
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
4/

20
25

 1
2:

24
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Mesoionic carbe
aDepartment of Chemistry, Queen's Universi

3N6, Canada. E-mail: cruddenc@chem.quee
bCarbon to Metal Coating Institute, C2M

Kingston, Ontario, K7L 4V1, Canada
cDepartment of Chemistry, Western Universi
dSurface Science Western, 999 Collip Cir, Lo

† Electronic supplementary informa
https://doi.org/10.1039/d3sc04720b

Cite this: Chem. Sci., 2024, 15, 2480

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 6th September 2023
Accepted 10th December 2023

DOI: 10.1039/d3sc04720b

rsc.li/chemical-science

2480 | Chem. Sci., 2024, 15, 2480–2
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N-Heterocyclic carbenes (NHC) have been widely studied as ligands for surface chemistry, and have shown

advantages compared to existing ligands (e.g. thiols). Herein, we introduce mesoionic carbenes (MICs) as

a new type of surface ligand. MICs exhibit higher s-donor ability compared to typical NHCs, yet they

have received little attention in the area of surface chemistry. The synthesis of MICs derived from

imidazo[1,2-a]pyridine was established and fully characterized by spectroscopic methods. The self-

assembly of these MICs on gold was analyzed by X-ray photoelectron spectroscopy (XPS). Additionally,

XPS was used to compare bonding ability in MICs compared to the typical NHCs. These results show

that MIC overlayers on gold are robust, resistant to replacement by NHCs, and may be superior to NHCs

for applications that require even greater levels of robustness.
Introduction

Since the rst report of N-heterocyclic carbenes (NHCs) as
ligands for gold surfaces by Siemeling and co-workers,1 the use
of these ligands on metallic1–23 and non-metallic surfaces,2,3 has
attracted considerable attention, with Au substrates being most
commonly employed.1,4–23 NHC-based self-assembled mono-
layers (SAMs) have been integrated into molecular
electronics,24–26 and biosensors,16,17,22,27 and employed in surface
patterning,13,28 illustrating the importance of this emerging
class of ligands for planar metal surfaces. The stronger surface
binding energies of NHCs compared to the other classic
ligands, such as thiolates or phosphines18,29 and their high
potential for tunability30–32 positions NHCs as ideal candidates
for producing the next generation of nanomaterials.

Despite the high potential for structural and electronic
variability with this class of ligand, most studies have focused
on classical Arduengo-type NHCs,18,19,33 with select exceptions of
1,2,4-triazolylidenes,18 cyclic alkyl amino carbenes,34,35 and
cyclopropenylidenes.36 Mesoionic carbenes (MICs)37,38 are
superior s-donors compared to NHCs and are powerful ligands
in organometallic chemistry. However, apart from the work of
the Nazemi group highlighting the use of MICs on nano-
particles,39,40 MICs are absent in the eld of surface chemistry.
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Given the lack of experimental studies with this important class
of carbene, and the possibility for enhanced properties of the
resulting SAMs, we set out to explore these structural variants as
ligands for self-assembled monolayers on gold.

To exclude steric issues, we focused on the imidazo[1,2-a]
pyridine-type MICiPr as our target molecule, which is iso-
structural to the well-studied ligand NHCiPr (Fig. 1b).8,11,18 Tol-
man electronic parameter measurements indicate that MICs
such as MICiPr are stronger s-donors than many NHCs.41 Crys-
tallographic analyses of isostructural Pd complexes of NHCs
and MICs, reveal identical steric environments at the Pd
center.42,43 Therefore, differences between the bonding of MICs
and NHCs on gold should be isolated only to electronic effects.
Synthetic routes to imidazo[1,2-a]pyridines with secondary
aliphatic groups in the 3-position remain underdeveloped.
Routes to branched 1,3-diaklylated imidazo[1,2-a]pyridinium
Fig. 1 (a) Previously used carbenes on metal surfaces, (b) molecular
structures and the comparison between isostructural NHC and MIC
self-assembled monolayers on Au surfaces.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cations have not been reported in the literature. A sulfur-
promoted oxidative cyclization reaction was recently disclosed
using readily available aldehydes and 2-aminopyridine.44 We
examined this route, but the products of this reaction were
invariably contaminated with sulfur impurities.45 To prevent
surface contamination by sulfur, an alternative synthetic route
was developed (Scheme 1).
Results and discussion

The desired MIC precursor MICiPr$HI was prepared using
classical a-halocarbonyl chemistry.46 Isovaleraldehyde was a-
brominated using N-bromosuccinimide to afford 4 in 57% yield
(Scheme 1). Reaction times longer than 2 h resulted in lower
yields because of the reactive nature of a-halocarbonyl species,
and thus 4 was used immediately without isolation. Reaction
between an excess of 4 and 2-aminopyridine derivatives in
reuxing ethanol afforded imidazo[1,2-a]pyridinium bromide
salts 5$HBr in up to 98% yield. Excesses of 4 were needed to
prevent contamination with unreacted 2-aminopyridine.
Analytically pure 5$HBr could be isolated directly from the
reaction mixture by rst removing ethanol in vacuo, then sus-
pending the resulting solids in diethyl ether and vacuum
ltration. The route was amenable to the introduction of
substituents on the backbone as needed (R = H, CF3, OMe).

Alkylation of 5 with 2-iodopropane afforded MICiPr$HI in
82% yield. Reaction between MICiPr$HI and strong bases
(NaN(SiMe3)2, LiN(iPr)2, KH) resulted in decomposition, and
attempts to trap the transient carbene with CO2 to isolate
a carboxylate derivative were unsuccessful. These difficulties led
us to prepare the hydrogen carbonate saltMICiPr$H2CO3, which
could be isolated in 78% yield as a monohydrate salt aer resin
exchange.17 Imidazolium hydrogen carbonate salts are valuable
air-stable precursors for generating NHC SAMs in solution and
ultra-high vacuum (UHV).5,6,13,17,25,27 Therefore, we expected that
MICiPr$H2CO3 would be similarly effective for producing MIC
SAMs, however, initial attempts to prepare lms by vapour
phase deposition of MICiPr$H2CO3 using techniques developed
for NHCiPr proved unsuccessful.

Thermogravimetric analysis (TGA) ofMICiPr$H2CO3 revealed
that CO2 and H2O are liberated around 160 °C, a higher
temperature than NHCiPr$H2CO3, which cleanly generates
NHCiPr between 100–120 °C.47 This higher activation
Scheme 1 Synthesis of MICiPr$H2CO3. (i) NBS, L-proline in DCM, 0 °C
/ RT; (ii) anhyd. EtOH D; (iii) aq. NaHCO3; (iv) iPr-I, MeCN, D; (v)
HCO3

− resin, MeOH, RT.

© 2024 The Author(s). Published by the Royal Society of Chemistry
temperature is presumably required due to the higher pKa of the
MIC precursor.48 Beyond 160 °C, volatilization of MICiPr$H2CO3

occurs, but is slower than NHCiPr$H2CO3 and has a temperature
prole that suggests decomposition accompanies this process
(Fig. S1†).

We next attempted to prepare SAMs of MICiPr on Au by
immersing Au/Si samples in a 10 mM MeOH solution of
MICiPr$H2CO3 at room temperature for 24 h.17 Although N 1s
XPS analysis suggested that some deposition had occurred
under these conditions (Fig. S10†), cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) showed no
current suppression or increase in impedance, respectively
(Fig. 2a and b), suggesting minimal deposition. However,
increasing the deposition temperature to 50 °C and time to 48 h
yielded SAMs with signicant reduction in current and notable
increase in resistance, as determined by CV and EIS, respec-
tively, consistent with the formation of densely packed SAMs on
the surface (Fig. 2a–c).

XPS analysis was employed to provide more insight into
monolayer formation. We examined the XPS spectrum of the
powdered MICiPr$H2CO3 starting material (Fig. S8†), which was
characterized by two signals in equal intensity assigned to the
pyridyl and imine groups, at 401.6 eV and 400.6 eV respectively.
XP spectra of SAMs resulting from deposition of MICiPr$H2CO3

under optimized conditions also displayed two signals of equal
intensity centered at 400.7 eV and 399.2 eV.49 The shi in the
binding energy and increase in the FWHM for both signals
suggests a change in the electronics of the ligand upon binding
to gold, and data strongly support the formation of an MICiPr

SAM under these conditions.
SAMs of MICiPr were subjected to a variety of conditions

including pH extremes (2, 12), reuxing water and 1% hydrogen
peroxide for 24 hours. During these treatments, theMICiPr SAM
showed minimal changes to the overall monolayer, as illus-
trated when comparing XPS signals in high resolution scans of
C (1s), O (1s) and N (1s) (Fig. S11–S15†). To further probe the
stability of these SAMs, we exposed MICiPr SAMs and NHCiPr

SAMs to pH 12 for ve days. Analysis of the surface via time-of-
ight secondary ion mass spectrometry (ToF-SIMS) showed
Fig. 2 Optimization of deposition conditions for MICiPr$H2CO3 on Au
using CV (a) and (b) EIS. Optimal conditions determined to be 10 mM
MICiPr$H2CO3 in MeOH at 50 °C for 48 h. (c) Optimization of time
required for MICiPr$H2CO3 deposition on gold by examination of CV
curves.
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Fig. 4 F (1s) XPS regions of the replacement experiments between
MICiPr and CF3$NHCiPr on Au surfaces. (a)MICiPr replacement attempt
with CF3$NHCiPr$H2CO3. (b) CF3$NHCiPr replacement with
MICiPr$H2CO3.
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virtually no loss of MICiPr on the surface even aer exposure to
these harsh conditions, while NHCiPr was no longer observed
(Fig. 3). This illustrates the improved robustness of SAMs
designed from MICiPr under these extreme conditions.

To study the propensity for the two types of carbene to
deposit on a bare gold surface, competition experiments were
carried out at 50 °C for 48 hours with 10 mM MICiPr$H2CO3

and 10 mM CF3$NHCiPr$H2CO3 methanolic solution. To
determine the surface coverage ratio between MICiPr and
CF3$NHCiPr, the triuoromethyl unit was employed as an XPS
reporter along with N 1s signals (Fig. S18†). The average ratio
between MICiPr and CF3$NHCiPr was calculated to be 4 : 1
(Table S1†), demonstrating the preferential formation of
SAMs from MICiPr in comparison with CF3$NHCiPr. The
inclusion of a CF3 substituent had no effect on the binding
strength of CF3$NHCiPr as shown by simple replacement tests
between NHCiPr and CF3$NHCiPr (Fig. S19†), since the nal
monolayer consists of both NHCiPr and CF3$NHCiPr in
a roughly 1 : 1 ratio. This ratio implies that the binding
strengths of NHCiPr and CF3$NHCiPr for SAM formation are
comparable.

We then set out to compare the ability of one NHC to replace
a preformed SAM of the other carbene. SAMs of MICiPr were
prepared on Au/Si surfaces as previously described, and then
treated with CF3$NHCiPr$H2CO3 using the triuoromethyl unit
as an XPS reporter (Fig. 4). Typically, SAMs composed of ben-
zannulated NHCs such as NHCiPr are deposited over 24 h at
room temperature, and so we employed these conditions to test
the stability of MICiPr vs. replacement with NHCiPr. Aer expo-
sure to these conditions, no NHC was incorporated as deter-
mined by analysis of uorine content in the F 1s region (Fig. 4
and Table 1, entry 1). This indicates that the MICiPr SAM
resisted the incorporation of CF3$NHCiPrwithin the error of XPS
measurements.
Fig. 3 ToF-SIMS data of MICiPr and NHCiPr before and after stability
test under pH 12 for 5 days. (a) MICiPr before exposure; (b) MICiPr after
exposure; (c) NHCiPr before exposure; (d) NHCiPr after exposure.

2482 | Chem. Sci., 2024, 15, 2480–2485
To test the reverse reaction, SAMs prepared from
CF3$NHCiPr were treated with MICiPr$H2CO3 and the loss or
retention of uorine was assessed by XPS (Fig. 4 and Table 1,
entry 2). Under these conditions, we observed the complete
removal of uorine from the surface by XPS (Fig. 4 and Table
1, entry 2).

However, the need for elevated temperatures and longer
deposition times to ensure generation of MICiPr from its
bicarbonate salt is problematic for a direct comparison, and
so an additional set of experiments were performed in which
MICiPr SAMs were treated with CF3$NHCiPr$H2CO3 at elevated
temperatures and longer periods of time (Table 1, entries 3
and 4). Under these more forcing conditions, uorine was
observed by XPS analysis, but the replacement of MIC for
NHC was minimal. Treatment of the MICiPr SAM with
CF3$NHCiPr$H2CO3 at RT for 48 h resulted in the incorpora-
tion of one CF3$NHCiPr for every six MICiPr units (Table 1;
entries 3 and 4). At 50 °C for 48 h, one CF3$NHCiPr was
incorporated for every ve MICiPr units on Au. These results
support the conclusion that MICs form more robust SAMs
than those generated from typical NHCs, presumably due to
stronger carbon–metal bonds on surfaces, consistent with the
well-established molecular chemistry.37,38

Contact angle measurements were also performed for Au/Si
substrates functionalized by MICiPr and NHCiPr (Fig. S21 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Replacement experiments between MICiPr and CF3$NHCiPr on Au surface

Entry Starting SAM Replacement precursor Temp. Time XPS (F : N)

1 MICiPr CF3$NHCiPr$H2CO3 RT 24 h No uorine
2 CF3$NHCiPr MICiPr$H2CO3 50 °C 24 h No uorine
3 MICiPr CF3$NHCiPr$H2CO3 RT 48 h 0.7 : 2
4 MICiPr CF3$NHCiPr$H2CO3 50 °C 48 h 0.9 : 2
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Table S2†). Compared to bare Au (67 ± 2°), the surface hydro-
phobicity does not change substantially upon the surface
adsorption of MICiPr (72 ± 2°) and NHCiPr (71 ± 2°).

Conclusions

A straightforward synthetic route to the MIC precursor
MICiPr$H2CO3 has been developed and its deposition on Au
studied. Under optimized conditions, MICiPr$H2CO3 was
deposited on Au surfaces, resulting in the formation of a new
MIC-based SAM. Solution deposition conditions were opti-
mized using electrochemical methods to monitor the successful
formation of a stable monolayer. Monolayer stability was
conrmed by multiple CV cycles and extreme potential range,
concluding that solution deposition at 50 °C for 48 h was
optimal.

The effect of the s-donor ability of MICs vs. NHCs was
demonstrated by a direct comparison of the two types of SAMs.
This was accomplished through stability studies under extreme
conditions, competitive deposition, and exchange studies by
treatment of preformed monolayers with carbene precursors.
These studies showed that MIC-based SAMs resist NHC incor-
poration, and NHC-based SAMs are replaced with MICs. When
co-deposited, MICs out compete NHCs. Finally, MIC-based
SAMs are more robust to long term (5 days) immersion in
base. This study serves as the foundation for expanding the
library of carbenes currently applied to surfaces for the next
generation of carbene-based monolayers and providing more
robust SAMs for use under harsher conditions. Future work in
our lab will include nding appropriate conditions that allow
for UHV studies of SAMs based on MICs, including spectro-
scopic and microscopic analyses.

Experimental
General methods

Unless otherwise stated, all solvents (including NMR solvents)
and reagents were obtained from Sigma-Aldrich and used
without further purication. Ethanol (anhydrous grade,
Greeneld Global Commercial Alcohols) was stored over oven
dried (150 °C) molecular sieves (3 Å, Alfa Aesar) prior to use.
Using previously established methods,1 hydrogen carbonate
exchange resin was prepared by treating Amberlyst A26
hydroxide resin treated with carbon dioxide prior to use.

Nuclear magnetic resonance (NMR) spectroscopy. 1H, 13C
{1H} and 19F{1H} NMR spectra were recorded at Queen's
University using Bruker Avance-500, 600 or 700 MHz spec-
trometers at 298 K. Chemical shis (d) are reported in parts per
© 2024 The Author(s). Published by the Royal Society of Chemistry
million (ppm) and are referenced to residual protonated (1H) or
deuterated (13C{1H}) solvent signals.2 19F{1H} NMR spectra are
referenced to an external CFCl3 standard (dF= 0 ppm). Coupling
constants (J) are reported as absolute values. All NMR data were
processed and displayed using Bruker TopSpin soware.
Elemental analyses were performed at Queen's University using
a Flash 2000 CHNS-O analyzer. Electrospray ionization mass
spectra (ESI-MS) of small molecules were recorded at Queen's
University using a Thermo Fisher Orbitrap VelosPro mass
spectrometer with a heated-electrospray ionization probe.

Electrochemical experiments. All electrochemical experi-
ments were carried out using a CHI6055E Electrochemical
Analyzer potentiostat. All electrochemical experiments were
performed using a three-electrode electrochemical cell set-up
with 2 mm diameter gold disc working electrode. Ag/AgCl in
3 M KCl was used for a reference electrode, a platinum wire as
counter/auxiliary electrode, and a salt bridge was used to allow
free ow of ions between one cell to the other. The salt bridge
was built using a 4 mm glass rod lled with a heated 2–5% agar
solution in 1 M KNO3 (w/v) and stored in 1 M KNO3 solution. All
electrochemical data were processed with OriginPro 2016
soware.

X-ray photoelectron spectroscopy (XPS). XPS spectra were
recorded on a Kratos Nova AXIS spectrometer equipped with
AlN X-ray source. Samples were mounted on an aluminum
sample holder using double-sided adhesive copper tape and
kept under high vacuum (10−8 Torr) overnight inside the
preparation chamber before being transferred to the analysis
chamber (ultra-high vacuum, 10−10 Torr). Data were collected
using Al Ka radiation operating at 1486.69 eV (150 W, 15 kV),
charge neutralizer and a delay-line detector (DLD) consisting of
three multichannel plates. Acquired data were processed using
CasaXPS soware following reference handbooks. Processed
data were plotted in Python using the Matplotlib package.
Elemental compositions of samples were evaluated by running
wide scan at 160 eV pass energy. Aer peak identication, high
resolution scans were performed for O 1s, C 1s, N 1s, F 1s and
substrate of interest region. These scans were performed at
20 eV pass energy. Au 4f spectra were peak tted following
guidelines from reference handbooks3,4 and peak was charge
corrected to 84 eV with spin–orbit coupling of ∼3.7 eV. Unless
otherwise specied, a Shirley type background correction was
used for all spectra shown here.

Time-of-ight secondary ion mass spectrometry (ToF-SIMS).
Samples were examined using an ION-TOF (GmbH) ToF-SIMS
IV equipped with a Bi cluster liquid metal ion source. A
pulsed 25 keV Bi3+ cluster primary ion beam was used to
bombard the surface of the samples to generate secondary ions
Chem. Sci., 2024, 15, 2480–2485 | 2483
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with a current of 1.5 mA. The positive (and negative) secondary
ions were extracted from the sample surface, mass separated
and detected via a reectron-type of time-of-ight analyzer.
Reector values for the positive and negative mode were +16 V
and −34 V, respectively. Sample charging was neutralized with
a pulsed, low energy electron ood. Ion mass spectra were
collected in an area of 500 mm × 500 mm at 128 × 128 pixels
with 25 scans. Mass spectra were processed on ION-TOF so-
ware with a binning value of 256 and calibrated to H, C and
C2H5 mass signals.
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