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ABSTRACT: Understanding electrochemical events on the single-molecule level is
crucial for fields such as catalysis and biological systems. A variety of techniques exist
to study the electrochemistry of single molecules, but few provide correlated chemical
information. Herein, we study the electrochemistry of rhodamine 6G in nonaqueous
conditions and demonstrate the first statistic electrochemical single-molecule SERS
(EC-SMSERS) proof of single-electron transfer events. We find that the distribution
of reduction events is broader than that in a bulk electrochemical experiment. The
distribution of the reduction potentials can be explained by molecular reorientation
and variations of the local surface site or chemical potential of the Ag nanoparticle.
Our results contribute toward understanding electrochemical behavior of single
molecules on the nanoscale monitored by SERS and the ultimate goal of controlling
single-electron transfer processes.

1. INTRODUCTION
The most fundamental event in electrochemistry is the
chemically reversible, one-electron, heterogeneous electron
transfer (HET) reaction. A HET reaction
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involves the oxidized form of the analyte, O, being reduced to
its reduced form, R. This reaction is characterized by its
standard potential, E0, and rate constant, k0. To date, HET
reactions have only been studied at the ensemble average level.
Consequently, the measured E0 and k0 represent an average
over many microscopic configurations of O and R and their
interactions with the electrode surface.1−4

Electrochemical reactions play a central role in numerous
fields such as electrocatalysis,5 energy storage,6,7 materials
synthesis,8,9 and biological processes,10−12 averaging different
local conditions, i.e., molecule−molecule and molecule−
substrate interactions, temperature, and transport properties
among others. Single-molecule electrochemistry has been
sought after for a long time in order to probe nanoscale local
environments. The first demonstration of electrochemistry of a
single molecule was reported by Fan and Bard in 1995 by
trapping molecules between an insulated Pt/Ir scanning probe
tip and an indium tin oxide (ITO) substrate; the bursts in
current were attributed to redox of a single molecule moving in
and out of the electrode-substrate gap.13 There was a spike of
interest in developing alternative methods to simultaneously
detect single molecules and understand their electrochemis-
try.14−17 To this end, optical techniques have been combined
with electrochemical measurements in order to observe the
change in a single molecule as a function of applied potential.18

Some studies have combined fluorescence spectroscopy with
electrochemistry by correlating the fluorescence intensity of a
single molecule with applied potential.19,20 Others used
electrochemical scanning tunneling microscopy (EC-STM) to
monitor the conformational changes of molecules on a surface
as a function of applied potential.21 Despite the great amount of
information gathered from these studies, the techniques used
cannot provide detailed chemical information about the
changes in electroactive species as a function of applied
potential.
Single-molecule SERS (SMSERS) is an ideal technique to

investigate the electrochemistry of single molecules because it
provides detailed chemical information about the molecular
species in question. SMSERS was first claimed as strong
intensity fluctuations in an ultralow concentration of Raman-
active reporters and with laser excitation on resonance with the
electronic absorption of the analyte.22 Since then, the intensity
fluctuation argument for SMSERS has been disproven and
groups have explored different single-molecule proofs. The two
most commonly used and widely accepted proofs for SMSERS
detection are (i) the bianalyte method23,24 and (ii) the
frequency domain, or isotopologue, approach.25 Both exper-
imental approaches study the statistics of the relative intensities
of two distinct molecules (bianalyte approach) or one molecule
and its deuterated isotopologue (frequency domain approach)
to infer the single-molecule nature of the SERS response.
Further investigations focused on achieving (i) SMSERS on
various substrates, including colloids,1,24,26−32 lithographic
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substrates,33−35 and STM tips using TERS,36,37 (ii) non-
resonant SMSERS,27 (iii) improved statistics, i.e., a large
number of clearly demonstrated SMSERS events.38 The
fundamental aspects of SMSERS have been well-ex-
plored,28,30,39−42 and the next step in SMSERS research is to
probe the chemical behavior of single molecules, such as
monitoring the pressure-sensitive behavior of single R6G
molecules.43

The first use of SMSERS to explore electrochemical events
was reported by Corteś et al. in 2010. Using the bianalyte
approach with dye molecules R6G and Nile blue (NB), the
authors demonstrated the feasibility of monitoring single-
molecule electrochemistry of NB by SERS.1 In later work, the
authors extended the study to high resolution SMSERS spectra
of NB by observing changes in the vibrational frequencies as a
function of applied potential. The vibrational changes were
attributed to reorientation of the NB molecule in the
electrochemical double layer and molecular orientation relative
to the nanoparticle surface.44 Another SMSERS study
combined with electrochemistry was reported by Wang et al.
using ultralow concentrations of the hemin, an iron porphyrin
molecule. In this work, the authors proposed that local thermal
fluctuations govern the single electron transfer dynamics of
hemin immobilized on Ag nanoparticles.45 More recently,
Willets et al. have demonstrated SMSERS and electrochemistry
of NB with a super-resolution microscopy approach, postulat-
ing that the NB molecules are sequentially reduced/oxidized on
the nanoparticle surface.4

From our perspective, the aforementioned reports do not use
the most rigorous proof of SM sensitivity; that is, the frequency
domain or isotopologue approach,25 which is therefore our
choice for this study. Herein, our primary goal is to understand
the electrochemical behavior of R6G on the nanoscale as
compared to a bulk electrochemical experiment. First, we
characterize the one-electron transfer electrochemistry of R6G
both in solution and adsorbed on Ag surfaces at high
concentration and coverage in a nonaqueous environment.
Second, we demonstrate the first proof of nonaqueous, single-
molecule electrochemistry optically monitored with the
isotopologue approach of SMSERS. Last, we compare our
distribution of EC-SMSERS-detected reduction events to the
bulk and elaborate upon the origins of this behavior. We
propose that the broadened distribution on the single molecule,
single particle aggregate scale is primarily due to variations in
the surface site or chemical potential of the Ag nanoparticle
where the R6G is bound. We believe that this work, together
with previously discussed works, demonstrates the power of
SERS as a tool to optically monitor various classes of
electrochemical reactions at the single molecule level.

2. EXPERIMENTAL DETAILS

Chemicals. Trisodium citrate dihydrate 90%, silver nitrate
+99.99% (AgNO3), sodium chloride +90% (NaCl), tetrabuty-
lammonium perchlorate +99% (TBAP), hydrogen peroxide
solution 30% (H2O2), ammonium hydroxide solution 28−30%
(NH4OH), (3-mercaptopropyl)trimethoxysilane (MPS) were
purchased from Sigma-Aldrich and used without further
purification. HPLC grade acetonitrile (≥99.5%) was purchased
from Avantor Performance Materials and further purified prior
to use by passing through a Pure Process Technology solvent
drying system. Milli-Q water with a resistivity higher than 18.2
MΩ cm was used in all preparations.

Deuterated R6G. The synthesis of R6G-d4 is based on
previous conditions given by Zhang et al.46 and has been
reported elsewhere.25 Standard solutions of R6G-d0 and R6G-
d4 were prepared and characterized with UV−vis absorbance
spectroscopy (Figure S1).

Bulk Electrochemistry. Bulk electrochemical measure-
ments were performed in a capped scintillation vial. An Ag
wire (0.25 mm diameter, Alfa Aesar) was utilized as the
working electrode and was submerged in solution approx-
imately 1 cm above the Pt wire counter electrode. The
reference potential was determined by a nonaqueous Ag wire
quasi-reference electrode (QRE) in a tetrabutylammonium
perchlorate (TBAP) solution in acetonitrile. A 1 mM R6G
solution was prepared in 100 mM TBAP in acetonitrile. For the
surface cyclic voltammetry measurements, a polished 2 mm
diameter Ag disk electrode (CH Instruments) was incubated in
150 μM R6G-d0 for 15 min and then gently rinsed with
acetonitrile to remove any unbound molecules. The supporting
electrolyte solution was degassed with N2 for 30 min prior to
obtaining electrochemical measurements. Electrochemical
measurements were performed using a CH Instruments
potentiostat (CHI660D).

R6G Neutral Radical Absorbance Characterization.
Thin layer cells were prepared by first attaching Ag wire to an
ITO coverslip using Ag colloidal paste (Ted Pella). Next, a
clean glass coverslip was placed on top and the outsides were
sealed with TorrSeal epoxy. The cell was clamped together
using reverse-close tweezers and allowed to cure overnight. The
cell was placed in a custom-made freeze−pump−thaw (FPT)
spectroelectrochemical glass cell with 1 cm optic path length. A
1 mM R6G solution was prepared in 100 mM TBAP in
acetonitrile. Four FPT cycles were performed on the solution
prior to the measurements. Electrochemical potential was
controlled with a CH Instruments potentiostat (CHI660D),
and UV−vis extinction spectra were acquired using an Agilent
Cary 5000 spectrophotometer. Solution phase CVs were
simulated using the cyclic voltammetry fitting mode of DigiElch
(version 6.0) simulation software.

Ag Nanoparticle Synthesis. Silver colloids were synthe-
sized using the Lee and Miesel method.47 Briefly, 90 mg of
silver nitrate was dissolved in 500 mL of water, stirred and
brought to boil. Once the solution was vigorously boiling, 10
mL of a 1% w/v trisodium citrate solution was added under
strong stirring. This solution was boiled for 30 min, removed
from the heat, and allowed to cool to room temperature; then
the final volume was topped off at 420 mL with ultrapure water.
Transmission electron microscopy characterization of the
colloid showed spheroidal silver particles of approximately 56
± 13 nm in diameter. The silver colloid was stored in darkness
and used within 1 week.

Sample Cell for EC-SERS. A glass cell for spectroscopic
and electrochemical measurements and for FPT of the solvent
was custom blown (Reliance Glassware, Elk Grove, IL). The
sample cell consists of two inlets for Ag and Pt wire, as well as a
no. 5 valve connection (Figure 2A and Figure S2B). The FPT
cell consists of a tube for the solvent, and two no. 5 valve
connections for connection to the pump and sample cell
(Figure S2A).

EC-SERS and EC-SMSERS Sample Preparation. Briefly,
an amount of 2 mL of the as prepared Ag colloids was washed
and concentrated by two centrifugation steps (2000 rpm, 6
min; supernatant to 5000 rpm 6 min), the pellets were
redispersed with 0.5 mL of ultrapure water. For the SERS
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sample, to the colloid 100 μL of 1 × 10−5 M total (50 μL of 0.5
× 10−6 M each) of R6G-d0 and R6G d4 isotopologues was
added and incubated with mild stirring for 1 h. For the
SMSERS sample, to the colloid 100 μL of 1 × 10−7 M total (50
μL of 0.5 × 10−8 M each) of R6G-d0 and R6G-d4 isotopologues
was added and incubated with mild stirring for 1 h. We
calculated the maximum R6G/nanoparticle ratio at the SM
concentration regime as 3:1, assuming total reduction of silver
salt to 30 nm spherical nanoparticles47 and complete (100%)
adsorption of R6G molecules to the particles surface. We
assume that R6G/nanoparticle ratio is close to 1:1 in our final
experimental conditions, since (i) during the incubation, not all
the R6G might adsorb,22 (ii) after incubation the samples were
thoroughly rinsed, and (iii) further desorption of R6G might
take place to the electrolyte solution. Later, 0.5 mL of 40 mM
NaCl was added to induce nanoparticle aggregation and left
overnight before using the sample. ITO coverslips (22 × 22
mm2, 8−12 Ω, copper busbar, SPI Supplies) were function-
alized with (3-mercaptopropyl)trimethoxysilane to covalently
attach the Ag nanoparticles. First, the ITO was sonicated in
isopropanol for 5 min, then cleaned in a solution of 5:1:1 H2O/
NH3OH/H2O2 for 12 min at 50 °C. Then, 0.5 mL of (3-
mercaptopropyl)trimethoxysilane in 50 mL of isopropanol was
allowed to react at RT for 5 min. The Ag colloids were then
drop casted onto the ITO surface and allowed to dry in an N2
environment, and then substrates were thoroughly washed to
remove any unbound particle or salts. After the ITO is fully
dried with N2, copper tape is placed on the ITO to allow for
electrical contact. The sample is then mounted on the SMSERS
glass sample cell using TorrSeal epoxy (Duniway Stockroom
Corporation, Fremont, CA) and allowed to cure overnight.
Next, the cell is placed under vacuum and the supporting
electrolyte is transferred in vacuum in order to remove oxygen
and water, which quenches radical species and/or cause R6G
degradation. The assembled cell was connected to the custom
FPT cell which is then connected to a custom built high
vacuum line (base pressure of ∼10−6 Torr). The FPT cell is
then filled with 10−15 mL performed prior to solvent transfer
to the SMSERS cell. After solvent transfer, the SMSERS cell

valve was closed and was disconnected from the FPT cell for
spectroscopic measurements.

EM Characterization. SEM images were obtained using a
FEI Helios NanoLab 600 microscope operating at an
acceleration voltage of 3.0 kV and an operating current of 1.4
nA.

Raman Instrumentation. Samples were analyzed on an
inverted microscope (Nikon Eclipse Ti-U) with a 100× oil
immersion objective and 0.5 numerical aperture. Particle
aggregates are initially viewed under dark field illumination
with a 0.8−0.95 numerical aperture condenser. To illuminate
the entire field of view for SMSERS measurements, a 532 nm
CW laser (Millenia VIIIs, Spectra Physics) was focused onto
the sample using grazing incidence at an angle of 60° relative to
the surface normal. Scattered light was collected from SERS
active particles, laser light was filtered (RazorEdge long pass
532 nm filter, Semrock) and focused onto a 1/3 m imaging
spectrograph (SP2300, Princeton Instruments). The scattered
light was then dispersed (1200 groove/mm grating, 500 nm
blaze) and focused onto a liquid nitrogen-cooled CCD detector
(Spec10:400BR, Princeton Instruments).

3. RESULTS AND DISCUSSION

I. Electrochemical Characterization of R6G System.
Prior to SMSERS measurements, we characterized the bulk
electrochemistry of R6G in solution and adsorbed on silver
surfaces. R6G undergoes a one-electron transfer, as shown in
the schematic in Figure 1A. The solution phase cyclic
voltammogram (CV) using a silver wire working electrode is
displayed in Figure 1B. In this figure, a peak separation of 64
mV is observed, which is common in diffusion-controlled
processes, as well as a good correlation between the
experimental (solid line) and simulated (open circles) CVs.
Also, we observed a linear relationship between the solution
phase CV cathodic peak current and the square root of the scan
rate which indicates that this is a reversible, diffusion-controlled
process (Figure S3). Next, we studied the electrochemical
behavior of R6G adsorbed on Ag nanoparticles (NPs) on ITO,
i.e., a high-coverage analog of the electrode used for SMSERS

Figure 1. (A) Schematic of heterogeneous one-electron transfer reaction for the reduction of rhodamine 6G cation (green box) to its neutral radical
product (red box). (B) 1 mM R6G solution phase CV on Ag working electrode (black trace) and fitted electrochemical simulation data (black
circles). (C) Surface CV of high coverage R6G AgNPs on ITO.
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measurements as shown in Figure 1C. We note that the
magnitudes of the reduction and oxidation peaks are not equal,
suggesting electrochemical desorption of the R6G neutral
radical species after reduction. Additionally, the difference in
shape between the solution CV in Figure 1B and surface CV in
Figure 1C is due to background capacitance, characteristic of a
surface CV.48 In the case of Ag NPs on ITO as working
electrode, when the CV scan rate is increased, we observe a
linear relationship with the position of the peak cathodic
current, indicative of uncompensated solution resistance
(Figure S4, black trace).48 Also, we confirm that R6G is the
surface-bound electroactive species by plotting the cathodic
peak current versus scan rate. This relationship is linear which
confirms a surface-bound electroactive species48 (Figure S4, red
trace). These results show that R6G has well-behaved
electrochemistry as a surface-bound species on an Ag NP
surface. This thorough characterization of R6G electro-
chemistry at high concentration and coverage gives us a solid
platform to compare multimolecule and single-molecule
reduction potential data.
Later, we characterized the absorbance of the R6G cation and

neutral radical species to know if a resonance contribution to
the SERS signal is feasible for both species at our experimental
conditions (i.e., 532 nm excitation). In order to characterize the
relative absorption maxima absorbance of R6G cation and
neutral radical, we performed thin-layer chronoabsorptometry.
After holding the potential at −0.8 V for 1 min, the cation is
fully reduced to the neutral radical, which exhibits an
absorption maximum at 413 nm (Figure 3A). This behavior
is reversible; after holding the potential at −0.2 V, the
absorption trace of the R6G neutral radical is lost and the R6G
cation returns.
Lastly, we characterized the electrochemical SERS (EC-

SERS) response of R6G on AgNPs covalently attached on ITO
(Figure 2A) at multimolecule coverage using 532 nm excitation.
The spectral response was monitored from a single nano-
particle aggregate as the potential was stepped from 0 V to −1.2
V and back to 0 V in 0.2 V steps, where the potential was held

equal to the length of a spectral acquisition. We observe
reversibility in SERS signal as a function of applied potential
(Figure 3B), where the SERS signal is lost at −0.8 V and
returns at −0.4 V.
From the macroscopic scale electrochemical characterization

and multimolecule EC-SERS measurements we conclude that
(i) R6G has well-behaved one-electron transfer both in solution
and adsorbed on Ag working electrodes and (ii) the electronic
resonance of the neutral radical is off-resonance relative to the
532 nm excitation used for EC-SMSERS measurements.
Therefore, in this work, the optical readout of a reduction
event is defined as the loss of R6G cation SMSER(R)S signal
due to the conversion to its neutral radical species.

II. Proof of SMSERS Behavior. SMSERS detection was
first statistically proven with the frequency domain proof in our
laboratory by Dieringer et al.25 The benefit of this approach
over the bianalyte proof approach is that the analytes have
identical surface binding chemistry and Raman scattering cross
sections. To this end, equal amounts of R6G-d0 and R6G-d4
isotopologues are used in low coverage of the sample. The
SMSERS substrate used for these experiments is salt-aggregated
Ag Lee and Miesel colloids incubated with 50 μL of 10−7 M of
each isotopologue, R6G-d0 and R6G-d4. The particles are then
drop-casted on ITO functionalized with (3-mercaptopropyl)-
trimethoxysilane (MPS), which serves as the working electrode.
The Ag nanoparticles covalently bind to MPS, as depicted in
the schematic in Figure 2A. This ensures that the Ag NPs are
electroactive and will not detach from the ITO during SERS
measurements. Figure 2C shows a representative SEM image of
the Ag colloids functionalized to an ITO coverslip. The SEM
images show that the particles are heterogeneous in size and
shape and, more importantly, that the aggregates are well
distributed on the ITO, enabling SMSERS measurements.
Figure 4A shows representative SMSERS spectra of R6G-d0

(red line), R6G-d4 (blue line), and both (green line). In order
to differentiate those possible events, i.e., single isotopologue or
mixed isotopologues spectrum, we use the characteristic
vibrational modes of each molecule. More precisely, there is a

Figure 2. (A) Schematic of AgNP functionalization on an ITO coverslip using MPS and an assembled electrochemistry and spectroscopy glass cell
with the functionalized ITO as a working electrode, an Ag wire as the quasi-reference electrode, and a Pt wire as the counter electrode. (B) The
assembled spectroscopy glass cell is attached to a potentiostat and then placed on a microscope stage. The laser excitation is focused onto the sample
by grazing incidence at an angle of 60° relative to the surface normal. Single nanoparticle aggregates are selected by visually locating and centering a
brightly scattering particle in the field of view. (C) Representative SEM image of an AgNP-functionalized ITO substrate at 20 000× magnification.
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clear spectral distinction between the 601 cm−1 peak of R6G-d0
and the 610 cm−1 peak of R6G-d4; therefore, this spectral
region was used to differentiate the isotopologues (Figure 4B).
Additionally, R6G-d4 exhibits a unique doublet feature at 1350
and 1330 cm−1 which was also used for molecular identification.
SMSERS spectra were acquired from 80 individual particle
aggregates for which the events were classified as shown in the
histogram in Figure 5B. The ratio of R6G-d0/both/R6G-d4
events is 35:5:40 or 7:1:8, confirming single-molecule
detection. Our results deviate from a theoretical binomial
Poisson distribution for one molecule per particle with a
probability ratio of 2.5:1:2.5, and this deviation can be
attributed to having less than one R6G molecule per particle,
molecules located outside a hot spot during spectral acquisition,
molecules not bound to the surface during the incubation time,
and/or molecules desorbed in solution.25

III. EC-SMSERS Signal Potential Dependence. For
electrochemical SMSERS (EC-SMSERS) measurements, the
SMSERS signal of each single Ag nanoparticle aggregate was
monitored as the potential was stepped from 0 to −1.2 V in 0.1
V intervals and then swept positive from −1.2 to 0 V in 0.1 V

intervals. The potential was held constant for the length of
SMSERS spectral acquisition (pulse width of 3 s) and the total
acquisition time was relatively long (∼5 min). A representative
trace of the potential step function and the corresponding
SMSER signal response are shown in Figure 5A and Figure 5C,
respectively. The histogram in Figure 5D corresponds to the
R6G SMSERS signal loss events that we understand as the
potential at which the R6G cation was reduced to the neutral
radical species. Figure 5D only includes single isotopologue
signal loss events; we do not include “both” isotopologues
spectra. In our experiments, we do not observe SMSERS
spectra of the neutral radical species with 532 nm excitation
because of the absence of resonance enhancement. The total
number of events in Figure 5D (44) is less than that of the
histogram in Figure 5B due to signal loss prior to the
electrochemical measurements. Sporadic intensity fluctuations,
“blinking”, and signal loss are common in SMSERS measure-
ments as a result of molecular diffusion, variations of the
electric field enhancement, photobleaching, and photochemical
effect among others,23,25 making data acquisition challenging.
Figure 5D includes only those particle aggregates in which
SMSERS signal was stable for more than ∼1 min before the
potential step. Overall, it was found that there was significantly
less random blinking and signal loss in the liquid cell as
compared to previous SMSERS experiments performed in air
or nitrogen.
Not included in Figure 5D were 17 other studied particles

that did not undergo SMSERS signal loss with the applied
potentials. More likely, these particles did not have electrical
contact due to defects on the ITO surface or to the particle
aggregate requiring a much more negative potential to
sufficiently reduce the R6G molecule.
Only two SMSERS signal loss events in Figure 5D had a

corresponding signal return, or oxidation. In both cases, the
signal return occurred at −0.2 V, which is similar to the
behavior observed in the high coverage SERS data (Figure 3B).
Possible sources for complete SMSERS signal loss include hot
spot reshaping or particle desorption from the ITO, quenching
of the R6G radical with water or oxygen traces, or molecular
diffusion outside the hot spot. Additionally, this result
correlates strongly to the fact that the reduction and oxidation
peaks are not of equal magnitude in the surface CV of AgNPs
on ITO (Figure 1C) or R6G on polished Ag (Figure 5D). We
hypothesize that molecular diffusion or desorption away from
the hot spot of the neutral radical species is the main cause of
complete SMSERS signal loss after a reduction event. It is also
possible that the SMSERS signal is lost due to potential-
induced structural changes to the nanoparticle aggregate and
therefore loss of SMSERS activity in the hot spot.49−51

We attempted to differentiate between possible non-
electrochemical desorption of the R6G cation before the
potential step (eq 2) from electrochemical desorption of the
neutral radical during or after the reduction (eq 3).
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For this, we repeated the measurements stepping the
potential only at the non-Faradaic region, from −0.1 to −0.7
V as compared to the surface CV in Figure 1C. We chose to
step within this potential window because there should be few

Figure 3. (A) Thin-layer absorbance spectra of 1 mM R6G in 100 mM
TBAP in MeCN with no potential applied (green) and after 1 min
−0.8 V applied (red). The absorbance measurements were performed
with an ITO thin layer working electrode, Ag wire quasi-reference
electrode, and a Pt wire counter electrode. (B) EC-SERS of R6G at
many molecule coverage where the potential is swept from 0 V (black
trace) to −1.2 V (brown trace) in −0.2 V steps, then stepped back to 0
V. The signal is lost at −0.8 V (first purple trace) and returns at −0.4
V (second green trace). The starred peak is due to the acetonitrile
solution.
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electrochemical events occurring, and therefore there should be
no SMSERS signal loss with the potential step. In this
experiment, 16 of 20 SMSERS spectra collected showed no
signal loss during the potential step; the consistent SMSERS
signal indicates that neither R6G cation desorption (eq 2) nor
electrochemical reduction followed by radical desorption (eq 3)
occurred (Figure 6A). Of the 20 SMSERS spectra collected, 4
showed signal loss between −0.4 V and −0.7 V as illustrated in
Figure 6B, which could be caused by eq 2 or eq 3. We are
inclined to think that these four cases were most likely
reduction events followed by diffusion of the radical as

represented by eq 3. Due to the fact that at this control
experiment we do not observe any signal loss at −0.3 V, we
assume that the loss events observed at −0.3 V in Figure 5D are
most likely caused by desorption of the R6G cation (eq 2) and
we hypothesize that the complete SMSERS signal loss between
−0.6 V and −1.2 V, without signal return or oxidation, is
probably due to electrochemical desorption of the R6G neutral
radical (eq 3).
We observe a broadened SMSERS signal loss potential

distribution (Figure 5D) relative to the Faradaic region in the
surface CV. In light of this, we now discuss the origin of the

Figure 4. (A) Representative SMSERS spectra of R6G-d0 (red), both (green), and R6G-d4 (blue). (B) SMSERS spectra focused on the 600 cm−1

region, displaying the unique isotopologue spectral features for R6G-d0 (red) and R6G-d4 (blue). Data acquisition parameters for SMSERS
measurements were the following: λex = 532 nm, Pex = 13.6 mW, tacq = 3 s.

Figure 5. (A) Representative trace of the potential step function applied in electrochemistry measurements to each single Ag nanoparticle aggregate,
where Ei = 0 V, E1 = −0.1 V. The amplitude between steps is −0.1 V, and the pulse width is equivalent to the spectral acquisition time. (B)
Histogram displaying all SMSERS events. (C) Representative SMSERS spectra from a single particle aggregate displaying signal change as a function
of applied potential. The SMSERS signal is lost at −1.2 V (center, dark blue trace) and returns at −0.2 V (bottom, red trace). (D) Surface CV of
high coverage R6G on a polished Ag disk electrode in 100 mM TBAP in MeCN (top) compared to the histogram of all SMSERS measured signal
loss events (bottom).
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broadened distribution of the SMSERS R6G signal loss
potential histogram. For example, a similar broadening effect
has been observed in a SMSERS experiment across a smaller
potential range for an aqueous two electron, two proton
transfer of Nile blue (NB) from Corteś et al.1,44 The authors
found a correlation between the peak positions of the 590 cm−1

ring breathing mode in NB to the reduction potential. They
attribute this phenomenon to molecular orientation and the
molecule’s relative interaction strength with the nanoparticle
surface. Additionally, another study by Salverda et al. found that
when azurin, a Cu protein, is bound on Au electrodes at low
coverage, the electron transfer rates were broadly distributed,
which they attributed to heterogeneous protein orientation.10

On the basis of these preceding studies and our experimental
results, we propose two primary contributing factors to the
observed broadened potential distribution: molecular reor-
ientation on the surface and variations in the local hot-spot
nanostructure or surface chemical potential, including in the
former possible effects from varied curvatures and possible
oxide layers.
We note that we do not attempt to extract information on

the molecular position on the surface from the relative
intensities of the SMSERS signal. Commonly, the intensity of
SERS spectra will decay accordingly with the distance of the
Raman molecule to the substrate.52 Distinctly, at the single
molecule level, the intensity of the peaks might change due to
the distance or relative position of the molecule to the hot spot
or variations in its excited-state properties.53 To this end, we
analyze the R6G peak positions as a function of potential,
which is sensitive to position relative to the Ag NP surface.
To simplify the spectral analysis, we divide it into two

regions. First, we examine the 600 cm−1 region R6G peak,
which has been determined by DFT calculations to be a ring
breathing mode.54 While the position of the mode varies from
spectrum to spectrum, we do not observe any correlation
between the applied potential and peak position shift. Also,
there is no connection between peak position and the potential
of an SMSERS signal loss event when correlating the data in

Figure 5D to that of Figure S6A. Then, we examined the 1350
cm−1 region mode, determined by DFT calculations to have
93.9% ethylamine moiety vibrational character and hypothe-
sized as the anchoring moiety.54 If R6G binds to the Ag
nanoparticle surface via the ethylamine moiety, its correspond-
ing vibrational mode peak position should therefore be
sensitive to changes in the orientation relative to the Ag
nanoparticle. In half of the spectra collected, there is a blue shift
of the 1350 cm−1 mode with increasingly applied negative
potential (Figure S5). Yet, there is no correlation between the
peak position and the reduction or signal loss potential when
correlating the data from Figure 5D to Figure S6B. The shifts
observed in the 1350 cm−1 mode could be attributed to a
vibrational Stark effect, which occurs when a molecular dipole is
perturbed by a local electric field.55−57 Hence, the major
difference between our results and Corteś et al.44 is lack of a
distinct correlation between Raman shift of either the 600 or
1350 cm−1 modes and the applied or reduction potential.
Disregarding the difference in the spectral resolution because
our measurements were performed with a lower spectral
resolution, our results suggest that molecular orientation and
interaction with the nanoparticle surface are not the only
contributors to the broad SMSERS signal loss potential
histogram.
We hypothesize that the major contribution to the

broadened SMSERS signal loss potential distribution relative
to the bulk is due to the local radius of curvature, surface site,
and corresponding surface chemical potential of the specific site
of the Ag nanoparticle where the R6G molecule is bound.
Preceding theoretical and experimental studies indicate the
structure-dependent electrochemical behavior of Ag nanostruc-
tures and that sharp, small radius of curvature features are the
most electrochemically active.58−61 For example, Zhang et al.
measured the electrochemical oxidation of Ag nanotriangles
and found that as a positive potential is applied to the substrate,
the sharp, bottom edges first oxidize, followed by the more
rounded triangular tip regions.62 This behavior was rationalized
based on a previous statement that the work function of a small,
metallic particle varies inversely with the radius of a metallic
nanoparticle. Recent work has also demonstrated the
heterogeneous chemical activity of various nanoparticle shapes
and sizes on the single particle level and supports the idea that
electrochemical activity is dependent on surface structure.63,64

We can extend these ideas to our findings, postulating that
particles with smaller radii of curvature, or sharper nano-
features, will be more electrochemically active and therefore
lead to SMSERS underpotential events. For our SMSERS
measurements, the subtle difference in local surface site
structure, binding geometry, and overall nanoparticle shape
and size can be a possible explanation of the lack of correlation
between the broad potential range of SMSERS signal loss
events and the Raman shifts observed.

4. CONCLUSIONS
In summary, we first characterize the bulk electrochemistry of
R6G, which undergoes single electron redox. Next, we
characterize the spectroelectrochemical response of the R6G
electron transfer reaction with absorbance spectroscopy and
SERS at high R6G coverage. Finally, we demonstrate the first
observation of single-electron transfer with EC-SMSERS. The
potential distribution of SMSERS signal loss events is broader
than of the bulk electrochemical system. We attribute this
behavior to variations in molecular orientations and variations

Figure 6. SMSERS spectra from potential steps in the non-Faradaic
region (−0.1 to −0.7 V). (A) Spectra display no loss in SMSER signal,
illustrative example of 16 out of 20 events, indicating that neither eq 2
nor eq 3 took place. (B) Representative SMSERS spectra for 4 out of
20 events where the potential step in the non-Faradaic region displays
a loss in SMSER signal, here at −0.6 V. These SMSERS signal loss
events are most likely due to electrochemical reduction of R6G and
not R6G cation desorption.
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in the radius of curvature, binding site, and/or chemical
potential where the R6G molecule is bound to the Ag
nanoparticle substrate. Future efforts will address the
correlation of SMSERS measurements with electron micros-
copy to understand the impact of nanofeatures on the
distribution of reduction potentials together with density
functional theory calculations. Overall, this work has presented
challenges involved in studying single-molecule single-electron
electrochemical events through SERS and pursuing electro-
chemical control at the nanoscale.
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