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ABSTRACT: Conventional electrochemistry and surface-en-
hanced Raman scattering (SERS) spectroelectrochemistry are
used to probe the redox reaction of Nile Blue immobilized on
gold electrodes. Covalent attachment of Nile Blue (NB) to gold
through carbodiimide cross-linking shows the appearance of a
second, new redox reaction, unobserved by solution phase or
physisorbed NB. Each redox reaction is characterized by
differential pulse voltammetry to reveal two individual one-
proton, one-electron electrochemical reactions. SERS spectroe-
lectrochemistry along with electrochemical characterization of
structurally similar Cresyl Violet are used to assign the
electrochemical (de)protonation of the terminal amine and

Yeood
(S

o

v

phenoxazine nitrogen to the lower and higher energy redox reactions, respectively. Analysis of covalently bound NB via azide—
alkyne click chemistry supports the hypothesis that the electron-withdrawing carbonyl formed during the carbodiimide cross-
linking induces a change in the electronic structure of NB, causing a shift in the terminal amine redox reaction to lower energy.

B INTRODUCTION

As electrochemistry moves to the nanoscale, measuring current
from the small number of molecules that interact with the
electrode surface becomes increasingly difficult. To probe how
nanoscale electrodes and subensemble populations of mole-
cules behave on this length scale, methods that measure
changes in charge transfer need to be expanded beyond
conventional techniques such as voltammetry and amperom-
etry. One possibility is to use optical measurements of
electrochemical reactions, in which a spectroscopic signal,
such as fluorescence or Raman scattering, changes in response
to an electrochemical event.'™'' One challenge with this
strategy, however, is the limited number of probes that undergo
changes in optical activity upon a change in their redox state.
Although several optically active redox probes have been
identified, the candidates that allow for single-molecule
detection typically have highly conjugated pi electron systems
that often undergo complex electrochemistry involving the
transfer of many electrons and protons.””'*~"” More ideal
electrochemical probes that involve a one-electron transfer
reaction typically either have weak optical signatures or require
organic solvents to access the high overpotentials needed for
electron transfer.'' As a result, identifying and characterizing a
simple electrochemical system based on optical readouts to
probe the fundamentals of nanoelectrochemistry is an ongoing
area of research.

Nile Blue (NB) is a key member in a class of phenoxazine
dye molecules that are water-soluble and electrochemically
addressable within the water potential window. In its oxidized
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form, NB gives a strong surface-enhanced Raman scatterin%
(SERS) signature that permits single-molecule detection.™”
NB undergoes a two-proton, two-electron reduction (for pH <
6) to become nonemissive under visible-light excitation,
satisfying the criterion of correlated optical and electrochemical
modulation.”’ For example, Salvarezza and co-workers
physisorbed NB onto Ag colloids and monitored electro-
chemical reduction and oxidation events from single molecules
as the SERS signal modulated between a nonemissive and
emissive state, respectively.” Interestingly, when individual
redox events were histogrammed, the bulk voltammogram was
not recovered from the single-molecule data. In addition,
Salvarezza and co-workers have shown that the orientation of
NB relative to the electrode surface can affect its redox
potentials.”” In another example, Ren and co-workers used
transient electrochemical measurements to study fast electro-
chemical dynamics of NB when adsorbed to Ag colloids.”
During cathodic scans, NB showed a surprising increase in the
SERS intensity before the expected decrease, which was
described as NB aggregate dissociation leading to an intensity
rise, followed by electrochemical reduction resulting in the
expected intensity fall. In our research using NB, we applied
potential-dependent superlocalization microscopy to low
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concentrations of NB molecules adsorbed onto Ag colloids to
reveal that the position of a NB molecule on a plasmonic
nanoscale electrode determines, in part, the potential at which
it is reduced and oxidized.’

All of the aforementioned experiments highlight important
and novel behaviors of nanoelectrochemistry using physisorbed
NB as a spectroelectrochemical probe but suffer from the
possibility of desorption of the probe during the experiment or
translation of the probe along the nanoparticle surface.’ To
prevent these problems, NB can be covalently attached to the
electrode surface, thereby enabling interrogation of the eftects
of local electrode structure and environment on nano-
electrochemistry.”*** Recent work from our group probed
NB electrochemistry using SERS from molecules covalently
immobilized on spherical gold nanoparticles.”* In this system,
we observed anomalous SERS behaviors that did not follow the
straightforward on/off optical modulation seen with phys-
isorbed molecules, suggesting that the electrochemical proper-
ties of the dye were modified upon covalent attachment to the
gold electrode surface. In this article, we investigate how
covalent attachment of NB to gold electrodes affects both the
electrochemical and SERS properties of the molecule, and we
reveal that through the proper selection of linkage moieties, the
electrochemical redox reaction of the tethered probe is
simplified to one-electron and one-proton transfer reactions.

B EXPERIMENTAL METHODS

Electrode Preparation. Gold disc electrodes (2 mm
diameter) used for solution-based electrochemical measure-
ments were polished with alumina powder (1.0 ym, 0.3 um,
0.05 pm, CH Instruments) followed by sonication in nanopure
water (18 MQ-cm) for 60 s prior to use. Gold electrodes
supported by indium tin oxide (ITO) were prepared by thermal
evaporation. First, ITO-coated glass coverslips (15—30 €, SPI
Supplies) were sonicated in acetone, 2-propanol, and nanopure
water for 1S min in each solvent. Next, gold (99.95%, Ted
Pella, Inc.) was thermally evaporated (Nano 36, Kurt J. Lesker)
onto the cleaned ITO surface at a rate of 0.5 A/s to a final
thickness of 100 nm. A film thickness of 7 nm was used for
spectroelectrochemical measurements to preserve substrate
transparency and provide plasmonic enhancement of the
optical signals. All ITO@Au samples were either used
immediately or stored in vacuum before use to ensure
cleanliness. A stable cyclic voltammogram was achieved after
three potential cycles in sulfuric acid, indicating that our
electrode preparation method produces an uncontaminated
surface for chemical attachment (Figure S1). After electrode
functionalization, a tinned-copper wire was attached to the ITO
with silver epoxy (MG Chemicals) to serve as a lead for
electrical contact.

Surface Tethering with EDC/NHS. A self-assembled
monolayer (SAM) was formed on gold-coated ITO electrodes
by immersion in a 10 mM ethanolic solution of 8-
mercaptooctanoic acid (8MOA, Sigma-Aldrich) for 48 h. A
surface coverage of 1 X 10™7 mol/cm? was determined by I =
Q/nFA, where Q was calculated by integrating the desorptive
reduction peak of 8MOA (Figure S2), n is the number of
electrons (1), F is Faraday’s constant, and A is the electrode
area (0.02 cm?).”® After assembly, the electrodes were rinsed
with ethanol and nanopure water and dried with nitrogen. The
terminal carboxylic acid groups were then activated by
incubation in 0.02 M 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC, Sigma-Aldrich) and 0.04

M N-hydroxysulfosuccinimide (NHS, Sigma-Aldrich) for 1 h.
Excess EDC and NHS were removed by rinsing the electrodes
with nanopure water. Finally, the NHS-activated electrodes
were incubated in a solution of 10 yuM Nile Blue A perchlorate
(NB, Sigma-Aldrich) or Cresyl Violet acetate (Sigma-Aldrich)
in 0.1 M phosphate buffer at pH S for 2 h. To remove
unreacted NB or Cresyl Violet, the samples were rinsed
profusely with acetone and nanopure water. Samples prepared
in this way are referred to as EDC/NHS coupled NB.

Surface Tethering with Click Chemistry. (S)-(4-
Azidobutyl)thioacetate (Sigma-Aldrich) was deprotected from
the acetate according to the Sigma-Aldrich procedure. (S)-(4-
Azidobutyl)thioacetate (0.5 g) was dissolved in 10 mL of
ethanol and transferred to a 50 mL round-bottom flask in a
nitrogen atmosphere. Eighteen mmol of NaOH (aq) (Sigma-
Aldrich) was added to the reaction vessel dropwise. The
mixture was then refluxed for 2 h. After the reaction, the
solution was neutralized with 6 mL of 2 M HCI (Sigma-
Aldrich) and transferred to a separatory funnel. Twenty
milliliters of diethyl ether and 10 mL of water were added to
the funnel, mixed, and separated. The remaining organic
solvent was dried with Na,SO, (Sigma-Aldrich) and evapo-
rated. The final product was dissolved in 15 mL of ethanol and
incubated over gold-coated ITO electrodes for 48 h to form an
azide-terminated alkanethiol SAM.

After SAM formation, the electrodes were rinsed with
ethanol and nanopure water. A solution was prepared
containing 10 mL of 27 uM 625-Nile Blue Alkyne (NBA,
Active Motif) in dimethyl sulfoxide and 10 mL of an aqueous
solution of 20 mM ascorbic acid (Sigma-Aldrich) and 10 mM
CuS0,-SH,0 (Sigma-Aldrich). The final mixture was incubated
over the electrodes in the dark on an orbital shaker overnight to
allow reaction of the azide and alkyne moieties. Unreacted NBA
was removed by rinsing the electrodes profusely with acetone
and nanopure water. Samples prepared in this way are referred
to as click-coupled NB.

Electrochemical Measurements. A 650E CH Instru-
ments potentiostat was used to conduct all electrochemical and
spectroelectrochemical measurements. Each experiment used a
large surface area platinum wire as an auxiliary electrode and a
Ag/AgCl (1 M KCl) reference electrode. A scan rate between
10 mV/s and 100 mV/s was used for cyclic voltammetry (CV).
Differential pulse voltammetry (DPV) was performed using
pulses with amplitudes of 50 mV lasting 50 ms over a 500 ms
period (Figure S3). The voltammograms measured over 30
cycles are stable, indicating that no film damage occurs within
the potential window in which we are operating.

Optical Methods. Spectroelectrochemical cells were
prepared by attaching four glass slides to the top of the gold-
coated ITO electrodes with clear epoxy (Devcon, Figure S4).
The cells were then mounted on an Olympus IX-71 inverted
microscope, filled with phosphate buffer, and connected to the
potentiostat. A 642 nm laser was circularly polarized and
focused to the back focal plane of a 20X objective for wide field
excitation at the sample plane. SERS emission was collected
with the same objective, passed through a dichroic and long
pass filter, and then split between a Princeton Instruments
ProEM 512 electron-multiplied charge-coupled device (EM-
CCD) camera for imaging and a Princeton Instruments
IsoPlane SCT320 spectrometer equipped with a ProEM 1600
EM-CCD for spectroscopy using a 50/50 beam splitter. Image
integration was 200 ms. Spectral integration was 1 s for EDC/
NHS coupled NB and 0.5 s for click coupled NB. Data
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acquisition for each detector was synchronized with the
potentiostat.

B RESULTS AND DISCUSSION

The electrochemical redox reaction of NB in solution has
previously been described as a two-proton, two-electron
transfer process in acidic conditions and a one-proton, two-
electron transfer process in basic conditions with a transition
near pH 6.*' This redox reaction is quasi-reversible on a bare
gold electrode evidenced by potential peak splitting >59 mV
and asymmetry in the cathodic and anodic peak current values
as shown by the CVs in Figure 1A. Nile Blue readily physisorbs
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Figure 1. (A) CVs of 0.5 mM NB in 0.1 M phosphate buffer at pH §
using a bare gold disc working electrode (gold) and a gold disc coated
with a 8MOA SAM working electrode (black). (B) CV of NB tethered
to a gold-coated ITO electrode via EDC/NHS coupling. The
supporting electrolyte is 0.1 M phosphate buffer at pH 5. The scan
rate for all voltammograms is SO mV/s.

onto gold and silver, as seen in previous SERS electrochemical
measurements, "**> > causing a broadening of the cathodic
current peak (gold curve, Figure 1A). Reduction of NB can
induce desorption due to its structural change (Figure $5).2
To prevent adsorption of NB to the gold electrode, we formed
a SAM of 8MOA on a gold disc electrode to isolate the
electrochemical behavior of NB in solution (black curve, Figure
1A). In this case, the CV shows one cathodic and one anodic
peak consistent with previous reports.”"’

Next, the electrochemical behavior of NB tethered to a gold
electrode was measured by covalently attaching NB to a 100
nm gold film supported by an ITO electrode using EDC/NHS
coupling. In this case, the CV showed a distinct new character:
two cathodic and two anodic peaks (Figure 1B). Although
several reports have studied immobilized NB on electrodes, the
additional geak in the voltammogram has not been
discussed.”>**™*° The appearance of new peaks at more
positive potentials indicates that tethered NB undergoes two
separate, energy-resolved redox reactions (E° ~ —0.060 V and
E° »~ —0.260 V at pH S). Each individual redox reaction shows
symmetry in the cathodic and anodic peak currents indicating
an improved reversibility compared to the redox reactions of
solution NB. A linear dependence of peak current with scan

rate confirmed that NB was successfully tethered to the gold
electrode (Figure S6). Importantly, the higher energy (more
negative) redox reaction of EDC/NHS coupled NB occurs
approximately at the same potential as the lone redox reaction
of NB in solution. We rule out 8MOA as the cause for the
appearance of the lower energy redox reaction of EDC/NHS
coupled NB because no current peaks are observed at this
energy for the 8MOA-coated gold disc electrode used for the
solution measurements in Figure 1A (Figure S7). An increase
in the current negative of —0.4 V in Figure 1B is the result of
the hydrogen evolution reaction from the buffer, which
dominates the current at more negative potentials due to the
low number of NB molecules tethered to the surface relative to
the proton concentration at pH 5. In contrast, for the data in
Figure 1A, the concentration of NB in solution is greater than
the proton concentration at pH 5, and thus, negative of —0.4 V,
the steady-state current is dominated by the diffusion-
controlled reduction of NB.

Although coupling NB to a gold electrode via EDC/NHS
gives rise to new electrochemical behavior, characterizing the
new redox reactions with CV has limitations. The upper limit of
Faradaic current that can be produced by redox reactions from
NB corresponds to a monolayer of molecules. Realistically, the
number of tethered NB molecules is much lower than a
monolayer, especially when the relatively low and variable
coupling efficiency of a primary amine to a carboxylic acid with
EDC/NHS is taken into account.”’ ** Below monolayer
coverages, increasing the electrode area increases not only the
Faradaic current but also the capacitive background current.
Thus, there is an inherent limit in the sensitivity of CV to
measure EDC/NHS tethered NB redox peaks above baseline.
In our experiments, we found that a majority of electrodes with
tethered NB produced Faradaic current peaks only slightly
above the background. Examples like those in Figure 1B were
observed, but not consistently, which can be attributed to
variable and low labeling using EDC/NHS coupling. To
improve the Faradaic current sensitivity, we switched to
characterizing the NB redox reactions with DPV. Using DPV,
we were more reliably able to measure the potentials at which
NB redox reactions occurred, allowing us to explore the
mechanism in greater detail.

Figure 2A shows DPVs from NB tethered to a 100 nm gold
film on ITO by 8MOA and EDC/NHS. As with the CV in
Figure 1B, we are able to clearly resolve two individual redox
reactions, which is different from the electrochemical behavior
of solution phase NB. The full width at half-maximum (fwhm)
for each redox peak in the CV in Figure 1B and DPVs in Figure
2A are approximately 90 mV each, suggesting that the number
of electrons transferred is one.”® It is important to point out
that DPV is a differential current measurement and that bulk
NB redox reactions are dependent on both electron and proton
transfer. The consequence of these facts is that the cathodic and
anodic peaks do not align at the same energy, as observed with
simpler redox probes such as ferrocene-based molecules that
only involve a single-electron transfer reaction. To rule out
intermolecular interactions as a reason for the peak splitting in
the DPVs, we lowered the coverage of NB by introducing a
competing primary amine during the EDC/NHS coupling step
in the tethering process (Figure S8). We observe that at both
relatively high and low coverages, the NB redox reactions show
the same potential peak splitting behavior between the cathodic
and anodic waves. Further, the low NB coverage due to poor
EDC/NHS coupling efficiency adds support that intermolec-
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Figure 2. (A) Cathodic and anodic DPVs of NB tethered to a gold-
coated electrode via EDC/NHS coupling showing two redox
reactions. A 0.1 M phosphate buffer at pH 5 was used as the
electrolyte. Double-sided arrow indicates an example of the fwhm at 90
mV. (B) Half-wave potential of the two redox reactions of NB tethered
to a gold-coated ITO electrode via EDC/NHS coupling as the pH of
the phosphate buffer is varied.

ular interactions are not responsible for the observed peak
splitting behavior. An alternative explanation is that the
organization of the SAM may lead to populations of tethered
NB molecules with different electrode—molecule distances.
This possibility was ruled out as a major contributor due to the
reproducibility of peak splitting as well as the fact that we allow
our SAM to form over 48 h, which permits relatively good
alignment of the SAM.>® Moreover, our calculated surface
coverage suggests a low defect density.”” Finally, as previously
discussed with the solution-based NB measurements, the NB
redox reaction is quasi-reversible and could play a role in the
potential peak splitting.

In order to probe the mechanism behind the newly observed
NB peaks, we measured the half-wave potential (E,;,) of each
redox reaction as a function of buffer pH. Figure 2B shows that
the E,/, for each reaction (black and blue curves) is linearly
dependent on pH. This result has two noteworthy implications.
First, the pH dependence confirms that protons are involved in
each redox reaction. Second, a linear dependence indicates that
the number of protons in each reaction is constant at the range
of pH values investigated. The latter result is another deviation
from reported solution-based electrochemical measurements of
NB, where the redox reaction switches from two protons to one
proton as the pH increases past ~6.”" Each slope in Figure 2B
closely follows the Nernstian behavior of 59 mV/pH, indicating
that the number of electrons and protons are equal in each
redox reaction. Adding this relationship to the ~90 mV fwhm,
we assign each redox reaction to a one proton and one electron
transfer reaction. Therefore, we hypothesize that by covalently
attaching NB to a gold electrode via the NHS/EDC coupling,
the two proton and two electron redox reaction observed from
NB in solution is split into two individual, energy-resolved
redox reactions.

To identify the two individual one-proton, one-electron
redox reactions of covalently immobilized NB, we compared

the electrochemical response of NB to a structurally similar
molecule, Cresyl Violet, using DPV. Figure 3A shows the
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Figure 3. (A) Structure of NB (black) and Cresyl Violet (violet) when
tethered to a gold surface with 11-mercaptoundecanoic acid and EDC/
NHS coupling. (B) DPVs of NB (black) and Cresyl Violet (violet)
tethered to a gold-coated ITO electrode as in (A) in a 0.1 M
phosphate buffer at pH S.
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structure of NB (black) and Cresyl Violet (violet) after
immobilization on a gold surface with EDC/NHS coupling. As
drawn, the only structural difference between these two
molecules is the terminal amine, with NB having a tertiary
amine and Cresyl Violet a primary amine. While Cresyl Violet
has two primary amines at either end of the molecule when
dissolved in solution, which allows the possibility of its
structure in Figure 3A to be flipped, we chose the present
illustration for easier visual comparison with NB.

Regardless of the orientation of Cresyl Violet, the structural
similarity between these two molecules is expected to give a
similar DPV response. Interestingly, the DPV of Cresyl Violet
tethered to gold in Figure 3B shows a shoulder positive of the
largest peak in both the cathodic and anodic waves. As with NB,
Cresyl Violet shows only one cathodic and anodic peak in
solution (Figure S9) and the emergence of a shoulder when the
molecule is tethered suggests a shift in energy of an underlying
redox reaction. The Cresyl Violet E, , has a linear dependence
on buffer pH when tethered to a gold electrode (Figure S10),
similar to NB. Comparing the DPV of NB and Cresyl Violet
(Figure 3B), the most negative differential current peak occurs
at approximately the same potential between the two molecules
(~ —0.230 V). Therefore, we tentatively assign the structurally
common phenoxazine ring redox reaction (electrochemical
protonation/deprotonation of the nitrogen) to the more
negative potential peaks and the terminal amine redox reaction
(electrochemical protonation/deprotonation) to the more
positive peaks in the DPVs of each molecule. The terminal
tertiary amine should be more basic than the primary amine,
supporting the more positive shift in the amine redox reaction
of NB compared to that of Cresyl Violet.

To further support the origin of the two NB redox reactions,
we measured SERS spectroelectrochemistry of NB tethered to
gold island films. As mentioned in the introduction, NB has a
change in its SERS signal as it is electrochemically modulated
between its oxidized and reduced forms. In order to measure
how the new redox reaction impacts the SERS response of the
NB, we simultaneously collect SERS spectra (Figure 4A) and
SERS images (Figure 4B) of NB as the potential is swept across
both redox reactions. For the spectra, we target the 590 cm™!
mode of NB, which has been ascribed to a ring deformation
incorporating the nitrogen of the phenoxazine ring.”””* In the
fully oxidized form of the molecule, the 590 cm™ mode is
strong under 642 nm laser excitation due to a resonance from
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Figure 4. NB spectroelectrochemical response when tethered to an ITO-supported gold island film with EDC/NHS coupling. (A) Plot of NB SERS
spectral intensity (color scale) as a function of time/applied potential and Raman shift. (B) Wide-field optical images of NB SERS from an
illuminated region of the electrode surface at select potentials. (C) SERS CVs constructed from the integrated intensity of the 590 cm™ spectral
mode (blue) and integrated intensity of a region of interest of the optical images containing all spectral frequencies (black). Scan rate is 10 mV/s.
(D) First derivative of the optical image SERS CV in (C) with respect to applied potential (black). A cathodic DPV (red) is included in (C) and (D)
for comparison. All measurements were made with a 0.1 M phosphate buffer at pH S.
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the delocalized electrons across the molecule. In the fully
reduced form, a break in the conjugation of the molecule shifts
the electronic resonance away from the excitation energy,
resulting in loss of signal from the 590 cm™ mode. Figure 4A
shows a spectral waterfall plot centered on the 590 cm™ mode
as a function of applied potential. The total spectral intensity
(SERS and small background fluorescence) is high at positive,
oxidizing potentials and low at more negative, reducing
potentials.

High labeling densities (achieved by physisorption or
solution-phase NB) show additional NB spectral features,”’
but with our electrodes and labeling strategy, there typically is
only enough signal to observe the strongest 590 cm™ mode.
To improve our signal for monitoring the changes in SERS with
electrochemical perturbation, we collect SERS images as we
sweep the potential across the full NB redox window (Figure
4B). Unlike spectral acquisitions, the integrated SERS images
represent all of the SERS frequencies, along with any
fluorescent background emission from NB. Therefore, any
SERS image intensity changes report on the entire molecule,
and they should be sensitive to both the phenoxazine and
terminal amine redox reactions. By collecting spectra and
images simultaneously, the change in signal of NB caused by
the electrochemical reaction at the phenoxazine moiety can be
isolated, leaving the amine redox reaction responsible for any
remaining intensity changes.

Figure 4C shows the integrated area of the 590 cm™' SERS
peak (blue curve) and the integrated image intensity (black
curve) from the SERS images as a function of potential,
allowing us to create SERS CVs. For comparison, we also

21095

overlay the cathodic DPV scan (red curve). The 590 cm™
SERS CV shows a single inflection point as the intensity rises
and falls in response to the applied potential, which overlaps
well with the more negative potential peak in the DPV. This
overlap agrees with the previous conclusion that the more
negative redox reaction is associated with the phenoxazine
moiety, based on the data shown in Figure 3. The SERS image
CV, on the other hand, shows two inflection points, both of
which overlap with the individual redox peaks in the DPV (the
decrease in the maximum SERS signal over the two potential
cycles can be attributed to photobleaching of NB). To better
visualize these inflections, Figure 4D shows the derivative of the
SERS image intensity with respect to applied potential (spectral
derivative shown in Figure S11). From this, it is clear that the
differential current peaks from DPV align well with the
differential SERS signal. Thus, a SERS derivative plot can serve
as an optical analogue to DPV. We can deduce that the more
positive inflection points in the image SERS CV and DPV data
are due to a redox reaction that does not directly involve the
phenoxazine, because the intensity of the 590 cm™' mode is
relatively constant in this potential range. This is consistent
with the structure analysis in Figure 3, where the more positive
redox reaction was assigned to the electrochemical proto-
nation/deprotonation of the terminal tertiary amine.

To explain the emergence of the two peaks, the structure of
tethered NB (Figure 3A) needs to be taken into consideration.
EDC/NHS coupling of a carboxylic acid and a primary amine
leads to the formation of an amide. Considering the case of
reduction, we hypothesize that the electron-withdrawing power
of the carbonyl allows the first electrochemical electron
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Figure S. Spectroelectrochemistry of NB tethered to a gold-coated electrode via click coupling. (A) Structure of NB immobilized on a gold surface
after azide-alkyne click chemistry. (B) Half-wave potential of the NB redox reaction as the pH of the phosphate buffer is varied. (C) SERS CVs
constructed from the integrated intensity of the 592 cm™ spectral mode (blue) and integrated intensity of optical images containing all spectral
frequencies (black). Scan rate is 10 mV/s and the electrolyte is 0.1 M phosphate buffer at pH 5. (D) First derivative of the SERS CVs in (C) with
respect to applied potential. A cathodic DPV (red) is included in (C) and (D) for comparison.

addition to be more easily incorporated by the NB molecule,
shifting the redox potential to a more positive value. The
opposite holds for the oxidation case. The charge of NB must
be conserved after each redox reaction due to the addition of an
electron and proton, which necessitates that the intermediate
redox state is a radical cation. If we fit the 590 cm™ peak to a
Lorentzian function to extract the peak frequency and width,
we do not observe appreciable changes in either of these
parameters as we move from the intermediate radical cation to
the fully oxidized form of the molecule (Figure S12) limiting
our insight into any structural changes associated with the
radical cation intermediate, although we expect the fully
oxidized and fully reduced forms to resemble the solution-
phase states of the molecule (Figure S13).

To test the hypothesis that the electron-withdrawing power
of the amide linker helps to incorporate electron addition and
thus a shift in redox reaction energy, we investigated NB
tethered to a gold surface using azide—alkyne click coupling.
One significant advantage of using click chemistry to tether NB
to gold is that the reaction is much more quantitative and
selective than EDC/NHS coupling, resulting in much higher
labeling densities. Figure SA shows the structure of NB tethered
to a gold electrode via click coupling. This structure no longer
has the amide linkage, but instead, it has a triazole linkage.
Importantly, the triazole is electronically isolated from the NB
conjugated system and therefore is not expected to alter the
electrochemistry. The DPV reveals that there is one prominent
cathodic and anodic peak for NB tethered in this manner
(Figure S14). The differential current peak’s fwhm is broadened
to ~130 mV, which indicates that the two individual redox
reactions observed with EDC/NHS coupled NB are now
overlapping in energy. The small positive shoulder in the DPV
was determined to be unrelated to NB due to a lack of spectral
response at its potential (see below for further discussion).
Measuring E;, as a function of buffer pH using DPV (Figure
5B) shows two linear regions—one with a slope of 60 mV/pH
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in acidic conditions and one with a slope of 28 mV/pH in more
basic conditions—that is nearly identical to NB in solution.
This response suggests a two-proton, two-electron redox
reaction at pH values < ~5.5 and a one-proton, two-electron
redox reaction at pH values > ~5.5.

Using NB tethered to a gold island film via click chemistry,
we again interrogate the spectroelectrochemical response both
with SERS spectra and images. A slight shift in the prominent
phenoxazine mode from 590 cm™ (EDC/NHS) to 592 cm™
(click) was observed (Figures S12 and S15). The SERS CVs in
Figure SC show that the image intensity containing all spectral
frequencies and the 592 cm™ spectral mode have only one
inflection point, which overlap well with the strongest DPV
peak (Figure SD). Although NB is covalently immobilized on a
gold electrode, the spectroelectrochemical response is very
similar to that of bulk, solution-phase NB, supporting the
hypothesis that an electron-withdrawing moiety, such as the
amide formed in the NHS/EDC coupling reaction, can
sufficiently perturb the electron distribution in NB, inducing
a shift in the energy of its redox reactions.

B CONCLUSION

In summary, we used DPV and SERS spectroelectrochemistry
to characterize NB electrochemistry when covalently immobi-
lized on gold electrodes using two different attachment
strategies. In the case of NHS/EDC coupling, two redox
reactions were observed, each involving a single proton and
electron transfer. Structural comparison with a Cresyl Violet
analogue, along with simultaneous SERS image and spectral
collection, allow assignment of the more positive redox reaction
to the electrochemical (de)protonation of the terminal amine
and the more negative redox reaction to the electrochemical
(de)protonation of the phenoxazine nitrogen. The electron-
withdrawing power of the amide formed in EDC/NHS
coupling was hypothesized to shift the terminal amine redox
reaction to lower energies. This hypothesis was further
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supported by comparing the DPV and SERS data from NHS/
EDC coupled NB to a triazole-linked NB formed via click
chemistry, which showed redox behavior consistent with
solution-phase and adsorbed NB. Interestingly, by immobilizing
NB with EDC/NHS, we are able to achieve a simpler
electrochemical reaction compared to physisorbed or sol-
ution-phase NB, which is advantageous in addressing nano-
electrochemical phenomena using optical probes.
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