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ABSTRACT: Although the functionalization of noble metals with
N-heterocyclic carbenes (NHCs) is well-known, the interactions of
these versatile ligands with common alloys are not. Herein, we
present an immersion-deposition approach that enables the
modification of mild steel (MiS) with diisopropylbenzimidazolium
hydrogen carbonate (""NHC-H,CO,). The NHC-modified surface
was characterized by X-ray photoelectron spectroscopy, angle-
resolved X-ray photoelectron spectroscopy, atomic force micros-
copy-based infrared spectroscopy, time-of-flight secondary ion mass
spectrometry, and matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry. These experimental methods provide
support for the functionalization of mild steel with "NHC and for
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the reduction of surface oxide by the carbene. Electrochemical analyses and salt immersion tests were also performed and they
showed that the NHC coating increases the corrosion resistance of MiS. This study demonstrates that immersion deposition is a
viable method for the modification of mild steel surfaces with N-heterocyclic carbenes and shows the potential for mitigating

corrosion.

1. INTRODUCTION

Steel is a ubiquitous material, extensively used in construction
and transportation due to its strength and durability.' ™
Because of its widespread use, protecting steel from corrosion
is a multibillion-dollar industry.”> The majority of anticorro-
sion technologies employ coatings’™"' that are physically
adhered (ie., physisorbed'”) to metal surfaces. Over time,
these coatings delaminate, resulting in corrosion and significant
waste, >~

Recently, N-heterocyclic carbenes (NHCs) have attracted
interest for their ability to form stable films on a variety of
metal surfaces.'™*' In molecular chemistry, NHCs are known
for their strong covalent bonds with transition metals,>>>>
which have translated into stable self-assembled monolayers on
a variety of metal surfaces, including Au, Cu, Ag, Pt, Ru, Pd,
and Co 16:18/1921,34-39

Scanning tunneling microscopy has shown that NHCs form
densely packed and highly ordered structures on metal
surfaces, with surface orientation depending largely on the
steric effects induced by the substituents on the two nitrogen
atoms, 234043

Despite these promising studies, the use of NHCs in
protecting the most globally employed alloy, steel, has never
been reported. Compared to noble metals, steel has a more
complex surface that is much more susceptible to corrosion.**

© 2024 American Chemical Society

7 ACS Publications 76

Although steel has yet to be explored, the NHC-functionaliza-
tion of an iron oxide surface by electrodeposition has recently
been found to lead to interactions between the metal and
NHC as well as the metal oxide and NHC.*

Herein, we describe methods to prepare and characterize
PINHC-modified mild steel (MiS) surfaces, where *"NHC =
1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene. NHC-modi-
fied and unmodified MiS surfaces were examined by matrix-
assisted laser desorption/ionization time-of-flight mass spec-
trometry (MALDI ToF-MS), time-of-flight secondary ion mass
spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy
(XPS), angle-resolved XPS (ARXPS), atomic force micros-
copy-based infrared spectroscopy (AFM-IR), and scanning
electron microscopy with energy dispersive X-ray spectroscopy
(SEM—EDX). Using this multianalytical approach, oxide
thickness changes were quantified, oxide compositional
changes were identified, and the coverage of the P'INHC
layer on MiS was elucidated. Electrochemical impedance
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Figure 1. (a) Schematic demonstrating the immersion deposition of " NHC on mild steel. (b) Molecular structures of ""NHC-related ions
observed by mass spectrometry. Mass spectra of unmodified MiS were obtained by MALDI (c) and ToF-SIMS (d). Mass spectra of NHC-modified
MiS by MALDI (e) and ToF-SIMS (f) with signals appearing at 119 m/z (fragment ion) and 203 m/z (pseudomolecular ion) indicating successful
deposition. A signal at 219 m/z (NHC-urea ion) is also observed by MALDI (e), possibly indicating an iron oxide reduction process.

spectroscopy (EIS) and potentiodynamic polarization (PDP)
measurements, along with a salt immersion test, were also
carried out to determine the corrosion resistance of the NHC
layer. These corrosion tests revealed an increase in corrosion
resistance after NHC deposition both numerically (by fitting)
and visually (by optical microscopy).

2. RESULTS AND DISCUSSION

2.1. Functionalizing Mild Steel with P'NHC. ™"NHC-
H,CO; was employed as the NHC precursor based on its
extensive use in the literature,'”!®?%373840424647 11y thig
study, films of ™'NHC were also found to have superior
thermal stability compared to counterparts with smaller
substituents on nitrogen (ToF-SIMS spectra found in Figures
S3 and S4). Prior to deposition, the MiS coupons were
polished using P1200 SiC paper and cleaned by sonication in
2-propanol followed by acetone (see Supporting Information,
Sections 1.1—1.4 for experimental methods). Immersion
deposition was carried out for 24 + 0.5 h at room temperature
(RT) under quiescent conditions with S mM solutions of
P'INHC-H,CO; in MeOH. After deposition, the coupons were
rinsed four times with MeOH for 1 min each rinse.

Immersion deposition resulted in the functionalization of
MiS by P'NHC as determined by the observation of a signal at
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203 m/z (C;3N,H}4") in both MALDI and ToF-SIMS spectra
(Figure le,1f), corresponding to the singly charged ""NHC*
pseudomolecular ion (full ToF-SIM spectra found in Figure
S5). The term pseudomolecular ion is here used to denote that
the NHC ion is protonated, and formed during the ionization
process of the techniques. This ion was detectable even after
the washing procedure, indicating an interaction with the
surface that is stronger than simple adsorption. MALDI and
ToF-SIMS (positive secondary ion mode) mass spectrometry
also revealed a fragment signal at 119 m/z (C,N,H,"),
validating the presence of "NHC on MiS (Figure le,1f). As
further validation of the pseudomolecular ion’s identity, the
NHC + 1 isotope was observed at 204 m/z, which was only
present at the correct natural abundance (C13% + N15%) for
ToF-SIM spectra (see mass spectra in Figure S6). To increase
the complexity of the surface, similar ToF-SIMS experiments
were run on stainless steel (SS) 304 and high strength steel
(HSS), which also show peaks at 203 and 119 m/z (ToF-SIM
spectra found in Figures S7 and S8). A peak at 219 m/z
(C13N,H,,0*) was also observable by MALDI mass spectra
(Figure le) and is attributed to NHC-urea (""NHC=O0).
This peak has been observed in previous studies and was found
to be caused by the reduction of copper oxide to copper
metal.”’ Thus, the observation of this signal may be an

https://doi.org/10.1021/acs.chemmater.4c01804
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Figure 2. (a) Schematic demonstrating that the presence of the NHC was confirmed on MiS by MALDI, ToF-SIMS, and AFM-IR. (b) ToF-
SIMS surface map of the C,3N,H,," ion on NHC-modified MiS. (c) ToF-SIMS surface map of the Fe ion on NHC-modified MiS. (d) DFT-
calculated IR spectrum of bulk *"NHC-H,CO, (blue), experimental Fourier transform infrared spectroscopy (FTIR) spectrum of bulk P*"NHC-
H,CO; (orange), and experimental AFM-IR spectrum of NHC-modified MiS (red), highlighting the C—N stretching frequency at 1264 cm™". (e)
AFM-IR surface map of NHC-modified MiS tuned to the C—N stretching frequency at 1264 cm™ (yellow = highest density of C—N stretch).

indication of the involvement of NHC in the reduction of iron methods. DFT calculations also confirmed that the formation
oxide. of ™ NHC=O0 is particularly thermodynamically favorable,
Using density functional theory (DFT) at the B3LYP/def2- with a free energy change of AG = —306 kJ/mol (if formed

TZVP level within the SMD solvation model for acetonitrile
(CH4CN), we determined that the energy required for the
formation of the reactive carbene from the ""NHC precursor,
via proton transfer to the HCO;™ moiety, is AG = +79.9 kJ/
mol (see Supporting Information, Section 1.17 for details).
This process was calculated to be barrierless, indicating that it

from 1/2 O,). This suggests that ""NHC=O0 is a likely
byproduct when it is exposed to potential oxygen sources such
as iron oxide, supporting its formation under our experimental
conditions.

Thermogravimetric analysis (TGA) was attempted to

should readily occur at room temperature. This supports the monitor the degradation of the NHC deposit upon exposure
feasibility of NHC deposition using simple immersion to elevated temperature; however, these experiments were
78 https://doi.org/10.1021/acs.chemmater.4c01804
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Figure 3. N 1s, C 1s, and Fe 2p high-resolution XP spectra of bulk P'NHC-H,CO;, MiS that was immersed in MeOH for 24 h (control), and
PINHC-modified MiS (AdC = adventitious carbon, NHC? = NHC degradation product, LOD = limit of detection). Note: Fe 2p XP spectra were
not collected for the bulk powder, as P NHC-H,CO; is not expected to contain any Fe.

unsuccessful because of the low mass of the NHC layer. The
TGA data can be found in Figure S9.

2.2. Surface Distribution of "NHC on Modified Mild
Steel. Having confirmed effective MiS surface functionaliza-
tion with 'NHC, we next interrogated the surface distribution
by using ToF-SIMS and AFM-IR spectroscopic mapping. The
ToF-SIMS map of the C;;N,H," parent ion (Figure 2b)
shows a wide coverage of NHC over the MiS surface
(detectable in 99.4% of pixels, details in Supporting
Information, Section 1.11), confirming NHC-overlayer for-
mation. ToF-SIMS analysis also revealed a slight attenuation of
the Fe* ion (55.9 m/z) intensity after deposition (Figure S10),
which supports the presence of a thin "*"NHC film since the
probing depth of ToF-SIMS is 1—3 nm.** The (attenuated)
Fe' ion signal was mapped across an "NHC-modified MiS
coupon as shown in Figure 2c.

To provide more information about the NHC distribution
on a smaller scale than that obtained with ToF-SIMS, we
performed AFM-IR mapping (using a mirror-polished surface
instead of P1200 SiC polished). First, an AFM-IR spectrum
was obtained for the treated surface (Figure 2d, red line) to
identify a frequency that could be attributed to the NHC layer
(an AFM-IR spectrum of the untreated surface can be found in
Figure S11, including the spectra in Figure 2d for reference).
For comparison, the FTIR spectrum of bulk *"NHC-H,CO;
powder (Figure 2d, orange line) and the DFT-predicted
spectrum of that same compound (Figure 2d, blue line) are
also presented (full spectra in Figure S12). While DFT-
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predicted frequencies are typically less accurate for crystalline
compounds, they provide a general reference for identifying
key vibrational modes.

Although the AFM-IR spectrum for the treated surface
differs from that of the bulk powder, it remains consistent with
the presence of an organic overlayer. In bulk, a C—N stretching
frequency is observed at 1247 + 4 cm™’, assigned based on the
DFT simulation and literature data on benzimidazolium
compounds.””**° For the treated surface, we tentatively
assign the peak at 1264 + 1 cm™' to a shifted C—N stretch
corresponding to surface-bound NHC. To further explore the
surface distribution, an AFM-IR map was generated by tuning
the IR laser to 1264 cm™' (Figure 2e). With higher spatial
resolution (<10 nm)®' than ToF-SIMS (<50 nm, but 3.9 ym
in this case),’” the AFM-IR map highlights the nanoscale
heterogeneity of the NHC-surface coverage on MiS.

2.3. XPS Analysis of "NHC-Modified Mild Steel. Next,
we employed XPS analysis to observe speciation changes on
the MiS surface after functionalization. X-ray photoelectron
(XP) spectra of the bulk P"NHC-H,CO; powder (N Is, C Is,
and O 1s), MiS control (N 1s, C 1s, and Fe 2p), and 5§ mM
NHC-deposited MiS (N 1s, C 1s, O 1s, and Fe 2p) were
collected. The N 1s signal was below the limit of detection
(LOD) for the unfunctionalized control MiS sample. The N 1s
high-resolution spectra of the bulk powder and NHC-
deposited MiS revealed one major signal at 401.0 eV along
with a small shoulder at 399.0 eV, which may be attributed to
X-ray induced NHC degradation products or other N-

https://doi.org/10.1021/acs.chemmater.4c01804
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containing products (Figure 3 left column, Table S7). Upon
deposition on MiS, the NHC nitrogen signal shifts to 401.8 eV.
Interestingly, the peak originally at 399.0 eV also moves
upward by 0.8 eV upon deposition. A peak at 401.8 eV
indicates degradation products of the alkyl ammonium type
NR,".>>** These spectra, hence, likely show reaction products
rather than NHC bound to the metal or oxide.

The C 1s high-resolution spectra showed peaks originating
from air contamination (adventitious carbon, AdC) and the
organic compounds of interest. High-resolution C 1s XP
spectra were fit according to a previous report on fitting AdC™>
and NHC fitting parameters derived from fitted bulk ""NHC
spectra (see Supporting Information, Tables S8, S9 and Figure
S$13 for detailed XPS fittings and fitting parameters). The C 1s
XP spectra confirmed the presence of "NHC on NHC-
modified MiS as well as in the reference, bulk *"NHC powder
(Figure 3 middle column). Aside from AdC, the C 1s high-
resolution XP spectra of the MiS control detected carbonate
(from iron carbonate, determined by Fe 2p XP spectra), which
was absent on the NHC-modified MiS.

High-resolution Fe 2p XP spectra were fit according to
literature reports (see Figure S14 for detailed XPS fitting).*®
Analysis of the Fe 2p XP spectra of unmodified MiS samples
revealed that the carbonate can be attributed to FeCO;, which
was absent on the NHC-modified MiS (Figure 3 right
column). The two possible justifications for the absence of
FeCO; on the P*"NHC-modified MiS are (1) without NHC-
modification, the MiS undergoes CO, corrosion, forming
FeCOj; as a corrosion product,” or (2) the NHC reduces all
FeCOs; in the deposition process, cleansing it from the NHC-
modified MiS surface. At this time, we are not able to
differentiate between these two possibilities. For both the
control and NHC-modified MiS, Fe,03, Fe;0,, and FeO were
observed in the oxide layer (Figure 3 right column). A lower
amount of iron oxide was observed for the NHC-modified MiS
compared to the control, as indicated by the decrease in signal-
to-noise ratio and increased metallic-to-oxide Fe 2p peak ratio
(Figure 3 bottom ri ‘ght square). A peak at 708.2 eV has been
assigned by others™ to a Fe—C signal resulting from the
interaction between NHC and FeO, wafers. However, in our
case, no shift in the Fe 2p peak was observed in the presence of
NHC. This may be because this signal is obscured by the
stronger metallic Fe signal.

The high-resolution XP spectra for bulk "NHC-H,CO,
showed peaks for organic oxides (see Figure S15i for detailed
XPS fitting). The O 1s XP spectra of the control and modified
MiS samples reflected their respective Fe 2p XP spectra, with
lattice oxide and hydroxide peaks appearing for both and a
FeCO3 peak only appearing for the unmodiﬁed MiS (see
and Fe 2p XP spectra.

2.4. Quantifying Oxide Reduction by P'NHC Using
Angle-Resolved XPS. To quantify oxide changes, angle-
resolved XPS (ARXPS) analyses were carried out using mirror-
polished MiS coupons. ARXP spectra were measured at tilt
angles of 0° for the control MiS (Figure 4a), 0, 30, and 45° for
5 mM P"NHC-deposited MiS (Figure 4b), and 0, 30, 45, and
60° for 20 mM P"NHC-deposited MiS (Figure 4c). Using the
same C Is fitting parameters for XPS analysis, a higher amount
of NHC was observed for 20 mM than 5 mM NHC-modified
MiS at all tilt angles, as expected. This was consistent with
findings from the N 1s spectra (see Figure S16 and Table S10
for N 1s ARXPS details). As the tilt angle was increased,
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Figure 4. Schematic layering of (a) 0, (b) 5, and (c) 20 mM P"NHC-
modified MiS samples accompanied by their respective C 1s and Fe
2p speciation composition at varying tilt angles (AdC = adventitious
carbon, LOD = limit of detection). *The layering for (a) has not been
defined because only the 0° tilt angle was measured, but it is assumed
in this order due to S and 20 mM NHC-deposited MiS ARXPS
measurements.

resulting in higher surface sensitivity, a decrease in the overall
Fe peak intensity was observed, confirming the presence of a
carbon-rich top layer for the 5 and 20 mM NHC-deposited
MiS samples (see ARXP spectra in Figure S16). The relative
amount of NHC does not significantly vary with increasing tilt
angles, which is also indicative of a carbene overlayer. Due to
the presence of the NHC overlayer, Fe 2p XP spectra could
not be collected at 45° and 60° tilts for the 20 mM sample.
Since ""NHC is known to decrease copper oxide prior to
functionalization,”’ we examined the ability of ”NHC to
decrease surface iron oxide as well. Using Fe 2p XP spectra, the
oxide thickness, as determined from the oxide-to-metal ratio
and known mean free paths,sg‘59 was calculated to be 2.7 + 0.1
nm for the control, 2.2 £ 0.1 nm for the S mM NHC-modified
MiS, and 2.3 + 0.1 nm for the 20 mM NHC-modified MiS.
Oxide thickness calculations from the free mean paths were
independent of the data set (which tilt value) used, increasing
their reliability. Overall, "NHC was found to interact with and
slightly reduce the oxide layer by at least 04 nm (15%),
consistent with results obtained with Cu.”" Although no peaks
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(N 1s and Fe 2p) associated with Fe-NHC nor Fe—O—NHC
were observed by (AR)XPS, the decrease in oxide thickness is
attributed to reduction by NHC as the deposition of NHC
resulted in the disappearance of FeCOj.

2.5. Electrochemical Characterization of the *'NHC
Layer on Mild Steel. To determine whether the "NHC layer
provided additional corrosion resistance for the MiS surface,
electrochemical impedance spectroscopy (EIS) and potentio-
dynamic polarization (PDP) measurements were carried out.
Each electrochemical measurement was done in 3.5 wt % NaCl
with ultrapure water. Before each EIS or PDP measurement,
the surface was given 30 min to stabilize in the electrolyte at
open circuit potential (OCP).

EIS measurements confirmed an increase in corrosion
resistance after NHC deposition on MiS. The increase in
charge transfer resistance is observed in the Nyquist plot in
Figure Sa by the larger magnitude of the NHC-modified MiS
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Figure 5. (a) Nyquist plots of unmodified (blue) and **NHC-
modified (red) mild steel. The symbols (i.e, squares and triangles)
indicate the raw data and the solid lines are the respective fittings. The
exposed surface area for all samples during electrochemical measure-
ments was 1 cm? (b) Digital microscopy images of MeOH control,
NaHCO; control, and "NHC-modified mild steel coupons. The
striation, observed for every variation, is a result of polishing with a
P1200 SiC paper (i.e., polish lines).

compared to the unmodified control (EIS fitting details and
calculated resistance values can be found in Figure S2 and
Table S11). PDP measurements also showed a slight
improvement in corrosion resistance by a positive shift in the
corrosion potential after NHC deposition, consistent with EIS
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results (PDP plots and fitting details are found in Figure S17
and Table S12, respectively).

The stability of the NHC layer was also evaluated by an
international American Society for Testing and Materials
(ASTM) standard-based test, where the samples were
immersed in 3.5 wt % NaCl for 1 h at room temperature.*’
After 1 h, the MiS coupons were removed from the salt
solution, dried, and immediately imaged by digital microscopy.
The digital microscope images of varying corrosion artifacts
(CAs) on each coupon are shown in Figure Sb.

Both MeOH and NaHCO; controls displayed dark
corrosion artifacts (CAs). Although the corrosion observed
on the MeOH control was more widespread than that of the
NaHCO; control, the NaHCOj; control had a higher surface
density of CAs due to the larger size of CAs (calculated surface
density values in Table S13). The "NHC-modified MiS was
the least corroded with only a few CAs, demonstrating the
deposited "NHC as a protective layer.

3. CONCLUSIONS

The use of NHC ligands to modify the surface of mild steel
was demonstrated with N,N-diisopropylbenzimidazolylidene
(**NHC) deposited from its carbonic acid salt. Successful
functionalization of MiS using an immersion-deposition
method was confirmed by MALDI, ToF-SIMS, AFM-IR, and
XPS analysis. Using ToF-SIMS surface maps of ""NHC* and
Fe" ions, we observed a thin, widespread NHC layer and found
this overlayer to be heterogeneous on the nanoscale by AFM-
IR mapping. Using angle-resolved XPS, the NHC was found to
reduce a portion (0.4 nm or 15%) of the oxide layer and alter
its composition after modification. Corrosion tests in 3.5 wt %
NaCl revealed the potential of the NHC modification as a
protective layer due to the observed increase in corrosion
resistance upon deposition. Our study sets the groundwork for
developing more NHC-functionalized Fe-based alloys.

4. EXPERIMENTAL METHODS

4.1. Materials. Mild steel (MiS), SSAB Form 200, from SSAB AB
(Borlange, Sweden), with a 1 mm thickness was used as the main
substrate. The MiS composition and mechanical properties are given
in Tables S1 and S2. Stainless steel 304 (SS 304) obtained from
Outokumpu Nirosta GmbH (Krefeld, Germany), with a 1 mm
thickness, was used for ToF-SIMS experiments. The SS 304
composition and mechanical properties are given in Tables S3 and
S4. High-strength steel (HSS) obtained from SSAB AB (Borlange,
Sweden), with a 1 mm thickness, was used for ToF-SIMS
experiments. The HSS composition and mechanical properties are
given in Tables S5 and S6. MiS, SS 304, and HSS sheets were cut into
10 mm X 10 mm coupons, 15 mm X 1S mm coupons, and 18 mm X
18 mm coupons. SiC polishing pads (P800, P1200, and P4000), MD-
Pan, MD-Mol, and MD-Nap clothing pads, and DiaPro diamond
suspension (9, 3, and 1 ym) were purchased from Struers. 80-grit
alumina particles (Al,0;) were purchased from the Ruddock
Company. For electrochemical tests, a flat electrochemical cell
(including a Pt counter electrode) purchased from Ametek (model
K023S) was used, along with a saturated calomel electrode (SCE)
purchased from Gamry. 2-Nitro-4-(trifluoromethyl) aniline was
purchased from Alfa Aesar; chloroform-d, and methanol-d, were
purchased from Sigma-Aldrich.

4.2. General Method for the Synthesis of the NHC
Precursor. Reactions were performed in flame-dried flasks with
reagent-grade solvents with the exception of CH,Cl, and pentanes,
which were distilled from calcium hydride prior to use. Workup
purifications were performed using commercial reagent-grade
solvents.
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4.3. Synthesis of 1,3-Diisopropylbenzimidazolium lodide.
In a pressure tube, benzimidazole (11.84 g 100 mmol, 1 equiv),
K,CO; (20.80 g, 150 mmol, 1.5 equiv), and acetonitrile (200 mL)
were added. 2-Iodopropane (31 mL, 300 mmol, S equiv) was slowly
added, and the flask was sealed and stirred at 90 °C for 48 h. The
reaction mixture was allowed to cool to room temperature and was
then transferred to a round-bottom flask and the solvent was
removed. Dichloromethane was added until just dissolved, and diethyl
ether was added to precipitate solid. The solid was collected and
washed with ether followed by subsequent drying under high vacuum
to afford the desired colorless powder (79.4% yield, 25.2 g). "H NMR
(CDCl,, 700 MHz): § 10.92 (s, 1H), 7.81 (dd, J = 6.23, 3.15 Hz,
2H), 7.65 (dd, ] = 6.30, 3.08 Hz), 5.21 (sept, ] = 6.79 Hz, 2H), 1.87
(d, J = 6.86 Hz, 12H). '*C NMR (CDCI3, 700 MHz): § 139.62,
130.78, 127.04, 113.94, 52.45, 22.23. CHN: Calculated for
Ci3N,H o I: C: 47.29, H: 5.80, N: 8.48 Found: C: 47.75, H: 5.82,
N: 8.59 ESI-MS, calculated (m/z) for [C;3N,H o] 203.15; found:
203.17

4.4. Synthesis of 1,3-Diisopropylbenzimidazolium Bicar-
bonate. Resin-HCO; (200 mL, 3 equiv) suspended in water was
measured in a graduated cylinder and transferred to a 100 mL round-
bottom flask, where the resin was allowed to settle, and water was
decanted off. The resin was washed with methanol three times. 1,3-
Diisopropylbenzimidazolium iodide (16.5 g, 50.0 mmol, 1 equiv) was
dissolved in methanol (250 mL) and transferred to the resin. The
mixture was stirred for 1 h. The solution was passed through a cotton
plug and washed with methanol. The solvent was evaporated by air
stream and the crude oily product was triturated in acetone and
diethyl ether (1:1). The solvent was decanted, and trituration was
repeated. Subsequent drying under high vacuum afforded white
powder of product (57.0% yield, 7.56 g). '"H NMR (CDCl,, 700
MHz): 5 8.07 (dd, ] = 6.3, 3.2 Hz, 2H), 7.75 (dd, ] = 6.3, 3.1 Hz, 2H),
5.11 (sept, J = 6.7 Hz, 2H), 1.77 (d, ] = 6.7 Hz, 12H). *C NMR
(CDCL,, 700 MHz): § 161.42, 138.96, 132.59, 128.19, 114.97, 52.83,
22.11. CHN: Calculated for C;,N,0;H,: C: 63.62, H, 7.63, N: 10.60
Found: C: 62.41, H: 7.67, N: 10.31

4.5. Mild Steel Surface Preparation. MiS coupons were
polished with P1200 SiC polishing pads using a Struers
TegraForce-$ polishing machine until the surface was visibly smooth
and uniform.

For atomic force microscopy-based infrared spectroscopy (AFM-
IR) and angle-resolved X-ray photoelectron spectroscopy (ARXPS)
analysis, coupons were polished with the following sequence of SiC
polishing pads; P800, P1200, and P4000, using a Struers TegraForce-
S polishing machine until the surface was visibly smooth and uniform.
Then, using MD-Pan, MD-Mol, and MD-NAP cloth pads, the surface
was further polished with 9, 3, and 1 um diamond suspension,
respectively, to get a mirror-finish surface. The 10 X 10 mm coupons
were used for both procedures.

To optimize the immersion-deposition method based on the effects
of surface roughness, two more surface variations were introduced: as-
received (AR) and sandblasted (SB). To obtain the SB variation, a
grit-blaster (ECO 420—Sandblasting Cabinet for Light-Duty
Applications, International Surface Technologies) with 80-grit
alumina particles (AL,O;) was used. The AR variation was achieved
by leaving the coupons as received without abrasion.

After the surface was prepared with one of the above-mentioned
methods, coupons were cleaned for 10 min in acetone followed by 10
min in isopropanol using a sonicator (Branson 2510). Subsequently,
the coupons were dried with nitrogen gas.

4.6. Stainless Steel 304 Surface Preparation. Stainless steel
304 (SS 304) coupons were polished with SiC papers (800, 1200, and
4000), followed by aluminum polishing (0.05 ym) using a Struers
TegraForce-S polishing machine until the surface was visibly mirror-
polished. After polishing, the coupons were cleaned ultrasonically in
acetone, followed by isopropanol for 10 min each. Then, the coupons
were dried with nitrogen gas at room temperature and left in a
desiccator until deposition. Before NHC deposition, the coupons
were cleaned again ultrasonically (following the above-mentioned

steps).

82

4.7. High Strength Steel Surface Preparation. High strength
steel (HSS) coupons (as-received) were cleaned ultrasonically in 2-
propanol followed by acetone for 10 min each. Then, coupons were
dried with nitrogen gas.

4.8. Immersion-Deposition Method. Following surface prep-
aration, the coupons were placed directly into fresh 5 mM ""NHC-
H,CO; in MeOH solution and immersed for 24 + 0.5 h. The
coupons were placed with their to-be-modified faces facing upward.

After the 24 h immersion period, coupons were removed from
solution, placed in a clean Petri dish, and rinsed with 4 X 15 mL of
MeOH by swirling the coupons around for 1 min each time. After
being rinsed, the coupons were dried with a direct stream of nitrogen
gas and stored in a desiccator at room temperature.

The control (or reference) coupons were subject to the same
conditions but with pure MeOH (no ""NHC-H,CO;). The coupons
were directly dried with nitrogen gas after the 24 h immersion and
stored in a desiccator at room temperature.

For ARXPS analysis, the immersion-deposition methods were
repeated using 20 mM ""NHC-H,0;. This provided concentration-
dependent information about the thickness of the deposited layer and
MiS surface interactions by ARXPS.

4.9. Scanning Electron Microscopy—Energy Dispersive X-
ray Spectroscopy (SEM—EDX). SEM—EDX analysis was carried
out using a FEI Quanta 450 FE-SEM coupled with an EDAX Octane
Super 60 mm?* SDD and TEAM EDS Analysis System. Each analyzed
coupon was adhered to the stage using double-sided carbon tape and
was analyzed using secondary electrons with an accelerating voltage of
10 kV, a spot size of 2.5 nm, and a dwell time of 300 ns. The EDX
analysis was done by using point analysis.

4.10. X-ray Photoelectron Spectroscopy (XPS). XPS analysis
was carried out using a Thermo Fisher Scientific K-a X-ray
Photoelectron Spectrometer and a monochromatic Al K(a) source.
Single point analysis was performed on each coupon, collecting a
survey spectrum (S scans, pass energy, PE of 200 eV) and four high-
resolution spectra of C 1s, O 1s, N 1s, and Fe 2p (10 scans each, pass
energy of 50 eV). Each spectrum was analyzed and fit by using version
6.5.0 of the Avantage Surface Chemical Analysis software by Thermo
Scientific. All scans were charge-corrected using the adventitious
carbon (C 1s), with a binding energy (BE) of 284.8 eV. The survey
scan was fitted using the automatic ID function. The peaks in the
high-resolution spectra were fitted using the Smart peak background
function, a Convolve Gaussian—Lorentzian mix, and a Powell fitting
algorithm.

Another set of XPS measurements was performed using a Kratos
AXIS Supra Spectrometer with a monochromatic Al Ka source (15
mA, 15 kV). Instrument work functions were calibrated to give Au
4f,,, metallic gold BE of 83.96 eV. The base pressure of the
instrument was 8 X 107'° Torr. The survey scan spectra were
collected with an analysis area of approximately 300 ym X 700 ym at
a 160 eV pass energy (PE). High-resolution analyses were carried out
with an analysis area of 300 #m X 700 pm at 20 eV PE. The Kratos
charge neutralizer system was used on all specimens, which were
electrically isolated (floated). High-resolution C 1s, O 1s, N 1s, and
-Fe 2p were collected. All spectra were charge-corrected to the
aliphatic carbon signal at a BE of 284.8 eV (adventitious carbon, C—
H, C—C on sample) and analyzed using CasaXPS$ software (version
2.3.2.6) with a Shirley background.

During bulk NHC measurements, the "NHC-H,CO; powder was
electrically isolated from the stage to obtain a constant surface
potential. A copper tape masking technique was used to further
improve the charge neutralization of the samples. To investigate peak
changes originating from ultrahigh vacuum and X-ray exposure and
subsequent heat generated from X-ray exposure, timed degradation
studies of the "NHC-H,CO, powder were carried out on one sample
spot for 10 h (one measurement per hour). During each hour, the
spectra were collected for 40 min and no spectrum was collected in
the remaining 20 min.

4.11. Angle-Resolved X-ray Photoelectron Spectroscopy
(ARXPS). The ARXPS experiments were completed by using a Kratos
AXIS Supra Spectrometer with a monochromatic Al Ka source (15
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mA, 15 kV). Electrostatic mode was used throughout, and the samples
were measured at 0, 30, 45, and 60° tilt angles.

4.12. Time-of-Flight Secondary lon Mass Spectrometry
(ToF-SIMS). ToF-SIMS measurements were performed with an
ION-TOF-SIMS 1V instrument on five different spots on each metal
coupon. A pulsed 25 keV Bi;" cluster primary ion beam was used to
bombard the sample surface to generate secondary ions. A pulsed,
low-energy electron flood was used to neutralize the sample charging.
Ion mass spectra were collected in an area of 500 gm X 500 um at
128 X 128 pixels (3.9 um per pixel). Normalization intensities of ions
to the total ion intensity were used.

The measurements were performed on unmodified, 5 and 20 mM
NHC-modified mild steel coupons. To compare the thermal stabilities
of the two different NHCs, the NHC-modified coupons were further
exposed to 100 °C for 1 h in air, followed by further rinsing and ToF-
SIMS measurements.

To determine the surface coverage of the NHC from mapping, an
arbitrary cutoff pixel value was used.

4.13. Matrix-Assisted Laser Desorption/lonization Time-of-
Flight Mass Spectrometry (MALDI ToF-MS). MALDI ToF-MS
analysis was carried out by using a Bruker Autoflex III Smart Beam
MALDI ToF Mass Spectrometer. A Nd:YAG laser with a wavelength
of 355 nm and a laser pulse of 5 ns was used. The acquisition method
used was a positive reflector mode. To analyze the surface of the
coupons directly, a custom three-dimensional (3D)-printed sample
holder of poly(ethylene terephthalate) glycol was made. Although the
instrument abbreviation MALDI is used throughout the text, no
matrix was used.

4.14. Atomic Force Microscopy with Infrared Spectroscopy
(AFM-IR). The Anasys nanoIR2 spectrometer equipped with a pulsed
tunable QCL laser (900—1900 cm™") was utilized to collect AFM-IR
data on MiS coupons. Contact-mode AFM-IR analysis was performed
with a precalibrated (using a test sample) gold cantilever. The
chemical map, which reveals the distribution of P*NHC over the
surface was obtained by tuning the AFM-IR laser with C—N
stretching frequency at 1264 cm™'. Subsequently, the signal power
was optimized by pulse tuning the signal to improve intensities and
avoid split signals to obtain IR absorption spectra at the nanoscale of
the sample. AFM-IR spectra were collected with 1 cm™ spectral
resolution. All data was collected and treated using the Analysis
Studio (version 3.15) software.

4.15. Fourier Transform Infrared Spectroscopy (FTIR). A
Spectrum II FTIR spectrophotometer from PerkinElmer was utilized
to record the IR spectrum of the "NHC-H,CO; powder. Spectra
were collected at a resolution of 4 cm™.

4.16. Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H
and *C NMR spectra were recorded on a Bruker Instruments (Neo-
600) operating at denoted spectrometer frequency given in megahertz
(MHz). 'H chemical shifts are referenced to the residual protons of
the deuterated solvents CDCl, (at § = 7.26 ppm) and CD;0D (at § =
3.31 ppm); *C chemical shifts are referenced to the CDCl; and
CD;OD signals at § = 77.16 and 49.00 ppm, respectively. The
following abbreviations are used to describe NMR signals: s = singlet,
d = doublet, t = triplet, q = quartet, sept = septet, and m = multiplet.
All data was processed using MestReNova 11.0 software.

4.17. Digital Microscopy. To image the samples before and after
undergoing stability testing in 3.5 wt % NaCl, a Keyence VHX-7000/
7000N Microscope was used. The 200—2000 magnification lens was
used with full-ring or partial-ring. To enhance the image quality, the
“Increase Image Quality” function was chosen.

4.18. Density Functional Theory (DFT) Calculations. All DFT
calculations were performed using the Gaussian 16 suite.”’ Geo-
metries and frequency calculations were done at the B3LYP-D3/6-
311+G(2d,2p)*> level of theory in SMD®* implicit solvent model
for CH;CN. After optimization, ground states were confirmed to be
local minima by the absence of imaginary frequencies. Thermody-
namic functions were calculated for the default temperature of 298.15
K and a pressure of 1 atm. For the simulated spectra, the harmonic
frequencies were scaled by a factor of 0.97 to account for
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anharmonicity. Peak broadening was simulated in the software
GaussView® using a half-width at half height of 4 cm™.

4.19. Open Circuit Potential (OCP) Measurements. OCP was
run on a BioLogic potentiostat for a total of 30 min in 3.5 wt % NaCl
solution before each potentiodynamic polarization and electro-
chemical impedance spectroscopy measurement.

4.20. Electrochemical Impedance Spectroscopy (EIS) Meas-
urements. All EIS measurements were carried out using galvano-
static mode in 3.5 wt % NaCl solution using a Biologic potentiostat. A
frequency range of 1 mHz to 1 MHz was used, along with a sinus
amplitude of 10 mV. Fitting procedure and equivalent circuits are
given in the Supporting Information.

4.21. Potentiodynamic Polarization Measurements. PDP
measurements were performed on unmodified and P"'NHC-deposited
MiS coupons in 3.5 wt % NaCl solution to determine their corrosion
potentials. The initial potential was set to —0.3 V vs the prior
measured OCP, with a scan rate of 0.5 mV/s, and a final potential of 1
V (vs the reference calomel electrode). The measurement was often
stopped before reaching the final potential if a steady plateau (~S5—
65 mA) was achieved. Tafel fitting was carried out using the Tafel fit
function in EC-Lab software (version 11.50) to determine the
corrosion potential.

4.22. Salt Immersion Test and Corrosion Artifact Density
Calculations. NHC-modified and unmodified (MeOH control) MiS
coupons were immersed in S0 mL of 3.5 wt % NaCl solution in lidded
jars for 1 h at RT. After 1 h, the coupons were removed from the
solution, dried with a controlled stream of air, and imaged by a
Keyence digital microscope. To calculate the density of corrosion
artifacts (CA) on the surface, digital microscope images were
converted to gray scale and Otsu thresholding66 was used to segment
the pits from the steel throughout the image. Groups of segmented
pixels were labeled as ’pits’ and were counted. The corrosion artifact
density (CA/mm?) was calculated for each image by dividing the
number of “pits” by the image area in millimeters squared. Custom
code written in Python (version 3.12) was used for all image
processing and the Python library called, “OpenCV” (version 4.10.0-
dev) was used for Otsu thresholding.67
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