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ABSTRACT: The proliferation of N-heterocyclic carbene (NHC)
self-assembled monolayers (SAMs) on gold surfaces stems from their
exceptional stability compared to conventional thiol-SAMs. The
prospect of biological applications for NHC-SAMs on gold shows
the need for biocompatible techniques (e.g, large biomolecule
detection and high throughput) that assesses SAM molecular
composition. Herein, we demonstrate that laser desorption
ionization mass spectrometry (LDI-MS) is a powerful and facile
probe of NHC surface chemistry. LDI-MS of prototypical imidazole-
NHC- and benzimidazole-NHC-functionalized AuNPs yields ex-
clusively [NHC,Au]" ions and not larger gold clusters. Employing
benzimidazole-NHC isotopologues, we explore how monolayers
pack on a single AuNP and the lability of the NHCs once ligated.
Quantitative analysis of the homoleptic and heteroleptic [NHC,Au]*
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ions is performed by comparing to a binomial model representative of a randomized monolayer. Lastly, the reduction of nitro-NHC-
AuNPs to amine-NHC-AuNPs is tracked via LDI-MS signals, illustrating the ability of LDI-MS to probe postsynthetic modifications
of the anchored NHCs, which is critical for current and future applications of NHC surfaces.

N-heterocyclic carbene (NHC) ligands’ strong metal-carbon
bonds and highly tunable structures enable numerous
applications, including organometallic catalysis,' > elec-
tronics,” supramolecular chemistry,” metal—organic frame-
works,® and medicinal chemistry.” To add to this considerable
collection, NHCs were recently shown to form robust self-
assembled monolayers (SAMs)® '" stable under electro-
chemical cycling,'' high temperatures,'”>™'* catalytic cy-
cling,">'® and exposure to rigorous chemical environ-
ments, '~ signifying that they are an attractive alternative
to the widely used, but labile, thiols in noble-metal surface
functionalization.”’ The longevity of implantable electro-
chemical sensors, for example, is currently limited by the
instability of thiol-SAMs.>*

Although numerous methods are available for probing the
molecular and structural characteristics of NHC-SAMs,
relatively few methods are high-throughput and easily applied
to biocompatible NHC-SAMs (Figure 1). Scanning tunneling
microscopy (STM) elucidates NHC ligand packing'' and
movement,”® whereas atomic force microscopy paired with
infrared spectroscopy (AFM-IR) provides srectroscopic
evidence of chemical reactions on the surface.”* Elucidation
of NHC chemisorption often relies on X-ray photoelectron
spectroscopy (XPS),”>*® although it is difficult to distinguish
similar chemical structures using XPS. Characterization of the
local ligand composition of monolayers frequently relies on
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time-of-flight secondary-ion mass spectrometry (ToF-SIMS).”
Although STM, AFM-IR, XPS, and ToF-SIMS are powerful
probes of fundamental carbene surface chemistry, their
compatibility with complex systems, throughput, and accessi-
bility remains limited.

Other characterization methods provide versatile and
biocompatible probes of NHC monolayers but are restricted
to specific analytes and matrices. For instance, surface-
enhanced Raman spectroscopy (SERS) provides surface-
sensitive characterization of NHC ligands®® but only probes
species very near to the surface.”” Nuclear magnetic resonance
(NMR) spectroscopy delivers molecular structure informa-
tion®® but is hindered in complex media by spectral
convolution. Limitations across the most common current
techniques and the prospect of NHC-SAM biological
applications illustrate the need for a high-throughput,
biocompatible technique capable of characterizing the
molecular composition of NHC monolayers.
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Figure 1. Selected NHC-SAM characterization methods on gold surfaces (A—D) or nanoparticles (E, F). LDI-MS characterization provides a facile
and accessible method for probing postsynthetic modifications of the NHC surface on nanoparticles (G).

Laser desorption ionization mass spectrometry (LDI-MS) is
a well-established method for the characterization of SAMs on
nanomaterials®*> and surfaces.*® This technique enables high-
throughput screening of chemical reactions’ and large
biomolecules on SAMs.*> Compared to ToF-SIMS, LDI-MS
offers routine detection of analytes beyond 10,000 m/z,* high
throughput, and complementary desorptlon and ionization
methods (i.e., laser-induced processes).”” Finally, monolayers
with strong metal—ligand bonds and dense surface packing
provide high signal-to-noise ratios,”® which is ideal because
NHC-SAMs on Au surfaces display these characteristics.*”
Therefore, we hypothesized that LDI-MS will be especially
suitable for NHC-modified surfaces and for investigating their
chemical reactions. Despite its promise, to date, only two
reports tangentially employ LDI-MS to study NHC-SAMs.***!

In this study, we demonstrate the power and versatility of
LDI-MS for probing the chemical composition and trans-
formations of NHC-functionalized gold nanoparticles. We
establish a basic understanding of the desorption and
ionization characteristics of NHC surfaces by first measuring
the prototypical imidazole-NHC- and benzimidazole-NHC-
functionalized AuNPs. We investigate how these spectra
encode information about the local monolayer structure
using benzimidazole-NHC isotopologues. These isotopic
mixtures of NHCs also provide evidence on NHC transfer
between AuNPs. Finally, we employ LDI-MS to monitor
chemical transformations of the surface-bound NHCs,
specifically the reduction of a nitro to an amine on the 4-
position of the benzimidazole-NHC ring.

B EXPERIMENTAL SECTION

Figure 2 illustrates the structure of the carbene ligands and
carbene-functionalized gold nanoparticles (NHC-AuNPs)
interrogated in this study. Complexes [(1),Au]Cl, (2)AuC],
and [(4),Au]l were previously reported.*”** Details of the
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Figure 2. (A) NHC structures shown with representative shapes and
numerical identifiers; (B) schematic illustrates AuNP functionaliza-
tion with carbenes and the reduction of 4-AuNP to form 5-AulNPs;
(C) carbene AuNPs shown with representative shapes and identifiers.

synthesis and characterization of (3)AuCl are given in the
Supporting Information. NHC-AuNPs were prepared accord-
ing to our previously described procedure.** Briefly,
[(1),Au]Cl, (2)AuCl, (3)AuCl, and [(4),Au]l were dissolved
in acetonitrile and added to aqueous citrate-capped AuNPs to
generate a solution with a final ligand concentration of 0.72, 1,
1, and 0.59 uM, respectively (Figure 2B). The resulting
solution was mixed vigorously under ambient conditions for 15
min. The mixed carbene monolayers were prepared by adding
an aliquot of premixed (2)AuCl and (3)AuCl stock solutions
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to AuNPs according to the aforementioned procedure. The
synthesis of 5-AuNPs was performed by adding 5 mL of 4-
AuNPs to ~1 mg of sodium dithionite.** The suspension of §-
AuNPs was then mixed for 15 min under ambient conditions.

To remove the background LDI signal arising from the
residual citrate® and ions (e.g, sodium chloride),*® several
washing steps were used. The functionalized nanoparticles
were centrifuged at 10,000 rpm for 20 min, and the
supernatant was removed with a pipette. This process was
repeated before each resuspension in ultrapure water (18
MQ), reagent alcohol, and lastly a 1:1 mixture of reagent
alcohol to ultrapure water. After washing, two successive 1.5
uL aliquots of the sonicated suspension were drop-cast onto an
LDI-MS target plate and dried in air. This process was
repeated for all LDI-MS samples of NHC-AuNPs. Mixed
nanoparticles were prepared by adding 100 L of prewashed 2-
AuNPs and 100 uL of prewashed 3-AuNPs with 15 min of
vigorous shaking. MS analysis of NHC-AuNPs was performed
on a Bruker UltrafleXtreme MALDI TOF-TOF mass
spectrometer equipped with a 355 nm laser.

B RESULTS AND DISCUSSION

Our LDI-MS investigation of AuNPs functionalized with
NHCs began by comparing the ions formed from the two most
studied NHCs. LDI-MS of 1-AuNPs and 2-AuNPs generates
[(1),Au]" and [(2),Au]’ ions, respectively (Figure 3).
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Figure 3. Collection of LDI-MS spectra for AuNPs (top), 1-AuNPs
(middle), and 2-AuNPs (bottom) demonstrates the formation of
[NHC,Au]" ions for 1-AuNPs and 2-AuNPs. Teal lines illustrate 95%
confidence intervals from >12 spectra.

Notably, no higher mass gold clusters are observed. These
ions form readily without any organic matrix to facilitate
desorption and ionization. Avoiding the addition of an organic
matrix generates an optimal system for LDI-MS analysis below
500 m/z by minimizing spectral convolution.*® As a control
experiment, stock solutions of the starting materials [(1),Au]
Cl and (2)AuCl were deposited, and after drying, LDI was
performed. Despite the greatly increased concentrations in the
control experiments, the control signal is more than two orders
of magnitude weaker than the signal observed from 1-AuNPs
and 2-AuNPs. This result illustrates that the ions shown in
Figure 3 are attributed to a desorption process mediated by the
nanoparticles (Figures S7 and S8).

To understand the packing and potential scrambling of
NHCs in the SAM on AuNPs, we conducted a set of ligand-
mixing experiments. A deuterated analog of (2)AuCl was
synthesized: (3)AuCl (Figure 2A, see the Supporting
Information for details). Figure 4 presents spectra of NHC-

—l-t
o i o
> Au i Au
‘g ..--..‘ i
Tl
B |
- " LUl .
g 1M S
T, W ¢
E S s s Au Au
zO '.;-‘ * 3+
..‘A.u..‘ Au
‘.'N:“. N Il l 1 |
T 1 1 1
585 605 625 645
m/z

Figure 4. LDI-MS spectra of mixed monolayer AuNPs (top)
compared with spectra obtained from mixing 2-AuNPs and 3-
AuNPs for 1S min after functionalization (bottom). The preferential
formation of heteroleptic ions occurs only in the mixed monolayer
sample.

functionalized AuNPs obtained from two different experi-
ments. In the top panel, solutions of (2)AuCl and (3)AuCl
were mixed in a 1:1 ratio before addition to the AuNPs, while
in the bottom panel, 2-AuNP and 3-AuNP were mixed
together for a total of 15 min after functionalization. The
mixed monolayer AuNPs (top) preferentially form heteroleptic
[(2)(3)Au]" ions at 615.341 m/z, whereas the mixture of 2-
AuNPs and 3-AuNPs preferentially form homoleptic
[(2),Au]* and [(3),Au]* ions at 601.217 m/z and 629.432
m/z, respectively (bottom).

These combined data illustrate that the ion observed
depends on the neighboring ligands in the monolayer. If
plume chemistry was responsible for heteroleptic ion
formation, the relative signal intensity of [(2)(3)Au]" ions in
spectra corresponding to the 2-AuNPs and 3-AuNPs mixture
would resemble that of mixed monolayer AuNPs. Because the
formation of heteroleptic ions relates to the proximity of
carbenes on the surface, this result proves that LDI-MS
analysis provides a window into the local surface structure of
the NHC monolayers prior to desorption and ionization.

The observed signal ratios of the [(2),Au]*, [(2)(3)Au]",
and [(3),Au]" ions are in quantitative agreement with a
binomial model that assumes a random distribution of the
NHC ligands. Employing a sum-of-square residuals (SSR)
calculation can illustrate deviations of the experimental data
from the binomial model and SSR values less than 107> are
characteristic of well-mixed monolayers."”” We obtain SSR
values of 4.7 X 107° for the mixed monolayers and 0.2 for the
mixed 2-AuNPs and 3-AuNPs samples; therefore, a signal
distribution characteristic of well-mixed SAMs is present only
in the spectra of the mixed monolayers (Figure 4, top) not 2-
AuNPs mixed with 3-AuNPs (Figure 4, bottom). We
confirmed this result by preparing mixed monolayers with
different concentration ratios of (2)AuCl and (3)AuCl (Figure
S9) and report SSR values that are <107 for all spectra (Table
SS). This quantitative comparison provides additional evidence
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of the local surface structure information contained in the
observed ions.

LDI-MS is a powerful probe for observing chemical
modifications of surfaces,” and the strong NHC signal
observed here (Figure 3) suggested the potential for reaction
monitoring of NHC-SAMs. To test this hypothesis, we
reduced a nitro on the backbone of the NHC to an amine
with sodium dithionite (Figure 2B) via a previously reported
procedure.”* Aqueous 4-AuNPs were reacted with a slight
excess of a reductant, yielding 5-AuNPs. The spectra of 4-
AuNPs have a characteristic signal at 691.287 m/z
corresponding to [(4),Au]’ ions (Figure S, top). After
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Figure S. LDI-MS spectra of 4-AuNPs before reduction (top) and 5-
AuNPs after reduction (bottom). The disappearance of [(4),Au]"
and the appearance of [(5),Au]" after the reduction of 4-AuNPs
demonstrate the ability to track NHC surface reactions with LDI-MS.
Teal lines illustrate 95% confidence intervals from 18 spectra.

reduction, the spectra are dominated by a signal at
631.284m/z corresponding to [(5),Au]" ions, indicating the
formation of 5-AuNPs (Figure S, bottom). Analysis of the
[(4),Au]’, [(4)(5)Au]*, and [(5),Au] signals reveals that
amine-NHC ligands compose >90% of the total peak area
(Table S7). Furthermore, we demonstrate the capability of
LDI-MS to track additional postsynthetic modifications by
performing an amide linkage between benzoic acid and §-
AuNPs. The data, illustrated graphically in Figure S11,
demonstrate simultaneous detection of benzoic acid-modified
amine-NHC ligands and unmodified amine-NHC ligands.
Therefore, LDI-MS provides a detailed picture of the carbene
monolayer composition, following chemical reactions on the
surface.

B CONCLUSIONS

We have demonstrated that LDI-MS is a powerful and facile
method to probe the local structure and track chemical
changes of NHC-SAMs on AuNPs. Classic imidazole- and
benzimidazole-NHCs only yield single ions, not clusters, which
makes tracking the NHCs on the surface straightforward. NHC
isotopologues allow us to probe the local structure of the NHC
monolayers, and, notably, LDI-MS measurements show that
NHCs do not traverse between AuNPs once bound to a
surface. More generally, this approach is found to be a facile
and effective method for tracking chemical transformations of
the surface-bound NHCs. These combined attributes, along

with ease of application, indicate that LDI-MS is a highly
effective tool for monitoring NHCs on surfaces. Given the
ever-increasing expansion of NHC surface chemistries, """ we
expect LDI-MS to find significant applications across a wide

. Lo . 1
variety of functionalized nanoparticles and planar surfaces.”
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B ABBREVIATIONS

LDI-MS laser desorption ionization mass spectrometry

NHC  N-heterocyclic carbene
SAM self-assembled monolayer
AuNP  Au nanoparticle
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