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Surface plasmons can provide a novel route to induce and simultaneously monitor selective bond formation and breakage. Here
pH-induced protonation, followed by plasmon-induced deprotonation of 2-mercaptopyridine was investigated using surface- and
tip-enhanced Raman scattering (SERS and TERS). A large diﬀerence
in the deprotonation rate between SERS and TERS will be demonstrated and discussed with respect to hot-spot distribution.

The pathway of a chemical reaction can be controlled by
varying the experimental conditions such as temperature, concentration, pH or, a recent development, by the application of
surface plasmons. Plasmon induced catalysis is an emerging
approach to induce chemical reactions and can for instance be
applied to a variety of reactions types, which can be probed by
surface-enhanced Raman scattering (SERS) or tip-enhanced
Raman scattering (TERS).1–6 The background of this type of
catalysis is the activation of a light-induced plasmonic activity
of metal nanostructures. In particular the reactions of nitroand amino-substituted aromatic thiols to the corresponding
diazo compounds have been extensively studied.7,8
Such reactions would otherwise need extreme conditions
like e.g. very high temperatures or short excitation
wavelengths.9–11 Laser irradiation of metal nanoparticles at
their plasmon resonance leads to an eﬃcient generation of collective oscillations of free conduction band electrons at the
surface of the nanoparticles. As a result localized surface
plasmon resonances are generated.12,13 In general, surface
plasmons can locally enhance the electromagnetic field by
many orders of magnitude. In combination with Raman spectroscopy, as realized in surface-enhanced Raman scattering

(SERS) or tip-enhanced Raman scattering (TERS), such nanostructured surfaces yield a huge signal enhancement of the
sample.14,15 For more details on both methods it is referred to
ref. 16–18.
In this study, we experimentally demonstrate that surface
plasmons can induce a deprotonation reaction from an aromatic ring system. An earlier work on a self assembled monolayers (SAM) of a substituted thiaheterohelicene reported that
the abstraction of hydrogen atoms under TERS conditions is
feasible.19 In our approach, the model system 2-mercaptopyridine (2-MPY) was protonated (2-MPY-H+) at low pH conditions
prior to adsorption on the substrate. Subsequent deprotonation was achieved by exposing the pyridinium cation to surface
plasmons as illustrated in Scheme 1.
In a previous study we reported that 4-mercaptopyridine
(4-MPY) can be protonated under ambient conditions utilizing
surface plasmons.20 There, the protonation of 4-MPY immobilized on a silver island film under ambient conditions was
tracked using SERS. The intensity increase of the ring stretching mode associated with the protonated nitrogen and the
simultaneous intensity decrease of the ring stretching mode
corresponding to the unprotonated nitrogen was observed.
2-MPY diﬀers from 4-MPY only by the thiol group position
with respect to the nitrogen in the pyridine ring. Nevertheless,
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Scheme 1 Surface plasmon induced deprotonation of 2-MPY-H+ generated under low pH conditions.
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the position of the nitrogen atom ( para vs. ortho) is decisive
for the diﬀerent chemical behavior of 2-MPY and 4-MPY, as it
will be demonstrated using SERS and TERS techniques.
In the SERS case, all molecules attached to a nanoparticle
that are in the laser focus potentially can contribute to the
signal while in TERS only molecules directly underneath the
tip apex experience a signal enhancement. Furthermore, a previously detected faster reaction rate under TERS condition20
needed to be further investigated.
The detailed instrumental setup for the SERS and TERS
used in this work has been described in detail earlier.26 An
important aspect is that for both TERS and SERS the same illumination and collection optics was used to provide roughly
comparable power densities (60× oil immersion, N.A. 1.45,
Olympus, Japan). A 10−3 M ethanolic solution of 2-MPY or a
10−3 M ethanol–water solution, either at pH 7 or pH 1.3, was
used for SERS and TERS sample preparation. For SERS, a drop
of the solution was drop cast on a silver island film, dried, and
washed with ethanol to remove any unbound molecules. In
the TERS study gold nanoplates were immersed in the respective solution for 20 h and then washed with ethanol. Fig. 1
shows SERS spectra (λ = 532 nm, P = 180 µW) of 2-MPY at
diﬀerent time-points. A gradual intensity decrease of all bands
indicates a slow degradation ( probably oxidation) of the silver
island film, since the measurements were carried out under
ambient conditions.

Fig. 1 Selected time-dependent SERS spectra of 2-MPY adsorbed from
ethanolic solution ( pH 7) on a silver island ﬁlm with 180 µW@532 nm,
acquisition time: 1 s per spectrum. Band assignment: 1000 cm−1(ring
breathing), 1048 cm−1 (β(C–H)), 1082 cm−1 (β(C–H)), 1116 cm−1 (ring
breathing/ν(C–S)), 1546 cm−1 (ν(CvC)) and 1574 cm−1 (ring stretching
mode with unprotonated nitrogen(UP)).21–25 No band at 1605 cm−1
(indicator for protonated 2-MPY (PN)) was detected.
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This eﬀect did not further interfere with the experiment
and can be accounted for by normalization procedures. Of
main interest was the behavior of the band at 1574 cm−1, a
marker for the unprotonated pyridine ring (UP). The constant
intensity of this peak over 600 s indicates that 2-MPY was
stable and was not protonated under atmospheric SERS conditions. In case of a protonation, an additional peak around
1605 cm−1, a marker for the protonated pyridine ring (PN),
would have been observed. Hence, in contrast to the previously
studied 4-MPY, no protonation occurred for 2-MPY under
similar surface plasmons conditions. Structurally, a diﬀerent
binding situation of 2-MPY on the silver nanoparticles can be
considered for the diﬀerent behavior. When the covalent Ag–S
bond is formed during immobilization, the nitrogen atom of
the tilted 2-MPY will be close to the metal surface resulting in
additional Ag–N interactions. Such an interaction clearly
obstructs the access to the nitrogen atom. Even when the SERS
experiment was repeated at a higher incident laser power (up
to 1 mW, not shown), a protonation was never observed.
In a subsequent experiment 2-MPY was drop cast as indicated above, but this time from a pH 1.3 solution on a silver
island film. The investigation under otherwise similar conditions as previously indicates that a new peak at 1605 cm−1
could be detected (see Fig. 2a). The presence of this peak indicates that a protonated compound, 2-MPY-H+, exists right from
the beginning. As time progressed the relative intensity of this
peak decreased and after 500 s it finally disappeared, thus
clearly indicating a complete reversal of the protonation. To
illustrate this process more clearly, Fig. 2b shows the band
intensity as a function of time.
Follow-up experiments addressed the laser power dependence of the deprotonation. Below 25 µW no deprotonation
was observed, but above this threshold the deprotonation rate
increased linearly with increasing incident laser power. This
observation indicates that either temperature in the laser
focus, which correlates to the incident power, or the photon
flux determines the reaction rate.
To exclude plasmonic thermal eﬀects due to sample
heating in the laser focus, experiments were performed at
various temperatures. Fig. 3(a) shows the intensities of protonated and unprotonated bands as a function of temperature.
No intensity change of these peaks was observed. Here, the
laser power was kept at 20 µW, which was just below the
minimum value to initiate a deprotonation at room temperature. Heating the sample up to 60 °C did not change the
2-MPY-H+ spectra, pointing to the stability of the N+–H bond.
Since the temperature in the focus at 20 µW was presumably
below 60 °C we concluded that the reaction is either temperature independent or higher temperatures are needed to
abstract the proton.
Consequently, under the present experimental conditions
the rate of deprotonation is not determined by the temperature
but by the surface plasmons generated in the laser focus.
Fig. 3(b) shows the relative protonated and unprotonated peak
intensities measured at diﬀerent incident laser powers (50,
100, 125 and 250 µW). To keep the radiant fluence constant,
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Fig. 3 Normalized intensities of (a) protonated (PN) and unprotonated
(UP) band measured during the temperature-dependent SERS of
2-MPY-H+ on a silver island ﬁlm adsorbed from pH = 1.3 solution. No
variation in band intensities at diﬀerent temperatures was observed. All
spectra were measured with 20 µW@532 nm acquisition time 5 s per
spectrum. (b) Variation in the intensity of PN and UP bands for 4
diﬀerent incident powers (50, 100, 125 and 250 µW) measured at
diﬀerent times (250, 125, 100 and 50 s), demonstrate that the reaction
rate depends on the radiant ﬂuence. The band intensities are normalized
to the ring breathing mode at 1000 cm−1 to exclude the eﬀect of slow
degradation of the silver island ﬁlm.
Fig. 2 (a) Selected time-dependent SERS spectra of 2-MPY-H+ on a
silver island ﬁlm adsorbed from pH 1.3 solution with 180 µW@532 nm;
acquisition time 1 s per spectrum. The band at 1605 cm−1 (indicator for
protonated 2-MPY) was detected under low pH which is deprotonated
under surface plasmonic conditions. (b) Intensity plot of the band at
1605 cm−1 in the spectra in (a) as a function of time.

measurements were done at diﬀerent time points (250, 125,
100 and 50 s), respectively. No variations in the peak intensities of protonated and unprotonated species were observed
which shows that the reaction rate depends only on the
radiant fluence.
Finally, the protonation/deprotonation of 2-MPY was investigated with TERS to examine if a single silver particle is
capable to initiate either both or neither reaction. Such a local
controllability essentially would allow confining the reaction
to any selected position on the sample substrate. For the TERS
measurements 2-MPY was immobilized on transparent gold
nanoplates from either a pH 1.3 solution or directly from ethanolic solution. The gold surface was used to uniformly adsorb
the thiol to the substrate and thus generating a gap-mode
configuration.16,27 From the neat ethanol solution merely the
unprotonated species 2-MPY was detected (see continuously
collected example spectra in Fig. 4a (λ = 532 nm, P = 620 µW).
Note that the nominally 3 times higher power does not directly
correspond to a higher radiance at the gap, as the attenuation
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due to the specific thickness of the gold flake needs to be considered as a rough estimation the transmission should be attenuated by a factor of 3–5, hence we consider the laser power
similar to the SERS experiments. Similarly, to the SERS experiments also for TERS no protonation signature was observed
for more than 200 s. In contrast, the same sample preparation
from the acidic medium yielded 2-MPY-H+ signals only for a
short time and complete deprotonation occurred already after
15 s. The data from two independent experiments are given in
Fig. 4b and c. This faster reaction agrees with previous protonation experiments and confirms the hypothesis that the
gold–silver gap in TERS provides a uniform reaction center
with a high turn-over rate.
The average particle orientation/gap formation of the SERS
substrate used here in contrast seems to yield much less
eﬃcient reaction sites. The experiments clearly show the
surface plasmon induced deprotonation of 2-MPY-H+ in SERS
and TERS conditions. A comparison of the reaction rate under
SERS and TERS shows a faster reaction of 2-MPY-H+ in TERS
which was also observed in our previous work.20 Moreover, the
comparison of the reaction rate for these two molecules in
TERS shows a faster reaction for 4-MPY. The diﬀerences in the
reaction rate of these molecules under TERS conditions can be
explained by a charge-transfer model where the electron transfer from the tip to the nitrogen atom of the pyridine ring deter-
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Fig. 4 (a) Continuously recorded TERS spectra of 2-MPY; (b), (c) continuously recorded TERS spectra (independent experiments) of 2-MPY-H+ on
an ultra-ﬂat gold nanoplate adsorbed from pH 1.3 solution All spectra were measured at 620 µW@532 nm; acquisition time 5 s per spectrum.

mines the rate of chemical reaction. In the case of 4-MPY the
nitrogen atom, which is far away from the gold substrate, faces
the tip and presumably a direct electron transfer to the nitrogen facilitates the binding of a hydrogen proton. In case of
2-MPY, direct tip–nitrogen atom interactions are sterically hindered by the orientation of the pyridine ring on the gold
surface and also due to an increase in the distance between
them, which leads to a slower reaction rate compared to
4-MPY.28,29 The faster reaction under TERS compared to SERS
is attributed to the higher enhancement in the nanogap
between the two metals (Ag–tip and Au–substrate) and the
eﬀective charge transfer in the tip–sample geometry.30–35

rate, which is apparent in the linear increase of the reaction
rate with radiant fluence. A plausible explanation of the slower
plasmon induced reaction kinetics of 2-MPY compared to
4-MPY in TERS is due to a change of the charge-transfer properties. A faster reaction of 4-MPY can be understood as direct
electron transfer from the tip to the nitrogen atom as they are
in direct vicinity. In contrast, the position of the nitrogen atom
in 2-MPY is far away from the tip, which prohibits a direct electron transfer and leads to a slower reaction compared to
4-MPY.

Conﬂicts of interest
Conclusions
We experimentally demonstrated that 2-MPY can neither be
protonated in the presence of surface plasmons in SERS nor in
TERS due to strong substrate–nitrogen interactions. As
expected 2-MPY can be protonated chemically under low pH
conditions and the resulting pyridinium cation can be deprotonated in the presence of surface plasmons when adsorbed
on a silver island film. To exclude photo thermal eﬀects by
sample heating a temperature dependent study was performed. Increasing the sample temperature up to 60 °C and
keeping the laser power constant did not change the reaction
rate, which indicates that the deprotonation reaction is temperature independent, at least under the applied experimental
conditions. The faster reaction rate in the TERS experiments
can be attributed to a large field confinement in the metal–
metal nanogap and charge transfer properties in the experimental configuration. The higher laser power used in the
TERS experiment (compared to SERS) increased the reaction
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