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Abstract: The wide use of copper is limited by its rapid
oxidation. Main oxidation mitigation approaches involve
alloying or surface passivation technologies. However,
surface alloying often modifies the physical properties of
copper, while surface passivation is characterized by
limited thermal and chemical stability. Herein, we
demonstrate an electrochemical approach for surface-
anchoring of an N-heterocyclic carbene (NHC) nano-
layer on a copper electrode by electro-deposition of
alkyne-functionalized imidazolium cations. Water reduc-
tion reaction generated a high concentration of
hydroxide ions that induced deprotonation of imidazo-
lium cations and self-assembly of NHCs on the copper
electrode. In addition, alkyne group deprotonation
enabled on-surface polymerization by coupling surface-
anchored and solvated NHCs, which resulted in a 2 nm
thick NHC-nanolayer. Copper film coated with a NHC-
nanolayer demonstrated high oxidation resistance at
elevated temperatures and under alkaline conditions.

Introduction

Copper is widely used in the electronic industry due to its
high conductivity, ductility, and low price.'! However, the
integration of copper in cutting-edge applications, such as
printed electronics,” is limited by its high susceptibility to
corrosion, which degrades the electrical and mechanical
properties of the metal.”! Unlike other metals such as
aluminum, the oxide layer on copper is not self-protecting
and can continuously grow and deteriorate the conductivity
and ductility of the metal.’ In addition, the kinetics of
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copper oxidation are rapid and an oxide layer is formed on
the metal even under ambient conditions.! Therefore, there
is a continuous search towards the development of new
approaches to prevent or hinder copper oxidation.”!

Efforts for copper oxidation mitigation can be divided
into two main approaches. Copper oxidation can be
inhibited by alloying with other metals, e.g., Al, Be, and
Mg.P*l However, alloying is not necessarily limited to the
copper surface, and can impact the bulk properties of copper
films.”) A different approach is based on passivation of the
copper surface with inorganic”! or organic®™® monolayers.
The main advantage of this approach is that the protective
monolayers do not modify the bulk properties of copper.
However, it should be noted that monolayers on copper
films were characterized by a limited chemical and thermal
stability.®®”) In addition, protection by monolayers was
found less effective on corrugated surfaces or surfaces with a
high density of defects, in which monolayers do not provide
optimal coverage.? 517

Multilayer formation can therefore offer improved
protection against surface oxidation. Azole and benzotria-
zole compounds were used as precursors for multilayer
formation on copper films for oxidation mitigation.'! The
unsaturated nitrogen atoms in benzotriazole function as
surface-anchoring points,'"™'? and benzotriazole complex-
ation with Cu' enabled the formation of polymeric chains
(1-10 nm thick) that impede water and ion diffusion towards
the copper surface.’*! Despite their high efficiency in
corrosion inhibition, benzotriazole films suffer from limited
thermal stability, and degradation was observed upon
exposure of benzotriazole-coated copper films to 100°C
under atmospheric conditions.”!

The limitations mentioned above have motivated us to
develop a different approach for copper protection, which is
based on the self-assembly of N-heterocyclic carbenes
(NHCs). The strong and stable anchoring of NHCs to
coinage metals has led to their wide utilization for mono-
layer formation. Tt has been demonstrated that NHCs can
bind to copper surfaces!" and that NHCs’ deposition led to
copper-oxide reduction.'® However, the limited stability of
NHC monolayers under harsh conditions and challenges in
their uniform deposition have restricted their applicability
for mitigating copper films oxidation. Self-assembly of
chemically-addressable NHCs opened a new route for
tuning surface properties, such as work function, wettability
and chemical nature.'"*"*' As demonstrated herein, electro-
deposition of alkyne-functionalized NHCs on copper films
induced on-surface polymerization for the formation of
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NHC-nanolayer that was found effective in mitigating
copper oxidation (Scheme 1).

NHC-nanolayer formation on copper film was induced
by exposure of alkyne-functionalized imidazolium cation to
hydroxide ions that were formed near the copper electrode
by electrochemical water reduction.'¥! Deprotonation of the
imidazolium cation led to the formation and self-assembly of
NHC:s on copper surface. In addition, the alkyne side groups
of the self-assembled NHCs were deprotonated by the
hydroxide ions and functioned as an active group for on-
surface polymerization between surface-anchored and sol-
vated NHCs, yielding a self-limited 2.0+ 0.5 nm thick NHC-
nanolayer. The NHC-nanolayer effectively hindered copper
oxidation while demonstrating high thermal- and chemical-
stability under various oxidizing conditions.

Results and Discussion

Alkyne-functionalized imidazolium salt (1,3-di(prop-2-yn-1-
yl)-1H-imidazolium iodide) was synthesized™ and electro-
chemically deposited on copper film. During the electro-
chemical deposition, hydroxide ions were formed near the
copper electrode by applying a negative potential (—1.3 V
vs. Ag/Ag™) that led to water reduction. The hydroxide ions
function as a base for deprotonation of imidazolium cations
(pK,=22),” enabling active carbene formation in proximity
to the electrode surface that led to self-assembly of NHC
monolayer. In addition to deprotonation of the imidazolium
proton, the alkyne groups (pK,=25)?" of surface-anchored
NHCs were deprotonated by the hydroxide ions thus
enabling on-surface polymerization between surface-anch-
ored and solvated NHCs, resulting in NHC-nanolayer
formation on copper film.

NHC nanolayer was characterized by N 1s X-ray photo-
electron spectroscopy (XPS) measurement (Figure 1a, spec-
trum i). The N 1s XPS spectrum showed a broad peak that
was fit by two Gaussians, centered at 398.9 eV and 400.7 eV
and assigned to C—-N=C and N—C bonds, respectively.!'”! For
comparison, dimethyl-benzimidazolium iodide (DMBI) was
used as a precursor for monolayer formation on copper film
due to its ability to form densely-packed NHC
monolayers.” The N 1s XPS signal of copper-supported
NHC monolayer, prepared by using DMBI as a precursor,
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was measured (Figure 1a, spectrum ii). The N 1s XPS peak
area of the alkyne-NHC was four-fold higher than that of
DMBI monolayer. Thus, on average, the alkyne-NHC nano-
layer contains four layers of NHCs.

A lamella was extracted from NHC-nanolayer coated
copper film using a focused ion beam (FIB) and the
nanolayer thickness was assessed by scanning transmission
electron microscopy energy dispersive X-ray spectroscopy
(STEM-EDS) analysis. A protective iridium layer was
deposited on the nanolayer before its extraction in order to
prevent beam damage. Cross-sectional STEM-EDS analysis
of the extracted lamella (Figure 1b) revealed a 2.0+0.5 nm
thick organic layer between the copper film and the
protective iridium layer. Since NHC monolayer thickness is
~0.5 nm,™ the measured thickness of the NHC nanolayer
indicates that it is constructed of four layers of NHC. This
result nicely matches the XPS results (Figure la) that
showed a 4-fold increase in the N 1s XPS peak area of NHC
nanolayer in comparison to DMBI monolayer.

The influence of EC-deposition duration on nanolayer
thickness was examined by analysis of the N 1s XPS signal
as a function of the applied-voltage duration. It was
identified that the polymerization rate decreases with the
EC-deposition duration (Figure S1). Growth deceleration
was attributed to the deteriorated conductivity of copper
film coated with an insulating polymer layer (Figure S2),
which hinders the formation of hydroxide ions. The growth
of an insulating nanolayer was validated by probing the
continuous decrease in the current during on-surface poly-
merization (Figure S3). The influence of water concentration
on nanolayer formation was analyzed and a reduction of up
to 20 % in nanolayer formation yield was probed as water
concertation was gradually decreased (Table S1).

Resistivity measurements demonstrated that the pres-
ence of NHC nanolayer increased the Cu film resistivity by
6 %, in comparison to Cu film that was exposed to the
reducing deposition conditions, but without the imidazolium
precursor (Table S2). Thus, the surface-anchoring of NHC
nanolayer had a relatively minor impact on the bulk
electronic properties of Cu.

Spectroscopic measurements were conducted in order to
shed light on the molecular properties of NHC-nanolayer
and its formation mechanism. Raman spectra of the
imidazolium salt precursor revealed a single peak at

b.

e -13V NHC nanolayer qu NaOH
Cu film Acetonitrile, Cu film NHC
TEATFB i

Scheme 1. a) NHC nanolayer was self-assembled on copper film by electrochemically induced deprotonation of alkyne-functionalized imidazolium
(Tetraethylammonium tetrafluoroborate =TEATFB). b) Copper film (1 x4 cm) was coated in its lower half with NHC nanolayer while the upper half
was kept bare. The copper film was then fully immersed in 0.1 M NaOH for 2 h. A photo of the copper film before (left) and after (right) exposure
to NaOH shows that the nanolayer-coated copper area (lower half) preserved its metallic color, while the bare copper area (upper half) changed its

color due to oxidation.
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Figure 1. a) N 1s XPS spectrum of NHC-nanolayer (i) and DMBI monolayer (ii) that were electrochemically-deposited on copper film. b) STEM-EDS
analysis of a lamella extracted from the NHC-nanolayer coated copper film. Protective iridium film was deposited on the nanolayer before

extraction.

1560 cm™! (Figure 2a, spectrum i), correlated to the symmet-
ric stretching vibration of the imidazolium ring.” An
additional peak was detected at 2130cm™' (Figure 2b,
spectrum i), matching the symmetric C=C stretching
vibration.™ Attenuated total reflection infrared (ATR-IR)
spectra of the imidazolium salt precursor revealed a sharp
peak at 3290 cm™', correlated to the =C-H vibration (Fig-
ure S4).

Raman spectra of the nanolayer-coated sample showed a
broad peak at ~1600 cm™', correlated to surface-anchored
carbene ring (Figure 2a, spectrum ii).’*¥ It is hypothesized
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that the basic environment of the electrochemical deposition
induced polymerization of solvated alkyne-NHCs with sur-
face-anchored NHCs under anionic reaction conditions for
polyacetylene formation.”® Polyacetylenes are well known
to be susceptible to oxidation™ and the presence of a
carbonyl-related peak at 1780 cm™' (Figure 2a, spectrum ii)
indicates that the unsaturated bonds in the nanolayer were
oxidized. No peak was detected in the C=C bond region of
the nanolayer-coated copper film (Figure 2b, spectrum ii),
indicating that alkyne concentration was diminished follow-
ing deposition. IR spectrum of the nanolayer showed as-well
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Figure 2. Raman spectra of alkyne-functionalized imidazolium salt (i) and NHC nanolayer (ii) on copper film, in the double bond frequency

range (a) and triple bond frequency range (b).
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the diminishing of the C=C vibration amplitude following
surface-anchoring along with the presence of various
carbonyl-related signatures (Figure S5). The NHC-nano-
layer oxidation was also probed in C 1s XPS measurements
that showed threefold higher CO, related features in the
nanolayer spectrum in comparison to DMBI monolayer
(Figure S6).

NHC polymerization was also induced by exposure of
alkyne-functionalized imidazolium salt to a solution of
potassium tert-butoxide. However, in contrast to on-surface
electro-polymerization, the solution phase polymerization
was not self-limited and led to precipitation. ATR-IR
spectrum of the precipitated polymer did not identify the
strong =C—H signal that was detected in the imidazolium
precursor (Figure S4). In addition, it was observed that the
IR alkene signal in the nanolayer was an order of magnitude
higher than that of alkyne (Figure S5). The formation of
NHC oligomers with 3—4 repeating units should have led to
higher alkyne to alkene signals ratio and should not have
fully quenched the =C—H signal. The spectroscopic results
can therefore indicate that the polymerization process was
not restricted to short oligomers formation and can lead to
formation of longer chains in solution phase or intercon-
nected oligomers on the Cu surface.

The polymerization mechanism was studied by monitor-
ing the influence of TEMPO ((2,2,6,6-tetramethylpiperidin-
1-yl)oxyl), which is a radical scavenger,” addition on NHC-
nanolayer formation. XPS measurements revealed that
TEMPO addition did not influence the nanolayer formation
(Figure S7), thus indicating that the polymerization does not
involve a radical-based formation mechanism. Electrodepo-
sition of alkyne-NHC in the presence of ascorbic acid, which
functions as both acid and radical scavenger,'” prevented
the polymerization process and exclusively led to NHC
monolayer formation, as identified by a 4-fold decrease in
the N 1s XPS peak area (Figure S8). This result can be

\/N\(/T\N\/ D4>epos'rtion \/ m\//A
r 1> _
N
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Silicon electrode
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rationalized by the higher pK, value of the alkyne groups
compared to the imidazolium cations, leading to efficient
quenching of the alkyne-based polymerization process.”
Monolayer formation was still achieved even in the presence
of ascorbic acid due to the lower pK, value of the
imidazolium cation and the high proximity between depro-
tonated NHCs and copper surface, which enabled surface
anchoring. Nanolayer formation was also quenched once the
alkyne group was protected with triisopropylsilyl (TIPS)
group.’¢! This result demonstrates the crucial role of alkyne
deprotonation in initiating nanolayer formation. Based on
the spectroscopic measurements, a hypothesized scheme for
on-surface anchoring and polymerization was suggested
(Scheme 2).

The oxidation state of nanolayer-coated copper film was
detected by XPS and Auger spectra (Figures3a and b,
respectively). Cu2p XPS spectrum of nanolayer-coated
copper film showed a dominant peak at 932.7 eV, correlated
to Cu’/Cu'" (Figure 3a, spectrum i). No indication for Cu**
species (~942.5 eV) was detected on the nanolayer-coated
surface.”” Since Cu’ and Cu'* cannot be differentiated in
XPS measurement, X-ray-induced Auger electron spectro-
scopy measurements were performed to distinguish between
these oxidation states. Auger spectrum of nanolayer-coated
copper film (Figure 3b, spectrum i), showed a noticeable
peak at 918.5 eV, indicative of the presence of Cu’ species.
Another peak was detected at 916.5 and was correlated to
Cu'* species.!'!

The nanolayer-coated copper film was exposed to
oxidizing conditions (100°C, air, 4 h) to assess the function-
ality of the organic layer for corrosion inhibition. The XPS
spectrum of nanolayer-coated copper film did not noticeably
change after exposure to oxidizing conditions (Figure 3a,
spectrum ii).*"! Changes in the Auger spectrum following
exposure to oxidizing conditions indicated that partial
oxidation from Cu’ to Cu'* was induced. However, a

Silicon electrode

Polymerization \/F\i N
—> . N X 7 R

| Silicon electrode

Scheme 2. Hypothesized scheme for on-surface nanolayer formation. For simplicity, polymerization is shown for only one of the two alkyne groups.

R=alkyne-functionalized NHC.
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Figure 3. Cu2p XPS spectra (a) and Cu LMM Auger spectra (b) of a nanolayer-coated copper film before (i) and after (ii) exposure to 100°C for 4 h
under air and bare copper surface following exposure to 100°C for 4 h under air (iii).

dominant Cu’ peak was still detected and demonstrated that
the nanolayer-coated copper surface did not lose its metallic
character.

Exposure of a bare copper film to identical oxidizing
conditions led to the appearance of a noticeable XPS peak
at 942.5 eV, correlated to Cu®* species (Figure 3a, spectrum
iii). This peak was not detected prior to exposure of the
non-coated copper film to oxidizing conditions (Figure S9).
Auger spectra of the bare surface after exposure to oxidizing
conditions showed no indication for a peak at ~918.5¢eV,
which is indicative of complete oxidation of Cu’ to Cu'" and
Cu®" (Figure 3b, spectrum iii). Longer exposure duration of
the nanolayer-coated sample to oxidizing conditions had
some influence on copper oxidation (Figure S10). However,
exposure of the nanolayer-coated copper film to elevated
temperatures (150 and 200°C) led to noticeable copper
oxidation, as indicated by the Cu’* signature appearance in
the XPS spectra (Figure S10).

In order to compare the effectiveness of NHC-nanolayer
versus NHC-monolayer in mitigating copper oxidation, the
properties of DMBI-coated copper film were measured
following exposure to oxidizing conditions (100°C, air, 4 h).
The oxidation mitigation functionality of DMBI-coated
copper film was inferior in comparison to NHC-nanolayer
(Figure S11). Moreover, N 1s XPS measurements of DMBI-
coated copper film did not detect any nitrogen signal
following exposure to oxidizing conditions, demonstrating
its limited stability. It should be noted that in a similar way
to DMBI, both benzotriazole and alkanethiols, which have
been used as corrosion inhibitors®! showed inadequate

Angew. Chem. Int. Ed. 2022, 61, €202201093 (5 of 8)

thermal stability with noticeable deformation following
exposure to 100°C under atmospheric conditions.*>*!

The nanolayer-coated and bare copper films were
exposed to NaOH (0.1 M, 2h) and then characterized by
XPS and Auger measurements (Figure 4a and b, respec-
tively). Exposure to NaOH led to partial surface oxidation
as identified by detection of Cu’" peak in the XPS spectra
of the nanolayer-coated and bare copper films (spectra i and
ii, respectively). The Cu®" peak area (937-947 eV) in the
XPS spectrum of the bare copper sample was four-fold
higher than that of the nanolayer-coated sample. Auger
spectrum of nanolayer-coated copper film showed a peak in
the range of Cu'*/ Cu** and a shoulder at 918.5 eV, which
was correlated to Cu’ species (Figure 4b, spectrum i). Auger
spectrum of the bare copper, following its exposure to
NaOH, showed a dominant peak at 917.5 eV (correlated to
Cu?" species) with no signature at ~918.5 €V that can be
correlated to Cu® (Figure 4b, spectrum ii).

Integration of the XPS and Auger data indicates that the
bare copper film was fully oxidized to Cu** and Cu'" with
no indication for Cu’, following exposure to NaOH. The
nanolayer-coated Cu film was less oxidized and Cu’ was still
detected after exposure to NaOH. The oxidation mitigation
ability of NHC-nanolayer was also observed visually
(Scheme 1b) as the nanolayer-coated copper film main-
tained a metallic copper luster even after exposure to 0.1 M
NaOH, while the non-coated copper film was dull, indicative
of surface oxidation.

It is postulated that the improved thermal and chemical
stability of NHC-nanolayer, in comparison to NHC- and
thiol-based monolayers, are linked with the strong metal-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. a) Cu2p XPS and b) Cu LMM Auger spectra of (i) nanolayer-coated copper film and (ii) bare copper film following their immersion in

0.1 M NaOH for 2 h.

carbene bond!™! and the ability to construct interconnec-
tions between neighboring NHCs in the encapsulating nano-
layer. The encapsulating nature of NHC-nanolayer can be
further utilized for coating and protecting rough surfaces,
which cannot be easily achieved while using organic
monolayers such as benzotriazole, alkanethiols, and
formate.>®

The electrodeposition of NHC-nanolayer is comparable
to electrografting of aryldiazonium salts,*"**? which are
surface-anchored and polymerized in a radical process under
reducing conditions. However, the radical-based mechanism
of aryldiazonium polymerization and the fact that the
surface anchoring and polymer forming groups are identical,
makes it challenging to control their surface-polymerization
process. Our mechanistic study suggests that in alkyne-
functionalized NHCs, the carbene group functions as the
surface anchoring group while the alkyne group induces the
polymerization step. The lower pK, value of the carbene
group compared to the alkyne group, increased the surface-
anchoring rate compared to the polymerization step, thus
leading to high density of surface-anchored NHCs and
preventing a solution-phase polymerization. In addition, the
presence of two nitrogen atoms in NHC led to n-electron
donation characteristics that further increased the interac-
tion between the NHC and copper surface compared to the
aryl-metal interactions.

The presented results show that NHC nanolayer can
mitigate Cu film oxidation. It is hypothesized that the
functionality of this layer can be further improved by
increasing the density of surface anchored molecules and by
enhancing the crosslinking between neighboring oligomers
toward the formation of a dense nanolayer network. This

Angew. Chem. Int. Ed. 2022, 61, €202201093 (6 of 8)

optimization can be achieved by tuning the chemical
structure of alkyne-NHC to enable higher surface density
and improved crosslinking capabilities. Exposure of the
sample to irradiation can also be utilized for nanolayer
network formation, as demonstrated in topochemical poly-
merization of diacetylenes.”™

Conclusion

In this work, we demonstrate that a 2nm thick NHC-
nanolayer can be prepared on copper films by using electro-
chemically assisted deprotonation of alkyne-functionalized
imidazolium salt and show that nanolayer-coating provides
surface passivation that mitigates copper oxidation. In the
electrochemical nanolayer formation process, hydroxide
ions are electrochemically formed on a copper electrode by
water reduction. The localized base formation enabled
deprotonation of the imidazolium salt precursors and NHCs’
anchoring on copper electrodes. Alkyne groups were
deprotonated by the localized basic environment, leading to
on-surface polymerization and nanolayer formation. NHC-
nanolayer was characterized by a self-limiting growth
mechanism that induced a nanolayer thickness of 2.0+
0.5nm. The high spatial and temporal proximity between
the deprotonation, surface-anchoring and polymerization
steps enabled the formation of NHC nanolayer on the
copper electrode and circumvented the solution-phase
polymerization. The pK, differences between the imidazo-
lium and alkyne groups provided the capability to discrim-
inate between the surface-anchoring and polymerization
steps and to form a highly-dense nanolayer, with strong

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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surface affinity. It is plausible that strong carbene-metal
interactions and NHC interconnections in the encapsulating
nanolayer provided the high thermal and chemical stability
to mitigate copper oxidation in air under elevated temper-
ature (100°C) and alkaline environment. The oxidation
mitigation capabilities of NHC-nanolayer outperformed that
of NHC monolayer. The ease of preparation and well-
controlled growth process of electrochemically-induced
NHC nanolayer make it an easily-applicable method for
large-scale coating to provide thin and effective passivation
layer for copper surfaces. Moreover, the electro-induced
mechanism of NHC-nanolayer formation makes it possible
to selectively deposit the protective layer on conducting
copper wires without changing the optical properties of the
entire device. These advantages make the presented tech-
nology highly suitable for applications that require high
transparency, such as solar cells and electroluminescence
devices.
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