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ABSTRACT: New strategies to access functional mono-
layers could augment current surface modification
methods. Here we present addressable N-heterocyclic
carbene (ANHC) anchors for gold surfaces. A suite of
experimental and theoretical methods was used to
characterize ANHC monolayers. We demonstrate grafting
of highly fluorinated polymers from surface-bound
ANHCs. This work establishes ANHCs as viable anchors

for gold surfaces.

S ince its discovery in 1983,' the chemisorption of thiols on

gold surfaces has enabled countless technological advances
in the fields of electronics,” sensing,3 microfabrication,” and
nanotechnology.® Despite this broad utility, S—Au monolayers
have limitations. For example, the relatively weak S—Au bond
(~45 keal/mol)° can lead to monolayer desorption at moderate
temperatures (~100—150 °C).*” Furthermore, S—Au mono-
layers often have ill-defined binding geometries.® Finally, S—Au
bonds typically have low conductance, which could limit their
use in molecular electronics applications.”

Other anchor groups have been explored for bindin% to gold
surfaces. Though some of these, such as alkyl1 11 and
dithiocarbamate,” display increased conductance or improved
binding strength, there is still need for a general, synthetically
versatile complement to Au—S monolayer formation.

We were drawn to N-heterocyclic carbenes (NHCs)' as a
potentially useful class of reagents for binding to inorganic
surfaces (Figure 1). NHCs offer a combination of exceptional
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Figure 1. Functionalization of gold with ANHCs.

o-donating and moderate 7-backbonding ability,'> which has
made them ligands of choice for late transition metals like
Ru(I)**** and Au(I).'"® We envisioned that these same
characteristics could lead to strong, partially conjugated surface
bonds. Furthermore, the synthetic flexibility of NHCs could
facilitate their general use for surface functionalization.

To date, one published work'” explored the use of NHCs for
coating planar gold surfaces; three reports'®™>° entertained
gold nanoparticle stabilization with NHCs. While these studies
are encouraging, they provide no details for such parameters as
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bond strength, rate of adsorption, layer density, or electronic
structure. Moreover, the exclusively N,N-dialkyl NHCs
described rendered the surfaces inert toward further function-
alization.

To study NHC-gold surface binding and facilitate NHC
monolayer functionalization, we prepared (Scheme S1) two
“addressable NHCs” (ANHCs) that possess aryl bromide®" (1,
Figure 2A) and p-methylstyrene (2, Figure 2A) functional
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Figure 2. (A) ANHC structures. (B) Crystal structure of complex 3.

groups. Both ANHCs form mono- and bis-Au(I) complexes
(e.g, 3, Figure 2B) upon exposure to (Ph;P)AuCl in THF
(Scheme S2). The crystal structure of 3 features a C—Au bond
length of 1.98 A, which is consistent with reported values for
IMes- and SIMes-Au(I) complexes (2.00 and 1.98 A,
respectively).”” Of note, this bond length is much shorter
than the Au—S bond length (2.2—2.6 A) observed in crystal
structures of thiolate-stabilized gold nanoparticles.”®

Quartz crystal microbalance with dissipation (QCM-D) was
used to study binding of 1 and commercially available IMes to
gold surfaces. For all QCM-D experiments, a THF solution of
free carbene was flowed over a gold-coated sensor; binding was
characterized via changes in frequency (F) and dissipation (D)
of the sensor. The carbene solutions were prepared as follows
(see SI for details):

(a) For 1 and 2, a THF suspension of imidazolium salt
ANHC precursor (IS1 or IS2, respectively, Scheme S1) was
exposed to potassium hexamethyldisilazide (KHMDS, 1.0
equiv) under N,. The resulting solution was filtered through
a 0.25 pm syringe filter.

(b) For IMes, IMes was dissolved in THF under N,. The
solution was filtered through a 0.25 pm filter.

Both carbene solutions initiated a rapid frequency change
upon introduction to the QCM-D sensor; saturation was
approached within 15 min (Figure 3A, B). As expected for rigid
monolayers,>* the surfaces were characterized by small ratios of
AD:AF (<4 X 1077 Hz™"). The areal mass density (AMD) of
bound species was estimated using the Sauerbrey method.****
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Figure 3. QCM-D traces for carbene solutions. (A) Solution (a): ANHC 1 generated via exposure of IS1 to KHMDS in THF. (B) Solution (b):
Commercially available NHC IMes in THF. (C) THF solution of ANHC 1 generated via decarboxylation of CO,-1 (no KHMDS present). The
measured areal mass densities (AMDs) for each sample are 210 + 80, 56 + 6, and 63 + 14 ng/cm?, respectively.

Average AMD values for 1 and IMes taken from three
measurements were 210 + 80 and 56 + 6 ng/cm?, respectively.

Control experiments with HMDS amine or amide in the
absence of carbene showed little binding of the former, but
significant binding of the latter (Figure S1). Thus, we
hypothesized that binding of residual HMDS amide led to
the larger AMD, and increased deviation, for 1 compared to
IMes.

To test this hypothesis, a solution of 1 in THF was prepared
via thermal decarboxylation of an independently synthesized
CO,-1 adduct (Scheme S3). The average AMD value for this
solution of 1 without HMDS was 63 + 14 ng/cm? (Figure 3C),
which agrees well with the value for IMes.

Based on the dimensions of 1 obtained via crystallography
(Figure 2B), we estimate the maximum possible AMD for a
monolayer of 1 on a perfectly flat surface to be 85 ng/cm? This
limit would be higher for a rough surface. Given the steric bulk
of 1 and IMes, the measured AMDs (~63 and ~56 ng/cm?,
respectively) are reasonable.

Monolayers of 1 and IMes prepared via immersion of gold-
coated silicon wafers in solution (a) or (b), respectively, were
characterized by narrow-scan X-ray photoelectron spectroscopy
(XPS). The spectra were normalized to the transmission-
corrected area of the carbon peaks (Figure 4A). The surface
exposed to 1 showed a significant Br signal (Figure 4B). The
measured Br/N ratio of 0.16:1 corresponds to a mixed
monolayer with 21% 1 and 79% HMDS by mass (Table S1).
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Figure 4. (A) C 1s and (B) Br 3p regions of the XPS spectra for 1 and
IMes bound to planar gold surfaces. (C) DFT model of 1 bound to a
gold surface. (D) HOMO of the 1-Au(0) complex.
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Surfaces treated with IMes showed no detectable Br (Figure
4B).

In order to gain further insight into the nature of the NHC-
Au surface interaction, density functional theory (DFT) was
used to model the binding of 1 to a charge-neutral gold adatom
above a fixed gold lattice. The calculated structure (Figure 4C)
possesses a C—Au bond length of 2.03 A, which agrees well
with that of the crystal structure for 3. Furthermore, the
calculated homolytic Au—C bond dissociation energy (BDE)
was found to be 67 kcal/mol, which is more than 20 kcal/mol
larger than a typical Au—S bond. Calculations performed using
either a single gold atom or gold clusters produced similar 1-Au
o-bonding orbitals, which suggests that the bonding is highly
localized to a single gold atom.

We next studied the electronic structure of the 1-Au bond via
DFT using the B3LYP functional; the basis set was LANL2DZ
+ effective core potential for gold, and 6-31g* for all other
atoms. For clarity, we present results (Figures 4D and S2) from
the simplest (one gold atom) model. The electron density in
the HOMO (Figure 4D) is delocalized over the gold atom and
the carbene carbon; this delocalization extends to the nitrogen
atoms in the HOMO. These results suggest that ANHCs could
form conductive surface linkages.

Next we sought to demonstrate chemical modification of an
ANHC-gold surface. Attempts to perform various metal-
catalyzed cross-coupling reactions on 1-Au surfaces were met
with difficulty due to nonspecific adsorption. Thus, we focused
on modification of the olefins of 2-Au monolayers. We
envisioned that treatment of 2-Au surfaces with third-
generation Grubbs catalyst®® (Ru, Figure SA) would generate
surface-bound initiators for ring-opening metathesis polymer-
ization (ROMP).>"?®

A series of model experiments using an isolated bis-2-Au
complex demonstrated that cross-metathesis between Ru and 2
was efficient in solution (Figures S$3—SS, Table S2).
Encouraged by these results, we performed the sequence of
reactions depicted in Figure SA on a gold-coated QCM-D
sensor; relevant steps are labeled i—wvi. First, exposure of the
sensor to a 0.21 mM solution of 2 (prepared via method (a))
for 15 min (region i) followed by a wash with fresh THF
(region ii) resulted in an AMD of 230 ng/cm? If we assume
that 2 binds to the surface with equal affinity to IMes, then ~61
ng/cm? of this AMD value corresponds to 2.

The surface was then exposed to a 5.80 mM solution of Ru in
THF for S h (region iii). Another THF wash was performed
(region iv). At this stage, the surface consisted of putative Ru-
benzylidene complexes bound via the 2-Au linkage (Ru-2-Au
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Figure S. (A) Scheme for ROMP from 2-Au surfaces and QCM-D data for the surface functionalization process. Red and blue curves correspond to
various frequency (Fj, inset legend) and dissipation (Dj, inset legend) overtones, respectively. (B) F 1s and Ru 3p3/2 regions of the XPS spectrum of

poly(4)-2-Au.

surface). The 2-Au to Ru-2-Au process coincided with a ~2.6
Hz frequency change, and a significant change in dissipation
(from ~0.2 X 107° to ~0.7 X 107°). The Voigt model*”*° was
used to calculate an AMD of 60 ng/cm” of bound Ru (see SI
for details). This AMD combined with the estimated AMD of 2
(61 ng/cm?®) corresponds to ~39% olefin conversion, which is
consistent with the percentage of cross metathesis observed in
solution studies (Figure SS).

Subsequent exposure of the surface to pentafluorophenyl
exo-norbornene derivative 4 (0.121 M in THF) for 2 h (region
v) resulted in drastically altered frequency and dissipation
values along with an observed dispersion in (1/j)Af for
different overtones j (Figure SA). These results are consistent
with growth of a soft polymer brush from the surface (poly(4)-
2-Au).”* The AAMD from polymerization was 1520 ng/cm?,
which, if polymer solvation is neglected, translates to an average
degree of polymerization (DP) of 3S.

No polymerization was observed when the same sequence of
events was carried out using 1 rather than 2 (Figure S6A),
which confirms the role of the olefinic groups of 2. Finally,
exposure of a 2-Au surface to monomer 4 in the absence of Ru
gave no change in dissipation and a AAMD of ~53 ng/cm*
from nonspecific adsorption (Figure S7A); no polymerization
occurred.

XPS analysis was performed on the same surfaces used for
QCM-D experiments (Figures 5B, S6B, and S7B; Table S1). As
expected, the poly(4)-2-Au surface exhibited high fluorine
content along with Ru (Figure SB). Control samples with 1 or
no Ru showed much lower fluorine signal from adsorbed 4.
The Ru/F ratio for poly(4)-2-Au (see footnote for Table S1)
was used to calculate an average brush DP of 18 (assuming one
Ru atom per polymer chain and five F atoms per polymer
repeat unit). The difference in DP compared to QCM-D is
likely due to polymer solvation.”"

Tapping-mode atomic force microscopy (AFM) of these
surfaces revealed a marked difference in roughness. Poly(4)-2-
Au had a roughness (RMS) of 5.6 nm (Figure 6A). In contrast,
the roughness of control sensors was 1.4 nm (no Ru, Figure
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Figure 6. AFM characterization of (A) poly(4)-2-Au surface and (B)
control surface with no Ru catalyst added.
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6B) and 2.0 nm (1-Au monolayer, Figure S8), which matches
that reported for bare sensors (3 nm).”” The elongated features
present only in the AFM image of poly(4)-2-Au (Figure 6A)
resemble those reported for other poly-norbornene grafted
surfaces.”’

In this report we have described the first examples of gold
surface functionalization with addressable N-heterocyclic
carbenes. We describe details of the ANHC-surface binding
interaction and demonstrate the growth of novel polymer
brushes from robust ANHC monolayers. We expect that these
results will spark interest in the use of ANHCs and other stable
carbenes as general surface anchors.
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spectral and crystallographic data. This material is available free
of charge via the Internet at http://pubs.acs.org.
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