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ABSTRACT: Surface functionalization is an essential component of most appli-
cations of noble-metal surfaces. Thiols and amines are traditionally employed to
attach molecules to noble-metal surfaces, but they have limitations. A growing
body of research, however, suggests that N-heterocyclic carbenes (NHCs) can
be readily employed for surface functionalization with superior chemical stabi-

lity compared with thiols. We demonstrate the power of surface-enhanced Average
Raman scattering combined with theory to present a comprehensive picture e

of NHC binding to gold surfaces. In particular, we synthesize a library of NHC = & &% %
isotopologues and use surface-enhanced Raman scattering to record the :
vibrational spectra of these NHCs while bound to gold surfaces. Our experi- \

mental data are compared with first-principles theory, yielding numerous new

insights into the binding of NHCs to gold surfaces. In addition to these

insights, we expect our approach to be a general method for probing the local
surface properties of NHC-functionalized surfaces for their expanding use in sensing applications.

he role of surface functionalization cannot be underesti- Whereas we recently demonstrated the first application of

mated when considering the myriad of applications of NHCs for SERS and showed that their robust binding allows
noble-metal surfaces. It plays a critical role in sensing,' drug postsynthetic modifications,”” fundamental questions relating
delivery,z electronics,” surface protection,s and synthesis of to the binding of NHCs to gold surfaces remain unexplored:
uniquely shaped nanoparticles.6 Amines and thiols are often the (1) Where do NHCs prefer to bind on gold surfaces, (2) are the
first choice when functionalization of gold surfaces is required vibrational modes of surface-bound species sensitive to the NHC
because they have relatively high affinity for noble-metal sur- side moieties, and (3) which vibrational modes contribute most
faces, with binding energies of 25 and 125 kJ mol™ to gold, strongly to the SERS spectrum (Figure 1)? SERS is uniquely

respectively.”® Whereas thiols, in particular, are used in many
applications, their stability is greatly diminished in harsh chem-
ical environments, such as oxidizing conditions, high temper-
ature, and pH extremes.”'® A viable alternative to thiols for
functionalized gold surfaces has remained elusive until the
recent emergence of N-heterocyclic carbenes (NHCs)."'
Although the binding of NHCs to gold surfaces is very strong,
the free carbene is quite reactive'” and their use was historically
limited to carefully controlled chemical environments, which are
often impractical for widespread adoption. Fortunately, progress

has been made in the preparation of air-stable protected carbenes ; )
that serve as precursors to selfassembled monolayers on affinity for the metal surface, a feature that was exploited when

gold,""*'* and NHC-functionalized gold films have been used measuring single-molecule SERS spectra.®*™" As such, it
in 51; face plasmon resonance! ' and electrochemical' ™" mea- provides an excellent vehicle for exploring the detailed surface

surements. Additionally, there is a growing body of literature vibrational spectroscopy of NHC monolayers on noble metals.
reports on the preparation of NHC-functionalized nano-
particles.'"®™** After the initial reports of NHC-functionalized Received: September 7, 2018
gold surfaces, the NHC binding, stability, and monolayer Accepted: October 23, 2018
formation have been interrogated by a variety of methods.""'*>>*° Published: October 23, 2018

positioned to answer these questions because it possesses extreme
sensitivity and an ability to measure the vibrational fingerprint
of species in close proximity to plasmonic metal nanostructures
without employing high-vacuum or complicated experimental
setups. SERS can determine adsorbate orientation,”* >’ and
detailed vibrational mode assignments can be made by deuter-
ation of adsorbate molecules’ and comparison with first-
principles theory.*>** Deuteration of surface-bound species
alters both the molecular motions and vibrational mode
energies while minimally altering other properties such as the
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Figure 1. In this Letter, we investigate preferred binding of NHCs to gold surfaces: (1) surface versus tip (left), (2) the influence of side groups and
their orientation (middle), and (3) which modes contribute the greatest SERS signal (right).

In this Letter, we synthesize an NHC library composed of
deuterated isotopologues of the imidazolium and benzimida-
zolium NHCs. Using this library, we prepare NHC-function-
alized, SERS-active gold surfaces for spectroscopic character-
ization. The resulting SERS spectra show excellent agreement
with first-principles theory, allowing us to extract details of the
surface binding motifs. Additionally, the spectroscopy of these
compounds is carefully characterized with NMR, IR, Raman,
and mass spectrometry. Using these data, we obtain a com-
prehensive picture of NHC binding to SERS-active gold
substrates, and, more specifically, we obtain insight into several
important open questions related to NHC films. More impor-
tantly, we demonstrate SERS to be a powerful tool when
exploring as-yet unmade NHC-functionalized surfaces.

Synthesis of NHC—CO, Adducts and Surface Binding.
In selecting the target NHCs for this study, it is notable that
the N-substituent can affect the binding to the metal surface.
Whereas multiple N-substituents, including methyl****** and
isopropyl'" groups, have been studied, we selected isopropyls
because they have been demonstrated to have excellent
stability on gold."»*” The six target molecules in Figure 2
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Figure 2. Isotopic variants of the imidazole (1—3) and benzimidazole
(4—6) N-heterocyclic carbenes synthesized and spectroscopically
characterized in this study.

require a synthetic strategy that allows for deuteration,
followed by the formation of the NHC—CO, adduct. The
NHC binds to gold following the loss of CO, under vacuum.
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In addition, upon exposure to air, the NHC—CO, adducts
yield NHC—Dbicarbonate salts that are equally effective for gold
binding.

For the imidazoliums, 1—3, we followed the method of Louie
for forming the final CO,-adducted species.”” The general
schemes for their synthesis are shown in the SI. Compounds 2
and 3 required deuterium incorporation at >95% for quality
SERS spectra because incomplete deuteration alters the
symmetry of the molecule. In the case of 2, very similar
imidazoliums have been previously prepared by Bartsch.*'
Compound 3 can be deuterated with the addition of
2-bromopropane-d, (98+% d) to imidazole.

The synthesis of the benzimidazole versions of the CO,
adducts, 4—6, proved more challenging. Despite our recent
report”’ of 4 via a synthetic approach that we employed for
1-3, we subsequently discovered that it is a mixture of 4 and
the bicarbonate salt (4-H,0). This mixture for benzimida-
zole—CO, adduct and its associated bicarbonate salt is not
uncommon because the pure CO, adducts of benzimidazolium
are highly unstable (vide infra)."”” Fortuitously, Limbach
previously prepared 2-carboxy-1,3-dimethyl-benzimidazolium,
which differs only in the substituents off the nitrogen atoms.*’
Employing KO'Bu as the base in THF with 10, followed by
CO, gas, yields the pure product 2-carboxy-1,3-diisopropyl-
benzimidazolium, 4, based on **C NMR in CD,Cl, (Scheme S2
and Figure $12), which was consistent with Limbach’s report.*
In particular, the CO, peak at 156.21 ppm in CD,Cl, is consis-
tent with his value for 2-carboxy-1,3-dimethyl-benzimidazolium,
which comes at 154.7 ppm and is distinct from the bicarbonate
salt (vide infra).

Inserting deuterium into the benzimidazole ring was not as
straightforward as the equivalent imidazole, but a series of four
reactions led to S5, which is deuterated on the aryl ring
(Scheme S2). Deuteration proceeded via a modified procedure
from Sajiki to give 97% total deuterium incorporation.** The
benzimidazole, (4,5,6,7-d,)-benzimidazole was formed through
the addition of ethyl orthoformate to 11 under acidic con-
ditions similar to the method of Bielawski.* Further reactions
to form § proceeded in the same manner as for 4. Finally,
2-carboxy-1,3-(dy,)-diisopropylbenzimidazolium, 6, was syn-
thesized in two steps that were analogous to the reactions for
the preparation of 3. Deuterium incorporation for 6 is 99% on
the isopropyl positions. The NHC—-CO, adducts are
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important because they provide masked carbenes that are
easily bound to the gold surface under atmospheric conditions
without the need for special storage once they have been
synthesized. We previously reported that 4 could be placed on
AuFONSs under solvent-free conditions by applying vacuum
(5 Torr) at 120 °C.>” However, the stability of the NHC—CO,
adducts was tested to determine if they are effective after
exposure to air. We investigated one imidazole NHC—CO,
adduct, 2, and one benzimidazole NHC—CO, adduct, 4,
for stability and effectiveness after air exposure (Scheme 1).

Scheme 1. Preparation of NHC AuFONs Either with or
without Air Exposure
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After exposure to air, the solids were dissolved in dry CD,Cl,
to evaluate their NMR spectra for decomposition. Compound 2
formed a nearly 50:50 mixture of 2 and its associated
bicarbonate salt, 2-H,0O, after 1 week of exposure, which is con-
sistent with Taton’s studies on similar NHCs (Scheme 1, top;
Figure $49).*> The key additional peaks in the 'H NMR
include the imidazolium peak at 10.97 ppm and the second set
of peaks related to the isopropyl groups at 4.88 and 1.58 ppm.
Conversely, tests with the benzimidazolium version showed
that the decomposition to the bicarbonate salt was extremely
rapid. The addition of air to 4 was tested at 4 days, 10 min, and
30 s (Scheme 1, bottom). In the first two cases, 4 was com-
pletely degraded to its bicarbonate salt 4-H,0 (Figure SS0).
In the benzimidazolium case (4), there is a peak at 11.58 ppm
and the isopropyl peaks shift upfield at 5.09 ppm, analogous
to the imidazolium case. Only on the very short time of 30 s
of air exposure were we able to observe both 4 and 4-H,O
(Figure S52).

We deposited the NHCs on AuFONs because they are easy
to prepare and are widely used for SERS studies.*® AuFONs
are gold film over nanosphere substrates prepared by the
evaporation of gold (200 nm) on polystyrene nanospheres
(600 nm diameter) using a chromium (S nm) adhesion layer
(see the SI for details).”” Because the AuFONs were func-
tionalized with the NHCs by placing a 1 to 2 mg amount of
solid NHC precursor directly onto the AuFON then heating
the AuFON s to 120 °C under vacuum (S Torr), this suggests
that the formation of the Au—NHC bond is equally possible
from both the NHC—CO,™ and the bicarbonate salt. In practice,
the imidazole variants 1—3 primarily proceed from the direct
CO, adduct, whereas the benzimidazole versions proceed
through the bicarbonate salt (Scheme 1). This result is consis-
tent with previous reports of Au-NHCs by Crudden, who
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employed the bicarbonate salts, and Glorius and Johnson, who
directly used the CO, adducts for gold films."” 1426

Analysis of SERS Spectra. Figure 3 displays a portion of the
Raman spectrum of the protected carbene, the Raman
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Figure 3. Left: Raman spectrum of the CO, adduct (red) and the
benzimidazolium iodide precursor (black) of compound 4 compared
with the surface-enhanced Raman spectrum of 4-Au on the AuFON
surface. Right: Raman spectrum of the CO, adduct (red) and the
imidazolium iodide precursor (black) of compound 1 compared with
the SERS spectrum of 1-Au (blue). A clear red shift of the C—N
bonds moving from the CO, adduct to the precursor and finally to the
carbene, most evident in the benzimidazolium spectra and indicated
by dotted line, is attributed to the change from an electron-
withdrawing group (carboxylate), to a neutral molecule, and lastly an
electron-donating group (gold surface).

spectrum of the iodide precursor, and the SERS spectrum of
the carbene on an AuFON for the benzimidazolium and
imidazolium families of compounds. The complete spectra can
be found in the SI. A comparison of the Raman spectrum of
the protected carbenes (1, 4) to the SERS spectrum of the
carbenes on gold (1-Au, 4-Au) shows a 30 cm™' red shift of
the 1434 (1) and 1436 cm™" (4) modes upon binding. The red
shift of these bands is consistent with NHC binding to gold,
which is electron-donating when compared with the electron-
withdrawing nature of the CO, group. This interpretation is
further supported by the Raman spectrum of the iodide
precursor, which is expected to be intermediate between the
Au-bound and the CO,-protected NHC. Indeed, the Raman
spectra of the iodide precursors display bands in between the
two extremes at 1426 and 1410 cm™" for the benzimidazolium
and imidazolium iodide compounds, respectively. The theo-
retical data also capture this effect, predicting a ~30 cm™" red
shift of vibrational modes upon the release of the CO, and
binding to the AuFONS, in good agreement with experiment.
Complete spectra and a pictorial representation of the vibra-
tional modes of 4 and 1 are given in the SI (Figures S53 and
S54, respectively).

Figure 4 displays the optimized geometry of compound 4
bound to the “tip” or the “surface” of a Au, cluster. This cluster
was chosen because it is known to be a good model for the
calculation of SERS spectra.”**’ The computational data suggest
that both the tip and surface configurations are remarkably
similar because the surface Au is distorted by the carbene,
creating its own “tip,” resembling an adatom. The theoretical
calculations further demonstrate sensitivity to the geometry of
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Figure 4. Top: Calculated SERS spectra of 4-Au with the NHC
bound to a “surface” gold atom (black) and a “tip” gold atom (green)
of a Au,, cluster. Optimized geometries of both tip and surface cases
are presented as inset images. The strength of the Au—C bond is
sufficient to pull a gold atom up from the cluster despite the known
stability of the Au,, surface. Bottom: Calculated SERS spectra of 4-Au
with isopropyl groups oriented up (red) and down (blue). The
prominent differences between the spectra resulting from up and
down isopropyl groups indicate that the SERS is very sensitive to the
orientation of the side groups.

the R groups attached to the N, particularly for compound 4
(Figure 4, bottom). The best agreement between theory and
experiment was obtained from an equal combination of
upward and downward orientation of the isopropyl groups,
as determined by creating a series of spectra ranging from
100% upward to 100% downward and calculating the
correlation with the experimental data. A maximum correlation
was obtained at 49% upward- and 51% downward-oriented
isopropyl groups (Figure SS5). The difference in energy
between the two configurations is negligible for the level of
theory used (4.59 and 3.75 kcal/mol difference for 4-Au and
1-Au, respectively), further supporting this view. The simulated
Raman cross-sections for both the upward and downward
configurations are also within the same order of magnitude,
justifying the comparison between the individually normalized
configurations.

The theoretical data also show that a surface gold atom is
pulled up from the surface, which is remarkable given the
inherent stability of the Au,, cluster used in the modeling.50
This finding is in agreement with Glorius and Fuchs and
coworkers’ previously published scanning tunneling micros-
copy (STM) studies indicating that the carbene draws a gold
atom from the surface, taking an adatom configuration, which
can then move across the surface in this configuration by a

“ballbot” type motion.”® Taking these results together, the
following discussion relies on calculations with the NHCs
bound to the tip of a Au, cluster with equal contribution from
both the up and down isopropyl configurations.

Comparisons of experiment and theory for 1-Au and 4-Au
(Figure S) indicate that the most intense modes in the SERS
spectra are due to the movement of the hydrogen atoms of the
isopropyl groups bound to the NHC nitrogens, particularly the
hydrogen bound to the central carbon of the isopropyl group.
Modes listed in red and blue correspond to those that are
primarily attributed to the up and down configured isopropyl
groups, respectively. The high intensity of the modes centered
on the isopropyl groups is logical because the isopropyl groups
are closest to the surface, therefore benefiting from the greatest
surface enhancement. Even though this interpretation appears
sound, it is somewhat counterintuitive because in previous
SERS spectra of aromatic molecules the most intense bands are
dominated by modes centered on the ring.’" Excellent agree-
ment between the theory and experiment shown in Figure 5
also elucidates another key point. The experimental data are
very accurately simulated with just two configurations averaged
together in a near-1:1 ratio, showing that the distribution on
the surface must contain primarily upward and downward
isopropyl configurations. If other configurations were present
in significant numbers on the surface, then the theory would
need to include all possible configurations, considering the
large effect the isopropyl groups have on the SERS spectra.

Figure 6 compares the experimental and predicted SERS
spectra of NHCs where the hydrogens of the heterocycles have
been substituted with deuterium, which allows us to further
confirm our vibrational assignments. In this case, we addition-
ally see modes that correspond to motion of the atoms in the
heterocycle, although they are not the most intense bands in
the spectrum. There is an obvious shift and change of intensity
of the 1532 cm™" mode in the SERS spectrum of 1-Au after
deuteration (2-Au), which is expected because that mode is
dominated almost entirely by the motion of the ring hydrogens
(Figure 6, left). A similar change is observed in the SERS spec-
tra of 4-Au and 5-Au, notably from 807, 1129, and 1589 cm™
to 817, 1123, and 1562 cm™ ', respectively (Figure 6, right).

The sensitivity of the isopropyl vibrations to the local geome-
try can be explored by deuterating the isopropyl wing groups
instead of the ring protons. This change in weight is expected to
greatly alter the resulting SERS spectra because the most intense
modes of the protonated NHCs exhibit motion of the isopro-
pyl group hydrogens, as discussed previously. Figure S56
displays the experimental SERS spectra of the NHCs with
deuterated isopropyl groups (3-Au and 6-Au). Surprisingly,
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Figure 5. Experimental SERS spectra (solid) and theoretical SERS spectra (dashed), overlaid, show excellent agreement for both 1-Au and 4-Au
(left and right, respectively). Theory shows that many of the most intense modes in the spectra are derived from motion on the isopropyl side
groups. These modes are shown pictorially above the spectra with their energies. Red and blue coloring is used to indicate modes arising primarily
from up- and down-oriented isopropyl groups, respectively. Asterisks indicate modes from polystyrene spheres below the gold film.
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Figure 6. Left: Theoretical (top) and experimental (bottom) SERS spectra of 1-Au (black) and 2-Au (green). Right: Theoretical (top) and experimental
(bottom) SERS spectra of 4-Au (black) and 5-Au (green). The isotope shifts upon deuteration are well reproduced by the theory, and several of the most
perturbed modes are presented pictorially next to the spectra. * indicates a contribution from polystyrene spheres below the gold film.

the SERS spectra of the imidazolium and benzimidazolium
carbenes with deuterated isopropyl wing groups become very
similar to each other and are dominated by bands at 1352 or
1367 cm™ in 3-Au and 6-Au, respectively. Clearly, deuteration
of the isopropyl groups decouples the motion on the ring from
the alkyl groups, which greatly increases the contribution of the
imidazolium ring in the SERS spectra. Because both NHCs
contain the imidazole ring, the resulting SERS spectra appear
very similar. Additionally, two bands near 1000—1030 cm ™" are
also present in both spectra and arise from motion on the
isopropyl groups. The previously discussed ring modes near
1330—1340 cm ™" in the deuterated samples are visualized with
vector representations in Figure S56. Figures S57—S59 present
a detailed assignment of modes from the SERS spectra of 1-Au
to 6-Au, followed by their pictorial representations.

Vector overlap of normal modes was calculated to elucidate
the effect of deuteration on the isopropyl groups. This was
done by calculating the difference in 3-N normal mode vectors
between two pairs, the benzimidazolium (4-Au and 6-Au) and
the imidazolium (1-Au and 3-Au). If the normal modes are
mostly the same after deuteration, then a high vector overlap of
normal modes would be expected. Results showed that for the
1-Au to 3-Au deuteration a significant decoupling occurred,
with most of the intense modes for 1-Au being heavily altered.
The largest normal mode overlap for the 1407 cm™ mode in
3-Au was very small (~39% overlap). For the 4-Au modes
around 1408 cm™, a similar result was found but with slightly
higher overlap (~53%). Modes that were not heavily related to
the isopropyl groups, such as the 1532 cm™" mode for 1-Au, were
found to have high mode overlaps (87%). This large difference in
vector overlap for normal modes with isopropyl contribution
further emphasizes how important the N-substituents are to
the SERS spectra. Deuteration of the side groups largely
decoupled ring and side group vibrations, which resulted in
very different spectra.

In summary, in this manuscript, we presented a comprehen-
sive experimental and theoretical investigation of the Raman
and SERS spectra of benzimidazolium and imidazolium
NHC-functionalized gold films by comparison of deuterated
isotopologues of 1 and 4. The NHC—Au films can be fac-
ilely formed from either the NHC—CO, adducts or the
NHC—Dbicarbonate salt, which is a degradation product of the
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NHC-CO, adduct from exposure to air. The fidelity of the
match between the theoretical and the experimental SERS
spectra of the NHCs on the gold surfaces yields three major
findings. First, the NHCs binds to tips and adatoms on the film
and not a purely flat surface. Second, the isopropyl moieties on
the NHC:s point to a mixture of solely up and down toward the
gold surface, and it is impossible to replicate the experimental
spectra with only one isopropyl position. Finally, the vibra-
tional modes in the spectra are dominated by the hydrogens on
the isopropyl moieties and not the ring modes of the NHC.
Whereas this is due to the close proximity of these hydrogen
atoms to the surface plasmon, this phenomenon is not typically
observed with other typical binding ligands, such as amines or
thiols, because their modes cannot be easily separated from a
ring mode itself. Our method provides a general method for
understanding the surface structure of NHCs films, which is
critical when targeting NHCs with specific properties on gold
surfaces.
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