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Combined Electrodeposition and Electropolymerization Method 
to Produce Surface-Bound Polystyrenyl NHC Thin Films 
Jessica L. Bosso,a,b Justin T. Lomax,a,b Garima Garg,a,b Wai-Tung Shiu,a,b Jordan N. Bentley,a,b 
Matthew J. Turnbull,a,b Monika R. Snowdon,b,c James J. Noël,a,b,d* Cathleen M. Crudden,b,c* Joe B. 
Gilroy,a,b* and Paul J. Ragognaa,b,d*

Polymeric N-heterocyclic carbene (NHC) films offer a promising strategy for generating durable protective coatings on 
metals. Polystyrenyl NHC films were constructed on gold in a one step process that combined electrodeposition and 
electropolymerization of styrenyl benzimidazolium halide precursors at -1.3 V vs Ag/AgCl for 5 min. Ellipsometry confirmed 
the nanometer scale films on Au were formed with thicknesses of 1.2 – 2.9 ± 0.2 nm, while non-polymerizable controls were 
≤ 0.8 nm. Cyclic voltammetry showed strong surface passivation for all polystyrenyl NHC films relative to the monomeric 
analogues. Area selective deposition on the NHC precursors was evaluated on patterned Au/SiO2 with excellent selectivity 
factors up to 0.90. These results establish polystyrenyl NHC films as robust nanometer-thick inhibitor coatings that couple 
strong NHC–metal bonding with the hydrophobic insulating character of polystyrene.

Introduction
Corrosion remains a major industrial burden, costing an 

estimated 2.5 trillion USD each year, equating to ~3.4% of the 
world’s gross domestic product.1 The oil and gas,2 automotive,3 
aerospace,4 energy,5 and maritime6 industries are significantly 
impacted by corrosion, as each requires large-scale metal 
infrastructure that is susceptible to degradation. The cost of 
corrosion could be reduced by 15–35% through the use of 
effective anti-corrosion methods (e.g., barrier coatings),7,8 
electrochemical polarization (e.g., anodic and cathodic 
protection) 9–11 and proper material design (e.g., Al-based 
amorphous alloys).12–14 Among these approaches, polymeric 
coatings are widely used because they are inert, inexpensive, 
and mechanically robust.15  Polystyrene in particular has shown 
significant value in extending the lifetime and corrosion 
resistance of protective films.16,17 Although useful for corrosion 
protection, polymeric barriers suffer from weak adhesion to 
metal substrates due to their low surface energy (e.g., 
polystyrene = 36–42 mJ∙m-2) and absence of anchoring groups. 
External factors, such as molecular weight, surface treatments 
and temperature, can further amplify this weakness.18–21 The 
lack of polar functional groups that could anchor the main chain 
to the substrate is a key contributor to poor adhesion 
properties.22 These limitations highlight the need for films that 
form stronger, more chemically robust linkages with the metal 
surface. Self-assembled monolayers (SAMs) are known for the
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formation of dense films on metal surfaces through 
chemisorptive interactions.23,24 While many SAMs are based on 
thiols, these have issues of oxidative and thermal instability. N-
heterocyclic carbenes (NHCs), by comparison, have emerged as 
particularly powerful surface ligands, offering exceptional 
binding strength and high chemical and thermal stability.25–31 A 
variety of routes can be employed to generate SAMs from NHC 
precursors which are generally formed via immersion of a metal 
substrate into a solution containing the surface ligand 
precursor.26,32 In most cases, deprotonation of a charged NHC 
precursor such as an imidazolium derivative needs to take place 
prior to reaction and assembly onto the metal surface.33,34 

Electrochemical deposition (or electrodeposition) is a useful 
method for NHC SAM formation that is proposed to generate 
the NHCs through the formation of hydroxide ions produced via 
water electroreduction.35 In the case of wingtip-functionalized 
alkynyl NHC precursors, the application of electrodeposition 
conditions led to simultaneous polymerization of the 
unsaturated wingtip groups, forming a poly(NHC) nanolayer.36 
The polymeric NHC film exhibited anti-corrosion properties on 
copper substrates, as well as high thermal and chemical 
stability. Based on these observations, polymeric NHC-based 
surface coatings were hypothesized to have strong interfacial 
bond energies and mitigate metal degradation.36 Considering 
the well-known ability of polystyrene-type polymers to act as 
protective films, we undertook a study of polystyrene-
functionalized NHCs to determine whether they could be 
electropolymerized onto metal surfaces, and whether the 
resulting coatings would provide improved protection to the 
underlying surface. This approach leverages decades of 
research into polystyrene-type polymers, including a well-
defined polymerization mechanism that is known to be base-
initiated, and our groups’ knowledge of NHC chemistry. 25,37–39
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Herein, we describe the electrodeposition and 
electropolymerization of styrenyl imidazolium precursors to 
generate polystyrenyl NHCs on gold surfaces (Figure 1). This 
one-step process generates strongly bound, polymeric coatings 
that combine the stability of NHC–metal linkages with the 
hydrophobic, insulating properties of polystyrene. The resulting 
films display enhanced electrochemical passivation and stability 
relative to monomeric analogues and can be patterned with 
area selectivity.

Figure 1. Simultaneous electrodeposition and electropolymerization 
of styrenyl-bearing imidazolium salts for the formation of 
polystyrenyl NHCs bound to metal surfaces.

Results and Discussion
We began by preparing benzimidazolium derivatives in 

which two (1-Cl) or one (2-Cl) wingtip contains a polymerizable 
styrene to enable the synthesis of linear polymer chains and 
cross-linked networks. Styrene units were introduced via N-
alkylation of benzimidazole with the corresponding benzyl 
halides (Figure 2a). 1H NMR spectra of the benzimidazolium 
chloride salts (Figures S3 & S5) showed a resonance at 
approximately 𝛿 = 10 ppm, indicating the successful 
quaternization of benzimidazole to form the corresponding salt. 
Radical polymerization of 2-Cl in solution using 
azobisisobutyronitrile (AIBN) as the initiator enabled the 
synthesis of polystyrenyl NHC precursor 3-Cl, which serve as a 
comparison to on-surface polymerization (Figure 2b). The 1H 
NMR spectra of 2-Cl and 3-Cl (Figure S4 & S5) revealed 
broadened signals and consumption of styrene based on the 
reduction of the intensity of the vinyl signals, indicative of a 
successful oligo/polymerization of 2-Cl.

The determination of the molecular weight (MW) of the 
solution-prepared polymer 3-Cl was attempted using gel 
permeation chromatography (GPC); however, the ionic nature 
of the polymer precluded this measurement on our systems. 
Diffusion-ordered spectroscopy (DOSY) was instead employed 
to estimate the MW of 3-Cl, as DOSY has been established as an 
effective method for determining the MW of polymers.40–42 The 
logarithm of the diffusion coefficient (D) of 3-Cl was determined 
and the molecular weight (MW) of the sample was estimated 
from the line of best fit of the log(D) vs. log(M) plot from the 
calibration curves obtained from poly(ethylene glycol) and 
polystyrene standards (Figures S1 and S2). Based on the DOSY 
analysis relative to the PEG and PS standards, the molecular 
weight of 3-Cl was calculated to be approximately 30,000 g⋅mol-
1, confirming the effective polymerization of 2-Cl.

Figure 2. a) Synthetic pathways towards 2-Cl (Pathway A) and 1-Cl 
(Pathway B) styrenyl benzimidazolium chloride salts. b) Free radical 
polymerization of 2-Cl with AIBN as the radical initiator.

Having established the molecular structures and 
polymerization behaviour of styrenyl precursors in solution, we 
next performed the electrodeposition of styrenyl NHCs 1-Cl and 
2-Cl. Our aim is to construct dense films on the surface by 
simultaneously achieving NHC deposition and styrene 
electropolymerization, which proceeds at negative potentials 
(Figure 3a).35,43 Au substrates were used as working electrodes 
after rigorous cleaning protocols (see SI). Solutions of the 
desired NHC precursors were placed in a deposition solution 
containing a nBu4NPF6 (0.1 M), triple-distilled water (55 mM) 
with DMSO as solvent, which was sparged with N2 for 30 min 
after mixing. The working electrodes were then immersed in the 
deposition solution under a flow of Ar, and a constant potential 
of -1.3 V vs a Ag/AgCl ([Cl−] = 1 M reference electrode) was 
applied for 5 min.44 The electrodes were rinsed with copious 
amounts of DMSO, water, and then MeOH after deposition to 
remove residual precursor from the surfaces. As a comparison, 
3-Au was prepared by the electrodeposition of the pre-
polymerized solution of 3-Cl (20 mM) under identical conditions 
(-1.3 V vs Ag/AgCl for 5 min). The polymer control enabled the 
direct comparison of films formed via on-surface 
electropolymerization versus the deposition of pre-synthesized 
polymeric species. Although conditions were held constant here 
to enable direct comparison, film thickness in electrochemical 
deposition can be tuned by adjusting parameters such as 
potential, time, and precursor concentration.36

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
analysis of surface-bound films 2-Au and 3-Au (Figure S14 and 
S15) showed fragmentation patterns attributed to the 
polystyrenyl wingtip (104 m/z) and the molecular ion of the 
parent precursor, confirming the formation of NHC coatings. 
The low intensity of the signals was attributed to high 
fragmentation from the nature of ToF-SIMS.45–47 Signals 
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corresponding to a styrenyl fragment (117 m/z) and 
benzimidazole core (119 m/z) were evident in the spectra and 
also confirmed NHC-functionalization of the surface.

Figure 3. a) Electrochemical deposition of imidazolium chloride salt 1-Cl onto a Au electrode. b) High-resolution N 1s XPS spectra collected 
for electrodeposited films of 1-Au, 2-Au, and 3-Au, showing the emergence of surface-bound NHC. c) Illustration of the incorporation of 
unreacted imidazolium salt in the growing polymer network during electrochemical deposition.

The observation of a monomeric molecular ion signal in 3-Au 
suggested that residual monomer was present in the deposited 
polymer. The spectrum of 1-Au (Figure S13) did not exhibit the 
molecular ion signal, suggesting that in this case, the majority of 
monomeric species were consumed during the on-surface 
polymerization process. 

Having identified conditions under which polymerization 
could be affected on the surface, we next probed whether NHC 
polymers were physi- or chemisorbed. X-ray photoelectron 
spectroscopy (XPS) was employed to monitor the binding 
energy (BE) shift from imidazolium salt to surface bound species 
(Figure 3b). Previous reports have shown that surface bound 
NHCs have N 1s signals at  ca. 400.2 eV,44,48–51 while the starting 
benzimidazolium salts appear at ca. 401.5 eV. Polymer-bound 
NHC polymers 1-Au and 2-Au have a major signal at 400.1 eV, 
indicating that polymer binding to the surface occurs by 
chemisorption. An additional signal at 401.4 eV is observed and 
ascribed to trapped ammonium from the electrolyte or 
unreacted imidazolium precursors (Figure S18 & S19). 

To assess whether the signal at 401.5 eV arose from 
polymer-trapped precursor or electrolyte rather than simple 
physisorption, we prepared control samples with 4-Br and 5-Br, 
which are the non-polymerizable structural analogues of 1-Cl 
and 2-Cl (Figure 4). These benzyl salts were subjected to the 
same electrodeposition and washing steps as above. The N 1s 
XPS spectra of 4-Au and 5-Au displayed an intense monomodal 
peak centred at 400.2 eV, indicative of a surface-bound NHC 
and a negligible amount of precursor (Figure 4). The effective 
removal of benzyl salts via washing provided evidence for 
styrene polymerization as the benzyl precursors were not 
bound in a polymer. From these observations, we attribute the 
signal at 399 eV to correspond to reduced electrolyte at the 
surface and/or other N organic species of the polymerized NHC 
surfaces. 49,52,53 Since the electroreduction of styrene occurs at 
negative potentials through an irreversible process and in polar 

aprotic solvents43,54–57, the application of a potential of -1.3 V vs 
Ag/AgCl during electrodeposition is sufficient to initiate 
polymerization in the absence of an external initiator. An 
alternative possibility, however, involves the initiation of a 
radical polymerization by butyl radicals derived from the 
ammonium-based electrolyte. These radical species could have 
initiated the styrene monomer at the surface and set off a free 
radical polymerization pathway. The existence of butyl radicals 
was supported by evidence of amines in the N 1s XPS spectrum 
of 2-Au on gold since the mechanism for tertiary amine 
generation involves generation of a butyl radical.52,53 A third 
plausible pathway is the electroreduction of the quaternary 
ammonium electrolyte, producing a tertiary amine that then 
deprotonates the monomer and initiates polymerization.39,57 It 
is also possible that all three mechanisms are simultaneously in 
play, as all are possible under the experimental conditions 
employed. 

Ellipsometry measurements of the films provided additional 
evidence for electropolymerization of compounds 1-Cl and 2-Cl. 
Films 1-Au, 2-Au, and 3-Au were measured to be 2.9  0.2 nm, 
1.2  0.1 nm, and 2.9  0.2 nm thick, respectively, whereas films 
4-Au and 5-Au were only 0.8 and ~0 nm, respectively. The 
thickness of the NHC films suggest that, indeed, multiple layers 
were formed on the Au electrodes, likely arising to several 
layers of “trapped” imidazolium salts crosslinked in the growing 
polymer. 
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Figure 4. High-resolution N 1s XPS spectra of a) 4-Au and b) 5-Au 
after electrodeposition and washing.

Roughness was constant among all samples, and therefore, 
differences in measured thickness were attributed to NHC film 
growth. The nanometer-scale thicknesses observed for 1-Au 
and 3-Au suggest the formation of multilayered polymeric 
structures rather than simple monolayers, likely arising from 
crosslinked or overlapping polymer domains formed during 
electrodeposition. Reports of electropolymerized alkynyl-NHC 
nanolayers indicate a thicknesses of approximately  2.0 ± 0.5 
nm,36 which similarly correspond to stacked or crosslinked NHC 
assemblies. 

Cyclic voltammetry (CV) was used to probe the surface 
passivation properties of the styrenyl NHC films. Cyclic 
voltammograms of bare and functionalized Au electrodes were 
recorded in an aqueous solution of ferri/ferrocyanide, so that 

inhibition of electron transfer to the redox active iron center by 
the insulating polymer film on the surface could be probed. Bare 
gold electrodes were expected to produce a classic “duck-
shaped” trace, resulting from the redox of ferri/ferrocyanide 
from solution. By comparison, NHC-functionalized surfaces 
would exhibit a more flattened shape as the NHC layer prevents 
the solution species from reaching the metal surface to undergo 
redox.48 CV traces of Au electrodes functionalized with 1-Au, 2-
Au, and 3-Au (Figure 5a-c) showed nearly complete suppression 
of current passage. The strong blocking observed provides 
additional evidence for on-surface electropolymerization of 
styrene, since simple unpolymerized NHC-SAMS 4-Au and 5-Au 
passivate the surface to a much lower extent,58 (Figure 5d & e). 
The CV data also provided insight into the differing performance 
of cross-linked and linear polymer films. Films of 1-Au exhibited 
better passivation than those of 2-Au, likely attributed to the 
increased cross-linking of this film provided by the presence of 
two styrene units. The CV of 2-Au showed only cathodic current, 
and this arose only at potentials below ~100 mV vs Ag/AgCl, 
suggesting that the film blocked ferri/ferrocyanide redox but 
still permitted the reduction of dissolved oxygen from the 
solution. 

Electrochemical impedance spectroscopy (EIS) was used to 
determine the charge transfer resistance (Rct) of the poly-NHC 
films, with higher resistance values translating to better 
protection of the surface.59 Nyquist plots collected for 1-Au-, 2-
Au-, and 3-Au-functionalized gold surfaces (Figures 5f-h) were 
fitted using the equivalent circuit, yielding Rct values of 499 
kOhm·cm-2, 21.6 kOhm·cm-2, and 149 MOhm·cm-2, respectively. 
The fitted models are shown with the data in Figures 5f-h. 
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Figure 5. Electrochemical characterization of polystyrenyl NHC films on gold. Schematic representations of the NHC-modified electrodes are shown above 
each panel. Top) Cyclic voltammograms of bare Au (grey) and Au modified with a) 1-Au, b) 2-Au c) 3-Au d) 4-Au and e) 5-Au recorded in an aqueous 
ferri/ferrocyanide solution, with strong suppression of current for the polystyrenyl NHC films compared to the non-polymerizable controls. Bottom) Nyquist 
plots of f) 1-Au, g) 2-Au, and h) 3-Au-functionalized gold surface. The equivalent circuit model used to fit the EIS data is shown in i); Ru is the uncompensated 
(solution) resistance, Rct the charge transfer resistance, and CPEfilm the constant phase element representing the slightly non-ideal capacitance of the deposited 
film on the electrode surface. 
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All three films exhibited effective blocking behaviour, with the 
3-Au film besting the other two by nearly 3 orders of magnitude. 
This is increase in performance is attributed to the higher 
molecular weight of the pre-synthesized polymer (30,000 g⋅mol-
1). While the electropolymerized films are limited by surface 
constraints during growth, the pre-formed polymer deposits as 
a cohesive, overlapping barrier that more effectively minimizes 
pinholes and ion permeation. These Nyquist plots lacked the 45° 
line characteristic of Warburg behaviour, which indicated that 
even at low frequencies the redox response within the NHC 
coating was not governed by diffusion. The constant phase 
element (CPE) parameter values were in the range of 1 ± 0.2 
µFn∙cm-2 in each case, where 1 > n > 0.95 in each case, consistent 
with a thin interfacial film with a low dielectric constant and 
slightly non-ideal capacitive behaviour. Cross-linked polymeric 
film 1-Au exhibited improved Rct compared to 2-Au. This 
interpretation is consistent with the CV results. In addition to 
possible applications in corrosion resistance, NHC polymer films 
may also have applications in semiconductor microchip 
manufacturing. The selective deposition of monomeric NHCs on 
metals co-located with dielectric regions (e.g., silicon dioxide) 
has been demonstrated by our groups to occur with high 
precision.50 Area-selective electrodeposition of NHCs was 
demonstrated by Gross and co-workers, who formed nitro- and 
fluorine-functionalized NHC SAMs on Au microelectrode 
arrays.44 Considering these two precedents, we examined the 
possibility of area-selective electrodeposition to form polymeric 
NHCs enabling increased stability and surface density. 

Figure 6. Top) ToF-SIMS image scanned for Si+ (28 m/z) on a) 1-Au, b) 
2-Au, and c) 3-Au-functionalized patterned wafer. Middle) ToF-SIMS 
image scanned for a styrenyl fragment (91 m/z) on d) 1-Au, e) 2-Au, 
and f) 3-Au-functionalized patterned wafer. Bottom) ToF-SIMS image 
scanned for the molecular ion (351 m/z) on g) 1-Au, h) 2-Au, and i) 3-
Au-functionalized patterned wafer.

To assess the feasibility of polymeric NHC area-selective 
deposition, polystyrenyl NHCs 1-Cl and 2-Cl were 
electrodeposited on gold and silicon dioxide patterned 
substrates having alternating 100 m bands of metal and 
dielectric. Patterned wafers were immersed in a deposition 
solution containing 20 mM styrenyl NHC precursor, electrolyte, 
and DMSO, and simultaneous electrodeposition and 
electropolymerization were performed as previously described. 
ToF-SIMS mapping experiments were carried out on substrates 
functionalized with 1-Au, 2-Au, and 3-Au to visualize the spatial 
distributions of various fragments. Samples were scanned for 
the mass/charge ratio of Si+ to determine the location of silicon 
dioxide bands on the surface (Figure 6a-c). The mass of a methyl 
benzene cation (C7H7+), a polystyrene fragment, was targeted as 
evidence of NHC deposition, since polystyrenyl NHCs readily 
fragment. ToF-SIMS images prepared highlighting the location 
of this styrene fragment (Figure 6d-f) exhibited brighter areas in 
the gold regions, detailing that the styrene fragment was 
produced primarily on the metal bands. The mapped ToF-SIMS 
spectra scanning for each styrenyl ion fragment of the NHCs 
(Figure 6g-i) yielded selectivity factors of up to 0.90, confirming 
preferential deposition on Au bands. The lesser contrast 
between Au and dielectric regions in the molecular ion of a 
single monomer of the data was likely a result of the 
polystyrenyl NHC fragmentation, as the amount detected on 
the gold bands was inherently lower. This is the first example of 
the one-step, area-selective electrodeposition and 
electropolymerization of NHCs, and has potential as a new 
polymeric surface inhibitor process in nanofabrication.18

Conclusions
Polystyrenyl NHC films on gold surfaces were formed in a one-
step, simultaneous electrodeposition and 
electropolymerization process. These films contained precursor 
salts that were not removed via washing, which were 
hypothesized to be incorporated into the surface-bound 
polymer. Control experiments using NHCs without 
polymerizable groups support this conclusion, as these non-
polymerizable derivatives did not contain substantial residual 
precursor after washing. The polymeric NHC coating 3-Au had 
excellent surface passivation properties, inhibiting the passage 
of current when analyzed using CV. It was also shown that the 
cross-linked film, 1-Au, performed better at metal passivation 
than the linear polymer, 2-Au, likely due to increased density 
and stability. Nyquist plots of the polystyrenyl NHCs showed 
that 1-Au exhibited higher Rct than 2-Au, supporting the claim 
that the cross-linked film passivated the surface more than the 
linear polymer. The pre-formed polymer film displayed the 
highest Rct value. While gold was employed here as a model 
substrate, the electrochemical deposition strategy described in 
this work is expected to be compatible with other conductive 
metal surfaces. ToF-SIMS mapping experiments were 
performed to demonstrate the first example of a one-step, 
area-selective electrodeposition and electropolymerization 
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process of NHCs; a potential new class of inhibitor materials for 
nanofabrication.
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