison of characteristic experimentally observed Raman bands of PhS-Au
SAMs at 1000, 1025, 1075, and 1575 cm−1, in neutral and acidic media, with the corresponding
assigned bands for the neutral deprotonated PhS-Au4 and cationic protonated PhSH-Au4 com-
putational models, respectively. A scaling factor was not applied to the calculated frequencies.
Note that, as a result of Gaussian broadening, the calculated Raman band of PhS-Au4 at 1091
cm−1 originates from the frequencies 1090.98 and 1094.8 cm−1 (Figure 2.3), and that of PhSH-
Au4 at 1616 cm−1 from the frequencies 1615.73 and 1617.24 cm−1 (Figure S2.10).

1000 cm−1 1025 cm−1 1075 cm−1 1575 cm−1

Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.

PhS-Au (neutral) PhS-Au4 1000 1012 1025 1041 1075 1091 1575 1612

PhS-Au (acidic) PhSH-Au4 1000 1017 1025 1041 1071 1096 1573 1616

Shift 0 5 0 0 -4 5 -2 4

2

83



Chapter 2. pH-Induced SERS Spectral Changes of Thiophenol on Gold

Computational Details

Frequency Calculations
Raman intensities (Ii) were calculated from the Raman activities (Si) using the following
equation:50,51

Ii =
f (ν0 − νi)4Si

νi(1− e
−hcνi
kBT )

where f is a normalisation factor, ν0 is the laser wavenumber, νi is the ith vibrational
mode, h is Planck’s constant, c is the speed of light (in cm s−1), kB is Boltzmann’s
constant, and T is the temperature.

Table S2.3: Calculated Raman frequencies of PhS-Au4 (deprotonated, neutral thiophenolato
Au4 cluster) and the corresponding Raman activities and intensities (f = 10−12, ν0 = 12739
cm−1, T = 293 K).

Frequency (cm−1) Raman activity Raman intensity

11.37 11.012326 468047.4802

19.3 130.573465 1958569.829

20.75 183.775735 2392067.742

27.2 31.172602 239341.6375

50.22 395.521253 934156.8725

57.09 47.683377 88371.80168

75.29 50.651077 55981.34557

79.62 165.845507 165317.8077

86.85 2497.401816 2122278.07

99.34 287.010625 191026.8168

153.76 404.84374 124625.8111

177.17 26.192523 6335.610641

216.7 63.26941 10961.09807

384.66 1046.700719 74686.11376

411.82 1.664643 107.5791747

428.96 362.110836 22070.23314

483.51 15.937113 819.8960596

630.3 31.709951 1132.812989

700.21 132.213611 4097.851102

705.46 7.371597 226.1898762

755.52 11.30533 316.3239074

849.98 18.775014 448.2217974

918.13 19.031642 409.2420319

973.91 5.176608 102.6976331
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988.87 0.125572 2.439593774

1012.03 1102.052877 20738.60225

1041.22 497.874106 9007.671661

1090.98 2496.311997 42319.69485

1094.8 197.396615 3330.100478

1171.79 88.534799 1356.930257

1196.46 526.298825 7829.98739

1299.55 368.681436 4866.476148

1347.35 145.626316 1822.584555

1466.2 78.645361 866.8252116

1502.29 779.807157 8280.600964

1601.05 13.358472 128.4518113

1612.3 3443.156304 32744.22333

3161.09 23.33997 62.13646163

3165.25 404.512377 1073.623983

3175.52 262.505063 691.4913011

3178.73 80.475808 211.4912521

3189.49 658.03683 1715.747507

Table S2.4: Calculated Raman frequencies of PhSH-Au4 (protonated, cationic thiophenolato
Au4 cluster) and the corresponding Raman activities and intensities (f = 10−12, ν0 = 12739
cm−1, T = 293 K).

Frequency (cm−1) Raman activity Raman intensity

18.81 11.236936 177264.4487

28.09 0.819075 5907.573271

41.59 12.223145 41355.46151

60.05 5.397336 9095.359697

65.02 38.302088 55608.68151

81.14 13.731338 13219.31536

89.82 6.592052 5268.158996

139.57 34.046286 12391.3982

141.08 81.272742 29031.34656

175.82 35.278114 8643.962468

263.65 11.290331 1428.725811

284.25 25.18823 2834.047571

404.08 39.959421 2654.18308

409.94 19.416828 1263.142411

480.55 8.463327 439.167078
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569.63 34.887264 1430.450192

627.46 11.36297 408.4251361

701.3 16.240033 502.2930528

703.9 34.578638 1064.177318

759.14 3.70959 103.1292754

849.96 3.387276 80.86807338

911.93 42.086574 913.378287

934.57 9.440816 198.1587171

982.07 0.494261 9.693899954

1009.76 9.779614 184.605346

1016.79 209.25447 3912.356949

1040.93 227.716712 4121.503773

1095.78 758.399557 12778.24544

1105.1 7.196228 119.8171269

1179.05 15.391189 233.8267724

1202.55 137.151716 2025.685958

1318.02 34.820672 450.1948618

1358.82 8.767205 108.3541612

1478.33 11.353539 123.5726773

1511.12 161.680984 1701.418818

1615.73 889.461329 8430.315913

1617.24 276.289561 2614.800616

2652.15 505.150307 1971.722295

3175.08 47.443822 125.0169236

3180.96 294.182353 771.8516832

3187.9 234.25258 611.495592

3194.1 52.315696 135.9468336

3199.54 808.410898 2092.376559
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Cartesian Coordinates
Below are listed the Cartesian XYZ coordinates (Å) of the thiophenolato gold clusters
as optimised with DFT.

PhS-Au4
16

Au -4.688549000 3.243077000 -1.290265000
Au -6.134486000 1.202173000 0.051165000
Au -3.372220000 0.822778000 -1.036107000
Au -3.866573000 2.218996000 1.164268000
S -5.209942000 5.066371000 -2.587122000
C -3.714719000 5.906679000 -3.065440000
C -2.422750000 5.469945000 -2.754813000
C -3.866291000 7.086866000 -3.806555000
C -1.313805000 6.198415000 -3.171787000
H -2.287278000 4.558671000 -2.186133000
C -1.469726000 7.371240000 -3.905272000
H -0.321447000 5.843229000 -2.919645000
C -2.753196000 7.809103000 -4.220715000
H -4.859859000 7.439649000 -4.056406000
H -2.893184000 8.719765000 -4.791189000
H -0.603325000 7.936024000 -4.226184000

PhSH-Au4
17

Au -4.745597000 3.408195000 -1.027260000
Au -6.895216000 2.219562000 0.247694000
Au -2.324698000 2.984314000 0.279093000
Au -4.593361000 2.478932000 1.537269000
S -4.897924000 4.310595000 -3.217466000
C -3.573683000 5.510991000 -3.371865000
C -2.396353000 5.078262000 -3.976849000
C -3.713546000 6.820253000 -2.919212000
C -1.341830000 5.972516000 -4.123343000
H -2.302542000 4.058888000 -4.330159000
C -1.469352000 7.285047000 -3.679285000
H -0.423544000 5.640689000 -4.591165000
C -2.655259000 7.706359000 -3.083828000
H -4.630559000 7.144855000 -2.444624000
H -2.758884000 8.727576000 -2.739124000
H -0.647156000 7.979427000 -3.797733000
H -5.909554000 5.176399000 -3.016642000
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