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ABSTRACT: Selectivity in plasmonic chemistry is typically achieved using bimetallic
nanostructures. Herein, we show that monometallic silver nanoparticles can also drive highly
selective interfacial transformations, oxidation reactions particularly. This is illustrated through a
close inspection of tip-enhanced Raman spectral images of 4-aminothiophenol (ATP)-
functionalized Au vs Ag nanoparticles. We find that whereas the thoroughly described dimerization
reaction to form 4,4′-dimercaptoazobenzene dominates the response on Au, highly selective
oxidation on Ag nanoparticles exclusively leads to 4-nitrothiophenol. We explore the origin of the
distinct reaction pathways on Ag vs Au nanostructures.

■ INTRODUCTION
Exploiting the interactions between plasmonic and molecular
systems has enabled significant advances in ultrasensitive
chemical detection and imaging. Techniques that rely on the
aforementioned interplay between molecules and plasmonic
metals, such as surface- and tip-enhanced Raman scattering
(SERS1 and TERS2), have found numerous applications in the
physical, biological, and health sciences. Of relevance to our
current work are SERS and TERS studies in which plasmon-
induced interfacial chemical transformations were tracked with
ultrahigh sensitivity (or equivalently spatial resolution) and
chemical selectivity.3,4 This is possible because the same
plasmons that enable enhanced Raman scattering can drive
interfacial chemistry as they decay. Using TERS as a probe is
particularly lucrative in this context,3 as chemical trans-
formations taking place at solid−air and even solid−liquid
interfaces5 can be tracked in real space, i.e., with nanometer
spatial resolution. Both TERS chemical reaction imaging as
well as liquid TERS measurements more broadly were the
subjects of recent accounts and review articles.3,6 The reader is
kindly referred to the recent works for interesting emerging
applications and a more detailed exhibition of the current
understanding of the underlying physical and chemical
phenomena.
Selectivity is often hard to achieve in plasmonic (photo-

(electro))chemistry on monometallic nanostructures and
nanoparticles.7 This is why practitioners have turned to
different types of bimetallic structures. Selectivity and reaction
yields more generally are difficult to discern using ultra-
sensitive/high-spatial-resolution TERS. This is in part because
of the modified optical selection rules that govern TERS,

particularly under ambient laboratory conditions, as discussed
in some detail in recent publications from our group.8,9 More
generally, accounting for concentrations/molecular densities is
complicated by the very nature of the TERS response itself,
which depends on molecular properties and local fields that
vary on the few nanometer length scale in ways that are still
not fully understood. For instance, effects such as spatially
distinct molecular redox states that can affect the resonance
conditions10 come to mind in this context. In the same vein,
spatially varying plasmon resonances have been encountered in
the experimental geometry we use herein.11 These effects and
others complicate the analysis of TERS spectral images and
hinder quests aimed at quantitative analysis of plasmon-
assisted chemical processes using this technique.9

Thiophenol derivatives are among the most studied
molecular systems in the TERS literature. This is because
they easily chemisorb onto plasmonic silver and gold structures
and can readily form self-assembled monolayers on metallic
surfaces. This is perhaps why in plasmonic photocatalysis, 4-
nitrothiophenol (NTP) and 4-aminothiophenol (ATP) are the
most studied prototypical systems.7 Their dimerization
reactions to form 4,4′-dimercaptoazobenzene (DMAB) at
solid−air and solid−liquid interfaces have been thoroughly
characterized using TERS.7,12 Different groups have examined
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reactions of both NTP and ATP on bimetallic and related
monometallic nanostructures.7,13,14 In the case of NTP, it was
found that sandwich-like and alloys of bimetallic structures
support reduction reactions to form ATP and DMAB. Such
reactions were not observable on related monometallic
structures. Similarly, for ATP, a stepwise oxidation reaction
was observed that first leads to NTP and then to DMAB.
Again, monometallic nanostructures did not support such
reaction selectivity. These observations are generally consistent
with prior observations and analyses that motivated the
adoption of bimetallic nanostructures to achieve product
selectivity in plasmonic chemistry.
In this work, we show that reaction selectivity in an

oxidation reaction, namely, the plasmon-assisted on-surface
synthesis of NTP from ATP, can be achieved using
(monometallic) silver nanocubes. Conversely, on Au nano-
plates, only DMAB is observed under identical measurement
conditions. We deliberate the origin of the herein observed
reaction selectivity on Ag vs Au. We find that the most likely
explanation for our observations has to do with the higher
relative abundance of oxygen on Ag nanocubes compared to

Au nanoplates. We otherwise discuss alternative explanations
for our observations, including the roles of molecular
orientation and rectified local optical fields. We begin with
an overview of the experimental methods used.

■ METHODS
TERS samples were prepared by depositing silver or gold
nanoparticles (Au nanoplates from Nanopartz and Ag
nanocubes from Nanocomposix) onto a template stripped
gold substrate (PLATYPUS) or a silicon chip, respectively. In
both cases, stock solutions of the nanoparticles were used, and
a total of 10 μL was drop-casted onto each substrate. The two
resulting substrates were then washed using 1 mL of ethanol,
followed by drying using N2. Subsequently, 10 μL of a 1 mM
ethanolic solution of 4-aminothiophenol (4-ATP, Sigma-
Aldrich) was deposited on each sample, followed by rinsing
with excess amounts of ethanol. The final samples were dried
once more using N2 prior to conducting the TERS
measurements.
Our TERS setup is described elsewhere in detail.9 For this

work, as-purchased silicon probes (Nanosensors, ATEC-NC)

Figure 1. (a) Topographic AFM image of an ATP-coated Au nanoplate. The blue rectangular area highlighted in (a) is further analyzed through
simultaneously recorded AFM (b)-TERS (c) mapping. Conditions in (c): 100 μW @ 633 nm, 1 s time integration, lateral step size = 5 nm.
Representative single pixel spectra in (d) show seven peaks in the 1000−1700 cm−1 spectral region that appear in tandem, albeit featuring
variations in peak intensities. Note that these were the brightest spectra in the hyperspectral image cube. Spatial averaging of the bright TERS edge
spectra in (c) results in the black spectrum plotted in (e). A previously measured (see Bhattarai et al.5) TERS spectrum of DMAB is shown on the
same plot (red spectrum) in (e) for comparison.
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were coated with 100 nm of Au and used for AFM (tapping
mode feedback) and TERS (SpecTop, Horiba Scientific)
topographical/chemical imaging. For the latter, TERS signals
were primarily collected when the tip is in direct contact with
the sample. A semicontact mode is otherwise used to move the
sample relative to the tip (pixel to pixel). Additional TERS
spectral images were collected for the Ag nanocubes using a
tapping mode AFM feedback, as described in a previous work
from our group.15 For all TERS measurements, a 633 nm
diode laser (75−100 μW) was focused onto the tip apex at a
∼65° angle with respect to the surface normal using a 100× air
objective (Mitutoyo, 0.7 NA). The polarization of the laser was
set to coincide with the tip long axis using a half-waveplate.
The backscattered light was collected using the same objective,
filtered through a series of long pass/dichroic filters, and
recorded using a CCD camera (Andor, Newton EMCCD)
coupled to a spectrometer (Andor, Kymera 328i) equipped
with a 600 line/mm grating blazed at 550 nm.
STEM high-angle annular dark field (STEM-HAADF)

images were collected on a probe-corrected JEOL ARM-
200CF microscope operating at 200 kV, with a 1 Å probe size,

a 27.5 mrad convergence semiangle, and a 68 mrad collection
semiangle. STEM energy-dispersive X-ray spectroscopy
(STEM-EDS) maps were acquired using a JEOL Centurio
silicon drift detector with a combined solid collection angle of
0.98 sr. The maps shown were processed for the Ag-L, Au-L,
and O-K peaks.

■ RESULTS AND DISCUSSION
Our first sets of measurements track a familiar reaction,
namely, the dimerization of ATP to form DMAB. The results
are summarized in Figure 1. We started by identifying an ATP-
functionalized gold nanoplate using topographic AFM imaging.
With prior TERS demonstrations in mind, we expected the
signal to be optimally enhanced toward the edges of the plate
under our experimental conditions.3,5 We therefore focus our
analysis to the small rectangular area highlighted in Figure 1a.
Simultaneously recorded AFM-TERS (panels b and c,
respectively) maps of this area reveal that the signal is indeed
optimal toward the edge of the Au structure. Not surprisingly,
we find that the TERS spectra are dominated by the signatures
of DMAB. Although the relative intensities of the DMAB

Figure 2. (a) Topographic AFM image of an ATP-coated Ag nanocube. The blue square highlighted in (a) is imaged via TERS in (b). Conditions
in (b): 100 μW@ 633 nm, 0.25 s time integration, lateral step size = 2 nm. Representative single pixel spectra in (c) show three peaks in the 1000−
1700 cm−1 spectral region that appear in tandem, albeit featuring variations in peak intensities. Note that these were the brightest spectra in the
hyperspectral image cube. Spatial averaging of the bright TERS edge spectra in (b) results in the black spectrum plotted in (d). A previously
measured (see Bhattarai et al.5) TERS spectrum of NTP is shown on the same plot (red spectrum) in (d) for comparison.
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TERS spectra vary across the edge (panel d), the peaks all
appear in tandem and mark the formation of the dimer
product. Spatial averaging of the edge response and its
comparison with a previously recorded DMAB TERS
spectrum5 adds confidence to our assignment. The reader is
referred to prior work for theoretical analyses of the DMAB
spectrum and spectral assignments.16

Repeating the same measurements and analysis described
above but now using an ATP-functionalized Ag nanocube
results in distinct observations. The results of these measure-
ments are summarized in Figure 2. In this case, the edge
spectra again reveal distinct relative intensities of the
observable vibrational resonances (Figure 2c) that can be
assigned to NTP on the basis of previous work.16 Here and
above (Figure 1), the relative intensity differences at different

sites can be associated with distinct orientations of molecules
relative to vector components of the local optical fields.9 These
effects become noticeable in high-spatial-resolution measure-
ments, herein pixel-limited to within 2 nm. The latter, which
can be inferred from the image shown in Figure 2b, is
consistent with several prior measurements from our group
that targeted chemically functionalized silver nanocubes.8,9 In
Figure 2d, the spatially averaged TERS response at the edge
that is visualized in Figure 2b is compared to a previously
reported17 and carefully assigned16 TERS spectrum of NTP.
Beyond a good general agreement between the herein and
previously recorded spectra, it is important to note that the
∼1335 cm−1 resonance of NTP is asymmetric in both cases.
Indeed, a broad shoulder that arises from a distinct resonance
centered at ∼1290 cm−1 is observed. This marks the formation

Figure 3. (a) Tapping mode TERS image of the edge of an ATP-coated Ag nanocube. Spectra recorded on the edge vs when the tip was a few
nanometers away from the cube are shown on the same plot in (b). These plots were recorded at the locations indicated using squares in (a).
Conditions: 100 μW @ 633 nm, 0.5 s time integration, lateral step size = 2 nm.

Figure 4. STEM HAADF images of a Ag nanocube (a,b) viewed side-on and of a Au nanoplate (e,f). STEM-EDS mapping (c,d) of Ag-L and O-K
from (b) shows the surface of the Ag is oxidized, as highlighted by the white arrow in (d). STEM-EDS maps of Au-L and O-K (g,h) from (f) show
no O-K signal toward the edge of the nanoplate.
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of anionic NTP species,17 and it is particularly evident in the
lower black spectrum in Figure 2d.
The formation of anionic NTP species can be suppressed by

switching from (intermittent) contact (Figures 1 and 2) to
tapping mode AFM feedback in TERS, as discussed in a prior
work.15 Moving away from contact also suppresses optical field
rectification in the TERS geometry, which has been recently
implicated with plasmonic chemistry on bimetallic nanostruc-
tures.18 To this end, we repeated the measurements shown in
Figure 2b but now using tapping mode AFM feedback. The
results are summarized in Figure 3, and they reveal that the
optical signature of NTP once again dominates the TERS
response. Consistent with prior observations, the symmetric
NO2 stretching vibration in Figure 3b indicates that molecular
charging is now suppressed. The observations are otherwise
identical to their analogues in Figure 2. Evidently, it appears
that neither the formation of anions nor rectified local optical
fields plays a role in the observed oxidation (on Ag) vs
dimerization (on Au) reactions described above. The fact that
different resonances are accessible with the 633 nm excitation
wavelength in contact vs tapping mode TERS15 and the
spatially varying nature of junction plasmon resonances in
TERS11 both suggest that spatially varying resonances cannot
exclusively account for our observations.
The different chemical reaction pathways that lead to

distinct products on Au vs Ag nanostructures may be
rationalized on the basis of the results that are summarized
in Figure 4. In this plot, we visualize the relative abundance of
oxygen at the surfaces (edges in the TEM geometry) of the
two structures used in this work. Two particles atop a lacey-
carbon Cu TEM grid were examined by STEM-HAADF
imaging (a,b,e,f) and STEM-EDS analysis (c,d,g,h). The upper
panels analyze the Ag nanoparticle along its (001) zone, while
the lower panels are corresponding morphological and
elemental composition images of a Au nanoplate. The
differences in surface oxygen content in the two cases can be
immediately discerned by comparing Figures 4d (Ag) and 4h
(Au). Indeed, the bright oxygen signal observed in Figure 4d,
which outlines the edges of the nanocube, is not observed in
the case of the gold structure.
There are two possible explanations for the observed distinct

reaction channels and products on Au vs Ag structures. In the
first scenario, one can argue that the local availability of a
reactant (oxygen) leads to the oxidation of ATP to form NTP.
In the second case, the surface oxygens play a secondary role
by leading to distinct adsorption geometries of ATP on Ag.
Molecular orientation was recently invoked in rationalizing the
lack of the coupling/dimerization reaction for both ATP and
NTP on Ag(111).19 Interestingly, the relative intensities of the
observable vibrational states in TERS were very similar on
Ag(111) and Au(111) in the previous work,19 which to us
suggests that the orientations on both surfaces were similar.
Nonetheless, theoretical analyses in the prior work suggested
otherwise.19 Orientations cannot be checked in our current
study, e.g., using previously outlined procedures,9 since we do
not observe ATP but rather products directly under our
experimental conditions. That said, it is certainly possible for
the few nm thick oxide layer that we observe in Figure 4d to
alter the orientation of ATP near the surface. Direct
chemisorption on Au otherwise leads to a geometry/
conformation that favors dimerization to form DMAB.19

More work is needed to systematically distinguish between
the two above-outlined possibilities.

■ CONCLUSIONS
In conclusion, this work demonstrates that distinct plasmon-
induced chemical transformations take place on Au and Ag
nanostructures that are functionalized with ATP. Our results
suggest that the abundance of surface oxygen either directly or
indirectly leads to oxidation to form NTP on Ag. Direct
chemisorption onto Au nanoplates otherwise leads to DMAB,
which is consistent with several prior reports from our group
and others. How oxidation and distinct conformations at the
surfaces of plasmonic metals affect local chemical reactivity
remains an open question in plasmonic photocatalysis and
heterogeneous catalysis more generally. This motivates further
studies to understand how orientations and conformations
alter the ground and excited state properties of molecules that
dynamically interact with metals, particularly under ambient
laboratory conditions.
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