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ABSTRACT: N-heterocyclic carbenes (NHCs) have emerged as
versatile and robust ligands for noble metal surface modifications
due to their ability to form compact, self-assembled monolayers.
Despite a growing body of research, previous NHC surface
modification schemes have employed just two structural motifs:
the benzimidazolium NHC and the imidazolium NHC. However,
different NHC moieties, including saturated NHCs, are often more
effective in homogenous catalysis chemistry than these afore-
mentioned motifs and may impart numerous advantages to NHC
surfaces, such as increased stability and access to chiral groups.
This work explores the preparation and stability of NHC-coated
gold surfaces using imidazolium and imidazolinium NHC ligands.
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X-ray photoelectron spectroscopy and surface-enhanced Raman spectroscopy demonstrate the attachment of NHC ligands to the
gold surface and show enhanced stability of imidazolinium compared to the traditional imidazolium under harsh acidic conditions.

1. INTRODUCTION

Controlling the surface environment on metal substrates via
ligand chemistry is essential for apphcatlons ranging from
catalysis to sensing and therapeutics.' ~® Despite the well-
documented challenges associated with thiol ligands, such as
oxidation and degradation under ambient conditions,” ™" they
remain the most common molecule class for functionahzmg
noble metal surfaces due to their high affinity for gold and
silver.” For example, recent reports have employed thiol-based
ligands to develop patterned molecular films for site-specific
immobilization of biomolecules,"*"* to investigate host—guest
complexation for surface detection of polycyclic aromatic
hydrocarbons,'* and to tether aptamers on implantable
electrochemical devices for m vivo diagnostics.''® In 2014,
Crudden and co-workers'’ reported that N-heterocyclic
carbene (NHC) ligands form stable, well-ordered, and self-
assembled monolayers on crystalline gold that can, in many
situations, exceed the performance of thiols. Since their initial
work, multiple research groups have explored the capabllltles
of NHC-coated surfaces toward a variety of applications. *~**
Despite the increasing popularity of NHCs for noble metal
surface modification, previous investigations of NHCs on gold
have focused almost exclusively on the traditional NHC motifs:
imidazolium (Figure 1A) and benzimidazolium (Figure 1B).
These two designs are widely employed because their
precursor salts are synthesized via straightforward protocols
with commercially available imidazole or benzimidazole as
starting materials. > The NHC—CO, adducts employed for
surface deposition can then be synthesized via a deprotonation
reaction in a strong base.'”*® The presence of the NHC ligand
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Increasing o-donor strength

Figure 1. Comparison of traditional (A,B) and less-explored (C)
NHC structures on gold surfaces. Imidazolium (A) and imidazoli-
nium (C) are the focus of this work.

on the substrate surface has been monitored using a variety of
techniques, particularly scanning tunnehng microscopy
(STM),”” atomic force m1croscopy (AFM),*® X-ray photo-
electron spectroscopy (XPS),"” and surface-enhanced Raman
spectroscopy (SERS)."” Among these techniques, SERS is a
particularly powerful method because it is highly surface-
specific, can be performed under ambient conditions, and
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Figure 2. Synthesis of imidazolinium—CO, adducts, including the deuterated analogue (3).
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Figure 3. Protocol for depositing NHC—CO, adducts onto gold substrates. While AuFONs are shown in this scheme, the same procedure is also
used for flat gold mirrors. This work examines the deposition of 1, 2, and 3 on Au surfaces. Chechik and co-workers previously demonstrated that

surfaces obtained from 8 are not stable.>’
could not be isolated (vide infra).

The imidazolinium NHC with isopropyl side groups (bottom left) presented synthetic challenges and

exploits a molecule’s unique vibrational fingerprint to
determine the structure of the surface-bound molecules.””*
The SERS spectral features for imidazolium and benzimida-
zolium NHCs on gold film-over-nanosphere (AuFON)
substrates have been well characterized previously by our
groups through a dual experimental and theoretical ap-
proach.”

This paucity of NHC motifs is unfortunate because synthetic
NHC chemistry has achieved an extraordinary range in
structure and application beyond these two basic designs.’’
In the field of organometallic homogenous catalysis, NHC
ligands have noticeably shifted from imidazolium NHCs to
include a wider array of NHC motifs which often lead to
improvements in catalytic activity.””** A similar shift to
different NHC structures on gold surfaces may significantly
improve nanosystem stability and introduce an array of new
applications to carbene-functionalized surfaces (Figure 1).

Less-explored NHCs offer two promising advantages over
imidazolium and benzimidazolium NHC ligands. First, they
exhibit stronger metal—ligand bonds due to either increased o-
donor strength or z-backbonding.®® Stronger bonds could
yield a more stable ligand surface and minimize the potential
for desorption into the supernatant, which is particularly
important for applications involving tethered catalysts***” or
biological media.”®*® Second, these different carbene ligands,
specifically imidazolinium NHCs, offer the synthetic possibility
for appending two different functionalities in C,-symmetry
onto the carbene backbone. Thus, a host of chiral NHC
ligands may be achievable, yielding novel enantiomeric
surfaces. Although chiral NHCs have been synthesized for
many homogenous reactions,*’™** very few examples of such
NHC surfaces exist, and the ones that do often involve
complex monolayers or surfaces where the chiral group is
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distanced considerably from the surface.”"**** For example,
chiral molecule detection schemes sometimes rely on thiol-
binding ligands that are limited by the thiol linker’s
stability.** =" In addition to the potentially increased stability,
C,-symmetric imidazolinium NHC coatings may allow for the
chiral moiety to be closer to the surface, which is integral for
techniques relying on the 51%nal enhancement offered by
surface plasmon resonances. Despite these potential
advantages, to date, only one additional carbene motif has
been reported on a gold surface, 1,3-dimesityl- 1m1dazohn1um,
however, this surface was only characterized by XPS."”

In this work, we prepare NHC-coated gold surfaces with
either a standard (ie, imidazolium) or less-explored (i.e.,
imidazolinium) NHC ligand via a CO, adduct deposition
method, showcasing the first successful deposition of a NHC
ligand that does not include imidazolium or benzimidazolium
moieties on a SERS-active substrate. Comparing the stability of
these surface-bound molecules under extreme pH conditions,
we find a clear stability enhancement under acidic conditions
for the imidazolinium NHC. More generally, this research
highlights the deposition, characterization, and stability of
imidazolinium and points to a promising future for different
NHC ligands on metal surfaces.

2. EXPERIMENTAL SECTION

2.1. Materials and General Considerations. All glassware for
air- and water-sensitive reactions were dried at 170 °C overnight
before use. All reactions were stirred vigorously with magnetic stirrers.
Syntheses of the NHC—CO, adducts were performed under a dry
dinitrogen atmosphere with the use of either a glovebox or standard
Schlenk techniques. Solvents used under the N, atmosphere were
dried on an Innovative Technologies (Newburyport, MA) Pure Solv
MD-7 solvent purification system, degassed by three freeze—pump—
thaw cycles on a Schlenk line to remove dioxygen, and stored over
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activated 4 A molecular sieves prior to use. Celite was dried at 240 °C
under vacuum overnight and stored in a dinitrogen glovebox.
Compounds 1,25 2,,51 4,52 6,52 and 8% were prepared following
previous literature procedures (Figures 2, 3). All other compounds
were purchased from commercial vendors at the highest available
purity and used without any further purification.

Glass slides were purchased from VWR International. Polystyrene
spheres (d = 600 nm) were purchased from Sigma-Aldrich. Gold
(99.99% pure) and chromium (99.95% pure) pieces were purchased
from the Kurt J. Lesker Company. Chemicals were used as received
without further purification.

2.2. Synthesis of Compound 3. The NHC—CO, adduct of 1,3-
di-tert-butyl-4,5-tetradeuteroimidazolinium bromide, 7, was grepared
following a slightly modified method of Buchmeiser.”' Solid
potassium  bis(trimethylsilyl)amide (0.3560 g, 1.785 mmol) and
tetrahydrofuran (12 mL) were added to a vial containing 7 (0.4774 g,
1.786 mmol) and was stirred overnight at RT in a glovebox. The
solvent was then removed under vacuum. The residue was then
extracted with diethyl ether (15 mL) and filtered into a Schlenk flask
over a short Celite plug to remove solid KBr formed during the
reaction. The Schlenk flask containing the free carbene in diethyl
ether was removed from the glovebox and CO, gas was added to the
flask under an air-free setup and stirred for 15 min. After the addition
of CO,, a white solid immediately formed. The reaction vessel was
placed under vacuum and returned to the glovebox. The suspension
was filtered over a fine porosity frit and washed with 10 mL of diethyl
ether. The solid was dried under vacuum for no more than $ min to
give a white powder. Yield: 0.292 g, 71.0%. "H NMR (CD,Cl,, 499.74
MHz): § 1.46 (s, 18H). *C NMR (CD,Cl,, 125.66 MHz): § 164.63,
159.38, 58.45, 4428 (pent, J = 22.54 Hz), 28.25. IR: 2973, 2238,
1669, 1571, 1484, 1407, 1390, 1377, 1366, 1322, 1262, 1230, 1194,
1137, 1088, 1051, 991, 978, 946, 930, 909, 892, 816, 770, 725 cm™".

2.3. Synthesis of Compound 5. N,N’-di-tert-butyl-(d,)-ethyl-
enediamine dihydrobromic acid, 5, was pregared using a modification
of a previously reported literature method.>* A 20 mL scintillation vial
was charged with a stir bar, d,-dibromoethylenediamine (1.312 g,
6.837 mmol), tert-butylamine (3.952 mL, 37.61 mmol), 2 mL of
hexane, and 2 mL of DI water and capped with a Teflon screw cap.
The solution was stirred overnight at 110 °C. The reaction was cooled
to RT and, upon cooling, a white precipitate formed. The supernatant
was decanted off and the solid was washed with 10 mL of hexane and
dried under vacuum to give a white tacky solid. Yield: 1.95 g, 84.4%.
'"H NMR (CDCl,, 499.74 MHz): 6 5.58 (s, 4H), 1.41 (s, 9H), 1.29 (s,
9H). 3C NMR (CDCly, 125.66 MHz): & 54.46, 52.33, 39.71 (pent, |
=21.06), 29.06, 27.74. IR: 3380, 3217, 2966, 2891, 2838, 2770, 2678,
2584, 2485, 2409, 2222, 2091, 2033, 1621, 1501, 1479, 1451, 1400,
1377, 1363, 1298, 1246, 1210, 1136, 1108, 1062, 1042, 986, 968, 936,
880, 762, 730 cm™.

2.4. Synthesis of Compound 7. Compound 7 was prepared
following the method of Barry.>> A 100 mL round-bottom flask was
charged with a stir bar, compound § (1.073 g, 3.173 mmol), triethyl
orthoformate (18 mL, 0.1082 mol), and seven drops of formic acid
and was stirred for 24 h at 130 °C. The reaction was then cooled to
RT and 40 mL of diethyl ether was added. The resulting suspension
was filtered over a medium porosity frit and washed with an additional
30 mL of ether. The solid was dried under vacuum to give a white
powder. Yield: 0.481 g, 56.8%. 'H NMR (CD,Cl,, 499.74 MHz): 5
8.53 (s, 1H), 1.49 (s, 18H). ®C NMR (CD,Cl,, 150.81 MHz): §
153.78, 57.31, 44.99 (pent, ] = 22.80 Hz), 28.26. IR: 2971, 2917,
2875, 2236, 2128, 1613, 1472, 1459, 1402, 1376, 1368, 1314, 1280,
1233, 1205, 1140, 1120, 1082, 1044, 981, 920, 887, 861, 825, 789
em™
2.5. Au NHC Substrate Preparation. First, gold mirrors and
AuFONs were prepared for the XPS and SERS measurements,
respectively. Glass slides were thoroughly cleaned using a Plasma
Prepp II SPI O, plasma instrument. Following a previously reported
synthesis procedure for AuFONSs,>> a compact monolayer of
polystyrene spheres (d = 600 nm) was deposited onto a glass slide.
Then, polystyrene-coated slides and bare glass slides were inserted
into a physical vapor deposition chamber (Nano 36, Kurt J. Lesker)
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whereby a chromium adhesion layer (~$ nm) was evaporated onto
the slides followed by a thick gold layer (~200 nm), yielding AuFONs
and gold mirrors, respectively.

To prepare the NHC-coated substrates, a previously reported
protocol was followed."® First, the substrate (e.g,, mirror or AuFONs)
was placed in an Erlenmeyer flask with the gold layer facing up. The
NHC—-CO, adduct powder was carefully placed on top of the
exposed gold surface. The flask was connected to a vacuum line,
achieving a base pressure of 5 torr before immersion in a 130 °C oil
bath. Upon heating, the CO, group leaves, exposing the free carbene
to readily react with the gold surface. After approximately 10 min, the
reaction is completed with no visible powder remaining on the
surface.

2.6. Instrumentation. Solution 'H nuclear magnetic resonance
(NMR) spectroscopy and *C NMR spectroscopy were performed on
a Varfan VNMRS 500 MHz narrow-bore broadband system and
Varian VNMRS 600 MHz narrow-bore broadband system at 298 K.
All 'H and PC shifts were referenced to the residual solvent. Infrared
spectra were collected on a Thermo Scientific Nicolet iS10 with a
Smart iTR accessory for attenuated total reflectance (ATR) using the
neat compounds.

XPS measurements were obtained with a PHI VersaProbe II
surface analysis instrument (Physical Electronics). The instrument
operates under ultrahigh vacuum with a monochromatic Al Ko X-ray
source (photon energy = 1486.6 eV). High-resolution spectra were
obtained using a 23.50 eV pass energy. All resulting spectra were
calibrated versus the binding energy of sp* hybridized carbon (C 1s =
284.8 eV) and background-subtracted according to the Shirley
algorithm.se

SERS spectra were recorded using a custom-built Raman
spectrometer equipped with a 633 nm HeNe laser (Thor Labs).
The laser beam was aligned into an inverted microscope objective
(Nikon, 20X, NA = 0.5) with approximately 600 W of power at the
sample. Acquisitions were approximately 3 min. The resulting
backscattered photons were passed through a Rayleigh rejection filter
(Semrock) prior to detection in a dispersive spectrometer (Acton
SP2300, Princeton Instruments, 1200 g mm ') equipped with a back-
illuminated deep depletion CCD (PIXIS, Spec-10, Princeton
Instruments). The resulting scans were recorded with Winspec 32
software (Princeton Instruments). For each sample, scans were taken
at three different positions on the substrate to ensure signal
reproducibility. The acquired spectra were background-subtracted
(Multipeak Fitting 2.0 Package) and graphed using IGOR Pro
(Wavemetrics).

3. RESULTS AND DISCUSSION

Synthesis of the imidazolinium—CO, adduct (Figure 2, 2) and
imidazolium—CO, adduct (Figure 3, 1) was completed
following previous literature procedures.”>" Synthesis of the
deuterated imidazolinium—CO, adduct (Figure 2, 3) was
completed by modifying previous protocols. First, following
the method of Jiao with slight modifications, d,-dibromoethy-
lenediamine was reacted with tert-butylamine at reflux.”* The
resulting solid was collected and washed with hexanes and
dried to give N,N’-di-tert-butyl-(d,)-ethylenediamine dihydro-
bromic acid, 5. Compound § was then reacted with triethyl
orthoformate and a catalytic amount of formic acid at reflux
following the method of Barry.”> Upon cooling, the solution
was titrated with diethyl ether, and the resulting precipitate was
filtered and washed with additional ether and dried to give 1,3-
di-tert-butyl-4,5-tetradeuteroimidazolinium bromide, 7. The
deuterated CO, adduct, 3, was synthesized following the
method of Buchmeiser.”’ The imidazolinium salt, 7, was
deprotonated with KHMDS. The solution was then dried and
the free carbene of 7 was extracted with diethyl ether and
placed into a Schlenk flask. CO, gas was then added to the

flask under a N, atmosphere, resulting in the immediate
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formation of a precipitate. The reaction flask was brought into
the glovebox and filtered. The solid was then washed with
diethyl ether and dried under vacuum for no longer than 5 min
to prevent the loss of CO,, to give pure 3 in 71% yield.

The CO, adducts, 1—3, were characterized with 'H and "*C
NMR spectroscopy. A successful adduct formation is indicated
by the disappearance of the C, C—H signal between 8 and 10
ppm in "H NMR as well as the appearance of a CO, carbon
peak around 155 and 163 ppm in *C NMR for the
imidazolium 1 and imidazoliniums 2—3 respectively (Figures
$1—S10). The 'H NMR of 3 shows no loss of deuteration
content in the synthesis of the final CO, adduct.

Metal film-over-nanospheres (FONs) were employed as
SERS substrates due to their relatively straightforward
preparation, high stability, and uniform intensity enhance-
ment.”>® Scanning electron microscopy (SEM) images of the
prepared AuFONSs display a compact layer of gold-coated
polystyrene spheres (Figure S11). Air-stable NHC—CO,
adducts are optimal for this study because they offer a facile
approach for depositing NHC ligands onto solid surfaces,
particularly gold."” With CO, as a leaving group, the NHC
directly attaches to the surface without needing additional
reagents, which reduces the potential for fouling.'® For this
approach to be successful, both the NHC—CO, adducts must
be able to be synthesized and need to react with AuFONs to
form a stable surface.

We began by pursuing isopropyl substituents because these
have shown great stability with benzimidazolium NHCs on
solid surfaces and nanoparticles (Figure 1B)."”~"” Compound
1, the imidazolium NHC-CO, adduct powder, was placed
directly on top of the gold surface and was heated to 130 °C in
vacuo (Figure 3, top left) resulting in 1:AuFONs. "’ Although
we attempted the synthesis of the imidazolinium NHC—-CO,
adduct with isopropyl groups as the N-substituents (Figure 3,
bottom left), the product could not be isolated due to high
solubility in all tested solvents. The closest match to an
isopropyl group that affords stable NHC—CO, adducts is
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NHCs with tert-butyl substituents. The imidazolinium NHC—
CO, adduct, 2, was previously synthesized,”" and we appended
it to AuFONSs in the same manner as 1, yielding 2:AuFONs
(Figure 3, bottom right). Its deuterated analogue, 3, was also
successfully deposited. We also synthesized the di-tert-butyl
imidazolium—CO, adduct, 8, starting from commercially
available di-tert-butyl imidazolium chloride as a direct
comparison to the imidazolinium (Figure 3, top right).
Unfortunately, the reaction to append 8 to the AuFONs
surface was not successful, which is not unexpected as Chechik
and co-workers previously reported that 8 was not stable on
gql7ci nanoparticles and leached into solution in less than 12
h.?

Given that both the NHCs’ nitrogen substituents and the
electronics of the NHCs are distinct, it is important to
determine whether the differences in stability are due to
electronic or steric effects. Fortunately, the steric parameters
for NHCs are well known and often described in terms of
buried volume, which is analogous to the cone angle for
phosphines.””*” NHC 1 has a buried volume of 27.4% and its
benzimidazolium variant which we previously reported on
AuFONs (1 in ref 19) has a buried volume of 27.9%.%
Switching to the tert-butyl substituents increases the buried
volume significantly (36.2% for 2 and 35.5% for 8).°" Note
that in both cases, changing the electronic structure of the
NHC (i.e, saturated vs unsaturated) does not change the steric
parameters of buried volume significantly.

We also synthesized 1 and 2 Au NHC surfaces on gold
mirrors, and they were characterized with XPS. Flat gold
mirrors were used to avoid any residual signal from
polystyrene. A control spectrum of the gold mirror before
NHC deposition exhibits no observable N 1s signal (Figure
S12). High-resolution N 1s spectra for imidazolinium and
imidazolium present one symmetric peak at 399.92 and 400.45
eV, respectively (Figure 4). This slight variance in the peak
position suggests the presence of unique chemical environ-
ments for two different molecular species. Hamers and co-
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workers,®> for example, observed that nitrogen-containing
moieties on Si(001) surfaces exhibited a 1 eV shift in the N 1s
peak between aromatic pyrrole and its completely saturated
analogue pyrrolidine, claiming that the higher binding energy is
a direct result of the retained aromaticity of pyrrole on the
surface. Therefore, the ~0.5 eV shift to a higher binding energy
may be due to the higher degree of aromaticity in the
imidazolium moiety. High-resolution C 1s spectra for
imidazolinium and imidazolium both yield peaks at around
285 eV (Figure 4). However, the broadness of the peaks
indicates multiple chemical states which cannot be easily
differentiated as the complex carbon—carbon and carbon—
nitrogen environments give rise to multiple peaks between
284—285 and 285—288 eV, respectively.”” Most importantly
for the current work, these N, C, and Au (Figure S13) peak
values are all consistent with literature reports for NHC ligands
bonded directly to the gold surface.'”' 275% Therefore, XPS
indicates the presence of intact carbene molecules on the gold
surface.

Figure S (top row) presents SERS spectra of 1"-AuFONSs and
2'AuFONs directly following CO, adduct deposition. 1¢
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Figure S. SERS spectra of 1:AuFONSs (red traces) and 2-AuFONs
(blue traces) before (top row) and after (middle row) exposure to 1
M HCI for 24 h. The bottom row is a blank SERS spectrum of the
AuFON substrate. Peaks marked with an asterisk are from the
substrate.

AuFONs exhibit characteristic, dominant peaks at 1325 and
1405 cm ™', which are primarily attributed to the isopropyl side
groups interacting strongly with the NHC nitrogens.25 Due to
the nuanced vibrational modes that SERS can reveal, we can be
confident that our resulting spectra for 1:*AuFONS are, in fact,
distinct from those of 2:AuFONSs which have two dominating
peaks at 1297 and 1402 cm™'. This deposition protocol and
the corresponding SERS signature for 2:AuFONSs are found to
be highly reproducible.

As an additional test, the deuterated analogue of the
imidazolinium NHC ligand was affixed to AuFONS, forming 3¢
AuFONSs. By substituting the hydrogens on the NHC
backbone with deuterium, the vibrational signature changes
significantly (Figure S14). Previously reported d,-imidazolium
spectra have dominant peaks at 1303 and 1401 cm~!*
whereas 3:AuFONSs exhibit a dominant peak at 1350 cm™.
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The deposition and SERS analysis were performed in triplicate
to ensure that the spectrum was consistent.

Although benzimidazolium NHCs adhere to Au surfaces
very well,'”'”% similar tests have not been as extensively
conducted for imidazolium NHCs and no tests of
imidazolinium have been undertaken. We postulated that the
imidazolinium NHC ligand, 2, would exhibit enhanced stability
in acid due to increased o-donation and because it would not
be prone to the electrophilic attack at the 4 and S positions on
the ring in the same manner as imidazole NHC, 1.°° Indeed, a
few unsaturated imidazoliums have been converted to
saturated imidazoliniums by the addition of a strong
acid.®”®® Upon submerging the respective NHC-coated
AuFONss in hydrochloric acid (1 M) for 24 h, we observed a
complete degradation of the imidazolium NHC signal (Figure
S, right), whereas the imidazolinium variant is unchanged
(Figure S, left). These results demonstrate a limitation for one
of the two most commonly used NHC ligands on gold
surfaces: stability toward strong acids. It should be noted that
while the tert-butyl group provides additional steric stability to
the ligand, we believe that the primary degradation mechanism
is via an electrophilic attack on the imidazolium ring as
described above. The rationale behind this is that the buried
volumes for the imidazolium and previously studied
benzimidazolium NHCs are almost identical (see above), but
the benzimidazolium, which is not susceptible to electrophilic
attack, is stable in acid.'” In addition, we find that both
imidazolium and imidazolinium are stable when exposed to
strongly basic conditions (1 M KOH, 24 h) or water as a
control (Figures S15 and S16). All stability tests were
performed in triplicate.

4. CONCLUSIONS

We report the first detailed exploration of imidazolinium
NHGCs, including deposition from the CO, adduct, demon-
strating enhanced stability under acidic conditions compared
to traditional imidazolium. In addition to SERS and XPS
characterization of the imidazolinium surfaces, a deuterated
isotopologue of imidazolinium was synthesized for the first
time. We envision this work promoting the broader use of
different carbene motifs on gold surfaces and future
investigations could include synthesizing chiral moieties on
the imidazolinium backbone for surface detection and
depositing these carbenes on aqueous nanoparticles via gold
complexes.
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