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ABSTRACT: N-Heterocyclic carbenes (NHCs) are promising
monolayer-forming ligands that can overcome limitations of thiol-
based monolayers in terms of stability, surface functionality, and
reactivity across a variety of transition-metal surfaces. Recent
publications have reported the ability of NHCs to support
biomolecular receptors on gold substrates for sensing applications
and improved tolerance to prolonged biofluid exposure relative to
thiols. However, important questions remain regarding the stability
of these monolayers when subjected to voltage perturbations,
which is needed for applications with electrochemical platforms. R=
Here, we investigate the ability of two NHCs, 1,3-diisopropylben-
zimidazole and S-(ethoxycarbonyl)-1,3-diisopropylbenzimidazole,

to form monolayers via self-assembly from methanolic solutions of their trifluoromethanesulfonate salts. We compare the
electrochemical behavior of the resulting monolayers relative to that of benchmark mercaptohexanol monolayers in phosphate-
buffered saline. Within the —0.15 to 0.25 V vs AglAgCl voltage window, NHC monolayers are stable on gold surfaces, wherein they
electrochemically perform like thiol-based monolayers and undergo similar reorganization kinetics, displaying long-term stability
under incubation in buffered media and under continuous voltammetric interrogation. At negative voltages, NHC monolayers
cathodically desorb from the electrode surface at lower bias (—0.1 V) than thiol-based monolayers (—0.5 V). At voltages more
positive than 0.25 V, NHC monolayers anodically desorb from electrode surfaces at similar voltages to thiol-based monolayers.
These results highlight new limitations to NHC monolayer stability imposed by electrochemical interrogation of the underlying gold
electrodes. Our results serve as a framework for future optimization of NHC monolayers on gold for electrochemical applications, as
well as structure—functionality studies of NHCs on gold.
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B INTRODUCTION

Monolayer-forming chemistries are critical components of
biosensing interfaces.' > They offer the functionality to
conjugate biomolecular receptors to detection interfaces,””
prevent nonspecific protein adsorption,(’_8 and, in the case of

electrochemical platforms, dampen undesired currents from

cases, a few days.'” For electrochemical systems specifically,
the rate of decay is dramatically accelerated by the continuous
application of voltage perturbations,'”'” which can affect not
only the monolayer chemistries themselves but also the
underlying gold substrates. Thus, there is interest in developing
novel monolayer-forming chemistries that overcome the
limitations of thiols to enable continuous biosensor operation

background electrochemical processes.””'" To date, the most
commonly used monolayers for biosensor interfaces are based
upon thiol-on-gold self-assembly.'”~'* The resulting thiol
monolayers have been heavily researched, are well understood,
and are an affordable and convenient option for rapid
prototyping of biosensing platforms. Unfortunately, thiol-
based monolayers are labile and can quickly decay in biological
systems via various mechanisms including voltage-induced
desorption,>'® competitive displacement (by naturally occur-
ring thiols like cysteine),'” and biofouling.'® All of these
mechanisms can occur simultaneously, severely limiting the
operational life of thiol-based monolayers to hours or, in best
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over periods of weeks or months or under extreme chemical
environments.

Chemistries based on N-heterocyclic carbenes (NHCs) are
emerging as promising alternatives to thiols for monolayer
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Figure 1. Monolayer-forming chemistries used in this study. (A) 1,3-Diisopropylbenzimidazole (NHC-H), S5-(ethoxycarbonyl)-1,3-
diisopropylbenzimidazole (NHC-ester), and mercaptohexanol (MCH). (B) Decrease in voltammetric charging and oxygen reduction currents
caused by monolayer formation. The yellow line illustrates the typical charging current of a bare gold electrode in the absence of any monolayer
coatings and the faradic current from dissolved oxygen reduction starting at —0.1 V. (C) Zoomed-in region showing differences in voltammetric
charging currents between the three monolayers considered in this work following overnight deposition at 25 °C from methanolic solutions of the
NHC triflate salts and alkylthiol. Solid lines represent the average of 4 electrodes. Shaded areas represent their standard deviation. All
voltammograms measured at a scan rate of 100 mV s™'. Voltages in all figures are reported vs AglAgCL.

formation.””*" Their strong sigma donor strength and affinity
for gold and other transition-metal surfaces have made NHCs
valuable monolayer-forming candidates for applications in
surface chemistry that require long-term stability and added
reactivity for efficient bioconjugations. For example, NHCs
have been used to support biosensors,”””>> improve
heterogeneous catalysis,”* ™" and passivate reactive surfa-
ces.”’ ™" Indeed, their robust stability under biological
conditions®® also makes them excellent candidates for
biosensing applications””* and, in particular, for electro-
chemical sensing strategies intended for deployment in
biofluids.

A variety of methods have been utilized for the deposition of
Au-NHC monolayers. The first monolayers were formed via
deprotonation using a strong base under air-free conditions
(i.e., the “free-carbene” method)””*' or via vacuum deposition
(e.g, from CO, or bicarbonate adducts).”*" More recent
reports utilize electrochemical deposition*' or incubation in a
methanolic solution containing the bicarbonate™ or triflate/
mesylate””*>** salts of the NHC. These milder conditions
allow for the deposition of NHCs possessing the protic
functional groups (i.e., amines and carboxylates) necessary for
coupling reactions. However, despite their great promise, much
remains unknown regarding NHC monolayer organization and
stability under voltage perturbations such as those performed
in voltammetry. Specifically, stability limits in terms of
maximum voltage tolerance and monolayer desorption kinetics
have not been explored to date, leaving an important gap in
knowledge that limits technology adoption in advanced
electrochemical sensing platforms such as continuous molec-
ular monitors.

Seeking to expand the understanding of NHC monolayer
formation, stability, and performance in electrochemical
systems, this study addresses three primary objectives: first,
the evaluation of gold electrode surface coverage by NHC
monolayers formed via spontaneous assembly from methanolic
solutions of their trifluoromethanesulfonate (triflate) salts
compared to benchmark monolayers of mercaptohexanol
(MCH); second, determination of the most suitable voltage
window for electrochemical sensors based on NHC mono-
layers before either cathodic or anodic desorption occurs; and
third, assessment of the stability of the resulting NHC
monolayers in phosphate-buffered saline in the absence of
voltage perturbations, as well as the effect of serial
voltammetric interrogation on monolayer organization. To

pursue these objectives, we synthesized two model NHC
compounds (Figure 1A): 1,3-diisopropylbenzimidazole
(NHC-H) and S-(ethoxycarbonyl)-1,3-diisopropylbenzimida-
zole (NHC-ester). The NHC-H moiety is one of the most
thoroughly studied N-heterocyclic carbenes for self-assembly
of monolayers (SAMs) on gold and is often considered the
reference NHC for gold surface studies;”’ thus, it represents an
excellent baseline for NHCs under electrochemical inter-
rogation. Additionally, previous electrochemical studies by
Crudden et al. employed the NHC-ester, which was attached
to electrodes via the triflate deposition method.”* Changes in
sterics and electronics due to the ester functionalization of the
NHC backbone provide a comparison of electrochemical
stability between the two related NHCs. Finally, the NHC-
ester works as a simple model ligand toward the kinds of
NHCs that could be post-synthetically modified for amide-
coupling reactions.”**

B RESULTS AND DISCUSSION

N-Heterocyclic Carbenes Spontaneously Adsorb on
the Surface of Gold Electrodes. A joint approach of
electrochemical and spectroscopic methods was used to
evaluate the spontaneous formation of NHC monolayers.
Electrochemical evaluation of the NHC monolayer was
determined by probing three key features: the capacitive
current, the faradic contribution of oxygen reduction, and the
faradic contribution of gold oxidation.

We assessed the capacitive currents of gold electrodes with
and without NHC monolayers via cyclic voltammetry. The
electrode—monolayer—electrolyte interface can be represented
as a parallel plate capacitor,"”** where the electrode and the
electrolyte correspond to the capacitor plates and the
monolayer to the dielectric in between. In the absence of a
monolayer, the dielectric consists of water molecules and
solvated ions at the electrode—electrolyte interface, and the
capacitance is large due to the diffuse layer of ions aligning to
any applied electric fields. However, in the presence of a
monolayer, the spacing between the electrode and the
electrolyte increases, dropping capacitive currents. Following
this model, the monolayer thickness and dielectric constant
determine the magnitude of capacitive currents at the
electrode. Therefore, any organizational changes due to the
formation, redistribution, or loss of monolayer elements can
strongly affect dielectric length (changes in the number and
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Figure 2. X-ray photoelectron spectroscopy confirms that NHC monolayers are formed by chemisorption on gold electrodes. Top: spectra of
electrode-bound NHC-H showing the diagnostic N Is transition with BE = 400.4 eV. The N Is transition is in agreement with previous studies
indicating a chemisorbed carbene between 399.9 and 401 eV.***”*® Bottom: spectra of NHC-H triflate salt showing N 1s transition with binding
energy BE = 401.5 eV. The N 1s transition is in agreement with previous studies of unbound NHC salts at >401 eV.**°

spatial orientation of elements) and dielectric constant,
changing capacitive currents,' ' 7%

As a second, parallel assessment of monolayer formation, we
monitored the faradic contribution from oxygen reduction to
the total voltammetric currents measured at voltage biases
more negative than —0.1 V (vs AglAgCl). Dissolved molecular
oxygen undergoes a gold-catalyzed bond breaking via inner-
sphere electron transfer (yellow trace in Figure 1B),*
increasing the faradic current when monolayers are porous
or when monolayer elements are cleaved or desorbed from the
electrode surface during voltammetric interrogation.l0’16’17
And third, we evaluated the faradic contribution from gold
oxidation® to the currents measured at voltage biases more
positive than 0.25 V, wherein the gold electrode surface itself
becomes oxidized. This three-pronged strategy allowed us to
get a clear electrochemical picture of the quality of NHC
monolayers on polycrystalline gold electrodes and their
stability under continuous voltammetric interrogation.

Using the above-described strategy, we demonstrate that
NHCs form monolayers on polycrystalline gold surfaces that
achieve an extent of surface passivation that is comparable to
that attained by benchmark MCH monolayers. To show this
effect, we prepared monolayers on gold disk electrodes via 4 h
long incubation under vigorous stirring in methanolic solutions
of NHC-H, NHC-ester, and MCH (Figure 1A). After rinsing
with water, we immersed the freshly functionalized electrodes
into phosphate-buffered saline and interrogated them via cyclic
voltammetry at a voltage scanning rate of 100 mV s™'. The
resulting voltammograms showed a multifold decrease in
capacitive currents relative to measurements on unfunctional-
ized gold electrodes and a complete suppression of oxygen
reduction currents at voltages below —0.1 V (Figure 1B). A
closer inspection of monolayer voltammograms revealed that
NHC-ester monolayers achieved surface passivation that is
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comparable to that of MCH monolayers (Figure 1C), as
indicated by the capacitive currents of the two systems
measured at +0.15 V (ic NpC ester = 110 & 10 nA vs i pep = 72
+ 7 nA). In contrast, NHC-H monolayers presented larger
capacitive currents (icxpcp = 190 + 60 nA). These results can
be explained by the longer tail of the NHC-ester, which may
contribute to increasing dielectric length, thereby decreasing
capacitive currents relative to the unmodified NHC-H. The
results also indicate that NHCs spontaneously form adsorbed
layers on gold electrodes with packing densities able to
suppress the electrochemical reduction of dissolved oxygen, as
no cathodic currents are observed at voltages below 0.0 V
(Figure 1B,C).

To confirm that the monolayers formed by spontaneous
assembly from methanolic solutions of NHC triflate salts are
chemisorbed on the surface of gold electrodes, we measured
the presence of NHC-related nitrogens on the electrode
surface ex situ, after monolayer assembly via X-ray photo-
electron spectroscopy (XPS). The resulting XPS spectra of the
NHC monolayer-coated electrode surface showed an N 1s
transition with binding energy BE = 400.4 eV (Figure 2, top),
in excellent agreement with previous studies, indicating that
chemisorbed carbenes display N 1s transitions between 399.9
and 401 eV.*>*”*® This shift is to lower energy from the N s
transition seen in solid NHC-H triflate salt, with BE = 401.5
eV (Figure 2, bottom), in agreement with previous studies of
unbound NHC salts.””*” Quantitative analysis of the XPS data
illustrates that the N 1Is to Au 4f peak ratios are comparable
with previous triflate/mesylate deposition protocols (Figure S1
and Table S1).***>** These results confirm the presence of
chemisorbed NHC monolayers of comparable quality to
previous reports on the surface of our gold electrodes.

Assessment of the Voltage Window for NHC
Monolayers. The stability of self-assembled monolayers

https://doi.org/10.1021/acsami.3c06148
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Figure 3. Desorption of NHC monolayers under negative voltage bias. Monolayer stability on the surface of polycrystalline gold electrodes is a
function of voltage bias. For (A) NHC-H and (B) NHC-ester monolayers, cathodic desorption starts to occur at voltages more negative than —0.15
V in phosphate-buffered saline. This is seen as a progressive increase in background current (at 0.20 V) and the eventual appearance of oxygen
reduction peaks (at —0.20 V). For reference, oxygen reduction on bare gold electrodes is shown in yellow at the rightmost panels. (C) In contrast,
benchmark MCH monolayers are more tolerant to negative voltage biasing, not showing signs of increased background currents or oxygen
reduction until voltage biases more negative than —0.50 V are applied. Square wave voltammograms measured at a frequency of 50 Hz, amplitude
of S0 mV, and a step size of 1 mV. Solid lines represent the average of 4 electrodes. Shaded areas represent their standard deviation.

strongly depends on the voltage applied to the electrode,”
which defines their most suitable voltage window for
electrochemical sensing. To study the stability of NHC
monolayers at different voltage biases and assess a functional
voltage window, we first investigated the cathodic desorption
of NHC monolayers by systematically sweeping the voltage to
increasingly more negative values via square wave voltammetry
(SWV). By using SWV, we differentially remove the charging
current from the voltammograms, thus achieving more
sensitive measurements of faradic processes, in this case, the
reduction of dissolved molecular oxygen.'® For these experi-
ments, we prepared five batches of four electrodes per
monolayer and interrogated them starting at a voltage of
0.20 V and then sweeping negatively to —0.15 V for batch 1,
—0.30 V for batch 2, —0.50 V for batch 3, —0.80 V for batch 4,
and —1.10 V for batch 5. To monitor stability, we performed
100 scans across each voltage window (Figure 3).

Our results show that voltage sweeping below —0.15 V
causes rapid desorption of NHC monolayers, with the NHC-
ester desorbing faster than the NHC-H. This desorption is
seen as an increase in capacitive currents plus the appearance
of oxygen reduction waves at ~—0.2 V when the voltage is
negatively biased to —0.5 V (see the third column in Figure 3).
For reference, we show the position of the oxygen reduction
wave on bare gold electrodes in the last column (yellow trace),
which appears at —0.2 V. In addition, at voltages more negative
than —0.5 V, we observed the appearance of stripping waves in
the first scan (black traces), which caused rapid monolayer
desorption as visible in subsequent scans. MCH monolayers, in
contrast, easily tolerated voltage biasing as negative as —0.5 'V,
without signs of monolayer desorption within 100 voltam-
metric scans (bottom of the third column in Figure 3C).
Instead, they started to desorb at more negative voltages but
also showed stripping peaks at —1.0 V like NHC monolayers.
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These results indicate that MCH monolayers are more
resistant to cathodic stripping than the NHC monolayers
studied in this work.

We next investigated the stability of NHC monolayers when
subjected to positive voltage biases (Figure 4). These
experiments were performed under identical conditions to
those employed in Figure 3. In more detail, we prepared three
batches of four electrodes per monolayer and interrogated
them starting at a voltage of —0.15 V, thus preventing
monolayer removal and then sweeping positively to 0.3 V for
batch 1, 0.5 V for batch 2, and 0.7 V for batch 3. The resulting
voltammograms indicate that, regardless of the ligand used, all
monolayers desorb when the applied voltage is more positive
than 0.3 V (Figure 4). This is a limit imposed by the
underlying gold electrode, which undergoes fractional surface
oxidation (presumably to singly oxygenated species such as
Au—OH or Au—0)” at an onset potential of 0.3 V.

N-Heterocyclic Carbenes Can Form Monolayers That
Are Stable for Days. To investigate the stability of the NHC
monolayer, we immersed NHC-functionalized electrodes in
phosphate-buffered saline and performed discreet voltammet-
ric interrogations once every day for 7 days. To favor any
passive desorption of the monolayers, we immersed the
modified electrodes in microcentrifuge tubes containing the
same buffer and stirred them vigorously at 700 rpm and 25 °C
using a ThermoMixer. Based on the voltage limits obtained
from Figures 3 and 4, we performed electrochemical
measurements using a voltage window between —0.05 and
0.30 V, thus preventing any voltage-induced desorption of the
monolayers. When inspecting the resulting voltammograms at ¢
=0 h and t = 168 h (7 days), we observed no statistically
significant changes in capacitive currents across NHC-H
(Figure SA), NHC-ester (Figure SB), or MCH monolayers
(Figure SC). Another way to visualize this information is by
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Figure 4. Desorption of NHC monolayers under positive voltage bias.
For (A) NHC-H and (B) NHC-ester monolayers, anodic desorption
starts to occur at voltages more positive than 0.2 V in phosphate-
buffered saline. This is seen as a progressive increase in currents from
surface gold oxidation (at 0.25 V). (C) Under positive voltage bias,
benchmark MCH monolayers also undergo anodic desorption under
similar conditions. Square wave voltammograms measured at a
frequency of 50 Hz, amplitude of 50 mV, and a step size of 1 mV.
Solid lines represent the average of 4 electrodes. Shaded areas
represent their standard deviation.

extracting the magnitude of the capacitive currents at a probe
voltage of 0.15 V once a day and use them to build
sensorgrams as illustrated in Figure SD—F. These sensorgrams
highlight that all three monolayers do not change over the 7

day period considered. Performing linear regression analyses of
the sensorgrams shows poor correlation to a line (average R* ~
0.4), as expected for random data dispersion originating from
background noise in the capacitive measurements. In other
words, the changes in current over time are negligible.
Additionally, they show that packing is comparably good
across all three chemistries, with the NHC monolayers
presenting higher charging currents on average but within a
factor of two from MCH monolayers.

Another critical aspect of electrochemical sensors is their
stability under continuous voltammetric interrogation. The
voltage bias applied during continuous interrogation can
influence the stability of the Au—C and Au—S bonds, leading
to progressive monolayer removal.'’ To study this, we
prepared new batches of NHC- and MCH-coated electrodes
and serially interrogated them by cyclic voltammetry every 10 s
for 7 days (60,500 cycles in total). For this test, we used a
voltage window from —0.05 to +0.25 V to avoid the voltage-
induced desorption processes seen in Figures 3 and 4.
Voltammograms recorded before and after 168 h of continuous
interrogation show that, across this voltage window, NHC and
MCH monolayers are stable as no increases in capacitive
currents are observed (Figure 6A—C). Interestingly, under
these conditions, NHC monolayers seem to undergo a
significant voltage-induced reorganization, as showed by the
decrease in capacitive current at 0.15 V in the sensorgrams
observed for both NHCs (Figure 6D,E), leading to values
comparable to those obtained for MCH monolayers (icycy ~
5SS nA, Figure 6F). We speculate that this significant decrease
in capacitive currents reflects a field-induced monolayer
reorganization, where some NHC molecules may change
orientation on the electrode surface, thereby changing
dielectric length. This effect is more noticeable for the
NHC-H monolayer (from icngcn ~ 140 nA to icnpcn ~
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Figure S. Monolayer reorganization in undisturbed buffered solutions as seen via discreet voltammetric interrogation. Top panels show cyclic
voltammograms of (A) MCH, (B) NHC-ester, and (C) NHC-H monolayers on polycrystalline gold electrodes measured at t = 0 h and t = 168 h
(7 days) of incubation in phosphate-buffered saline at 25 °C. Bottom panels show voltammetric charging currents sampled at 0.15 V once a day,
except for the last measurement, which was recorded after 3 days to skip the weekend for (D) NHC-H, (E) NHC-ester, and (F) MCH monolayers.
Solid lines represent the average of 4 electrodes. Shaded areas represent their standard deviation. Dotted lines represent a linear regression of the
data with correlation coefficients R* = 0.518, R* = 0.576, and R? = 0.111 for NHC-H, NHC-ester, and MCH, respectively. All voltammograms were

measured at a scan rate of 100 mV s ..
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Figure 6. Monolayer reorganization under continuous voltammetric interrogation. Top panels show cyclic voltammograms of (A) NHC-H, (B)
NHC-ester, and (C) MCH monolayers on polycrystalline gold electrodes measured at £ = 0 h and ¢ = 168 h (7 days) of incubation in phosphate-
buffered saline at 25 °C. Bottom panels show voltammetric charging currents sampled at 0.15 V every 10 s for (D) NHC-H, (E) NHC-ester, and
(F) MCH monolayers. Solid lines represent the average of 4 electrodes. Shaded areas represent their standard deviation. All voltammograms

measured at a rate of 100 mV s,

70 nA) than the NHC-ester monolayer (from icpic egter ~ 60
DA t0 icNHC-ester ~ 55 NA). Investigation of gold surfaces with
and without NHC-based monolayers via scanning electron
microscopy (SEM, Figure S2) and energy-dispersion spectros-
copy (EDS, Figure S3) revealed no changes in surface
morphology or composition due to voltammetric scanning, a
strong indication that the capacitive changes observed are due
to monolayer reorganization. However, future spectroscopic
measurements beyond the scope of this work are needed to
further clarify such effects.

B CONCLUSIONS

We evaluated the ability of NHCs to form self-assembled
monolayers from their triflate salts under open-circuit
conditions and investigated the quality of such monolayers
relative to benchmark MCH monolayers via electrochemistry.
Additionally, we investigated the useful voltage window of such
monolayers to identify limits where anodic or cathodic
desorption can occur. Our results indicate that NHCs form
monolayers that passivate the surface of gold electrodes to a
similar extent compared to benchmark mercaptohexanol
chemistry. However, the voltage window available for electro-
chemical interrogation is shorter in NHC relative to MCH-
based monolayers. Specifically, NHC-based monolayers display
an operational voltage window of roughly 450 mV, from —0.15
to 0.3 V vs AglAgCl. Although this voltage window is
considerably shorter than that of MCH monolayers (from
—0.5 to 0.3 V vs AglAgC), stable electrochemical measure-
ments for sensing applications can potentially be achieved by
selecting a redox reporter with a formal redox potential close to
0 V. For example, redox mediators like N,N,N’,N'-tetramethyl-
p-phenylenediamine (TMPD),” tetrathiafulvalene (TTF),>
and Os(II/II1)>* have redox potentials that fall in a suitable
voltage window for use with NHC-based monolayers. Future
investigations are needed to clarify if the choice of the
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electrochemical technique and technique parameters can also
affect NHC monolayer stability and to what extent.

B METHODS

Chemicals. 5-Benzimidazole carboxylic acid, 2-bromopropane, 2-
iodopropane, sodium carbonate, sodium sulfate, sulfuric acid, ethyl
acetate, acetonitrile, isopropanol, methylene chloride, and phosphate-
buffered saline (PBS) (11.9 mM HPO;*~, 137 mM NaCl, 2.7 mM
KCl; pH = 7.4) were purchased from Fisher Scientific (Waltham,
MA). Sodium hydroxide, methanol, pyridine, benzimidazole, and 6-
mercapto-1-hexanol were purchased from Sigma-Aldrich (St. Louis,
MO). Trifluoromethanesulfonate anhydride was acquired from
Oakwood Chemical (Estill, SC). Cesium carbonate was acquired
from Thermo Fisher Scientific (Waltham, MA), and ethanol 200
proof was purchased from Decon Labs (King of Prussia, PA).
Platinum counterelectrodes (cat. #012961) and gold disk electrodes
(cat. #002314, @ = 1.6 mm) were purchased from ALS (Tokyo,
Japan). AglAgCl (1 M KCl) reference electrodes were purchased from
CH Instruments (Austin, TX). 1200/P2500 silicon carbide grinding
paper (36-08-1200) was purchased from Buehler (Lake Bluff, IL), and
cloth pads with alumina slurry (CF-1050) were purchased from BASi
(West Lafayetter, IN). A ThermoMixer C was purchased from
Eppendorf (Framingham, MA). Gold and Chromium pellets were
purchased from Kurt J. Lesker (Jefferson Hills, PA). Carbon tape (cat.
#77819-65) for XPS analysis was purchased from Electron
Microscopy Sciences (Hatfield, PA).

NHC Synthesis. Synthesis of the NHC-H started from
benzimidazole.”> The 'H, *C, and "F NMR for the synthesized
compound matched previously reported values (Figures $4—56).°%
We also include mass spectra to confirm structural identity via
molecular ion identification (Figure S7). Synthesis of NHC-ester was
performed starting from the 5-benzimidazole carboxylic acid following
a previously published method.*® The 'H, 3C, and '’F NMR for the
synthesized compound (Figures S8—S10) matched previously
reported values.”> We also include mass spectra to confirm structural
identity via molecular ion identification (Figure S11).

Electrode Preparation. We polished the gold electrodes using
silicon carbide paper and a cloth pad with alumina slurry for ~2 min.
After polishing, we rinsed the electrodes with deionized water and
sonicated them in water for 30 s to remove debris. Next, we cleaned
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their surfaces by cyclic voltammetry first in 0.5 M NaOH, scanning
from —0.3 to —1.6 V, and then in 0.5 M H,SO,, scannin% from 0 to
+1.6 V, a total of 200 scans at 0.5 V s™" in each solution.'® We then
rinsed the electrodes once with deionized water and once with
methanol and placed them into 10 mM methanolic solutions of either
the NHCs or MCH ligands under vigorous stirring (1500 rpm) at 25
°C. Monolayer deposition times were investigated via monitoring of
voltammetric charging currents after deposition times of 2, 4, and 1S h
(Figure S12). Based on these data, we selected a deposition time of 4
h because charging currents were within one standard deviation of
each other between 4 h and 15 h long depositions. Following the
electrode modification, we rinsed the electrodes with deionized water.

Electrochemical Measurements. A CH Instruments Electro-
chemical Analyzer (CHI 1040C, Austin, TX) multichannel potentio-
stat and associated software were used for all electrochemical
measurements. A three-electrode cell configuration consisting of a
gold working electrode, coiled platinum wire counterelectrode, and
AglAgCl reference electrode was used. In this work, continuous
voltammetric interrogation refers to the serial interrogation of sensors
via either cyclic or square wave voltammetry, using a wait period of 10
s between voltage sweeps. Voltammograms were processed via
SACMES, an open-access software previously reported by our group™®
that allows batch extraction of capacitive currents from voltammo-
gram datasets.

XPS Measurements. XPS measurements were obtained with a
PHI VersaProbe II surface analysis instrument from Physical
Electronics (Chanhassen, MN) equipped with a monochromatic Al
Ka X-ray source (photon energy = 1486.6 eV). High-resolution
spectra were obtained for at least two sample spots using a 23.50 eV
pass energy under ultrahigh vacuum conditions. For the N 1Is, C Is,
and Au 4f high-resolution spectra of NHC triflate salts, we performed
20, 10, and 7 sweeps, respectively. For the N 1s, C 1s, and Au 4f high-
resolution spectra of NHC-treated gold films, we performed 30, 20,
and 20 sweeps, respectively. Spectra acquired on gold film surfaces
were summed together and calibrated vs the binding energy of the Au
4f peak at 83.98 eV,> whereas spectra acquired on carbon tape were
calibrated versus the binding energy of the C 1s peak at 284.8 eV.*
The spectra for N 1s, C 1s, and Au 4f were then background-
subtracted using a linear,®' Shirley,é2 or Tougard background
subtraction,®® and Gpeak locations were determined with a Voigt
Model in CasaXPS.%* XPS data were analyzed using the Handbook of
X-ray Photoelectron Spectroscopy.*”

For XPS data of gold electrode surfaces, a gold film substrate was
used for all experiments. Briefly, 5 nm of chromium was deposited
onto a glass microscope slide, followed by 100 nm of gold using a
physical vapor deposition system (Nano36, Kurt J. Lesker). Prior to
deposition, microscope slides were etched using piranha acid
(caution, extremely dangerous) made with a 4:1 ratio of conc.
sulfuric acid to 30% hydrogen peroxide and rinsed with copious
amounts of water. Gold films were electrochemically activated (vide
supra) and rinsed with water and HPLC-grade methanol before use.
Minor delamination at the edges of the gold film was observed after
the electrochemical activation in sulfuric acid, but the majority of the
film remained affixed to the substrate. The gold film was soaked in the
triflate solution overnight and rinsed with ultrapure water (>18 MQ)
prior to analysis. The gold film was mounted for XPS analysis using a
strip of copper to ground and immobilize the sample. For XPS data of
the NHC triflate salt, the powder was gently pressed into a piece of
carbon tape using a plastic spatula. Then, samples were mounted by
affixing the carbon tape onto the sample stage. XPS survey scans are
shown in Figures S13 and S14.

Scanning Electron Microscopy (SEM) and Energy-Disper-
sive Spectroscopy (EDS) Analysis. Gold (111) substrates (Ultra-
Flat Gold Surfaces, Platypus Technologies, Fitchburg, WI) were
utilized for SEM and EDS experiments. SEM images were collected
using a FEI Magellan 400 field emission SEM in immersion mode
with a circular backscattering detector. EDS spectra were collected
using S keV accelerating voltage in the SEM instrument and a Bruker
XFlash 5010 X-ray detector. Peak assignment was performed using X-
ray data presented by Bearden.®*
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