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ABSTRACT: Over the past decade, N-heterocyclic carbenes
(NHCs) have attracted remarkable attention as metal-coordinating
ligands because of their ability to strongly interact with transition
metal complexes and surfaces. We investigate the coordination
interaction between colloidal gold nanoparticles (AuNPs) and
three sets of hydrophilic NHC-based ligands: an amine-modified
small molecule, a monomeric NHC appended with a poly(ethylene
glycol) (PEG) block, and a modified poly(isobutylene-alt-maleic
anhydride), PIMA, that simultaneously presents multiple NHC
groups and several short PEG chains. In this report, we find that all
three ligands can rapidly coordinate onto AuNPs, as characterized using a combination of NMR spectroscopy, high-resolution
transmission electron microscopy, and dynamic light scattering. These measurements have been supplemented with colloidal
stability tests as well as competition from dithiothreitol molecules. Overall, we find that multidentate NHC polymer coating exhibits
the highest affinity to AuNPs, which manifests in long-term colloidal stability in buffer media, absence of any aggregation, and better
resistance to competition from reducing molecules. We further exploit these data to infer additional insights into the interaction and

coordination of NHC molecules with Au surfaces.

B INTRODUCTION

Among the variety of solution-phase grown inorganic nano-
crystals, gold nanocolloids are one of the most stable materials
and they exhibit fascinating properties, including unique size-
and shape-dependent photophysical properties and strong
fluorescence quenching of proximal fluorophores."™® Gold
colloids have also been shown to promote plasmon-enhanced
fluorescence combined with decrease in the lifetimes of dyes
under certain proximity conditions.”® These properties
combined with the great chemical stability have made gold
colloids a model system of choice for use in various applications.
These include surface-enhanced Raman scattering, biological
sensing, imaging, theranostics, and photodynamic therapy to
treat cancers.”” " Growth of these materials using either
hydrophilic or hydrophobic conditions yields nanocolloids that
are not readily compatible with biological systems because of
either the hydrophobic nature of the ligands or the labile
properties of the coatings.'”'® Regardless of the growth route
used, modification of the surface coating is required to render
these nanostructured materials hydrophilic and colloidally stable
in a wide range of conditions.'”'* Cap exchange, which relies on
substituting the original coating with bifunctional hydrophilic
ligands, is one of the most effective strategies for promoting the
dispersion of various inorganic nanocrystals in biological media.
Overall, effectiveness of the coating strategy is determined by the
strength of the coordination interactions and affinity of the
hydrophilic moieties to the surrounding media."”

© 2021 American Chemical Society

7 ACS Publications

921

\:\land Excha,,ge

=4

NHC-AuNPs

@ = Oleylamine

For decades, thiol-modified ligands have been widely
employed for the stabilization of gold nanocolloids because
their coordination onto Au surfaces is strong.”” More recently,
N-heterocyclic carbenes (NHCs) have attracted increasing
attention as alternative ligands for coating Au and other
nanocolloids.”' ~** Using the hard and soft acids and bases
principle is informative for rationalizing the coordination affinity
of NHC groups to Au nanocolloids.”® Given its ability to share
two electrons, NHC is considered a soft Lewis base, which
implies that moieties presenting this group exhibit strong affinity
to gold and other transition metal nanocrystal surfaces because
of the soft Lewis acidic character of these materials.”***~>*
Indeed, covalent interactions have been proposed to character-
ize NHC-to-gold nanoparticle (AuNP) binding. NHC mole-
cules have been explored as stabilizing agents for transition
metal-rich NPs (e.g., those with cores made of Ay, > 73 Ry, ¥
Pd,*>*® Co,” and Ir**) and upconverting NPs.* In addition,
using well-thought synthetic rationales, NHCs can be easily
modified by attaching diverse functional groups to finely tune
their steric and electronic properties.””*" These findings have
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Ligand Exchange

Figure 1. Schematic representation showing the ligand exchange of hydrophobic OLA-AuNPs with various NHC-based ligands and their transfer to
hydrophilic media. Three sets of NHC-modified hydrophilic ligands are shown: NHC-APE, NHC-PEG, and NHC-PIMA-PEG.

made them very appealing for many research areas, including
organometallic chemistry and catalysis.”**®*'~* Previous
studies have shown that NHC-functionalized AuNPs with
either bidentate NHC or NHC attached to a hydrophilic
poly(ethylene glycol), PEG, moiety can provide stability to the
nanocrystals over a broad range of pH buffers for a few
weeks. ™%

Over the past few years, our group has demonstrated the
importance of higher coordination ligands, such as polymer-
based compounds, in promoting high binding affinity onto
various core nanocolloids. Several multicoordinating ligands
have been designed and tested for the coating of colloidal iron
oxide nanocrystals, luminescent semiconductor quantum dots
(QDs), and various Au nanostructures, where they imparted
long-term steric stability onto these materials in hydrophilic as
well as hydrophobic media.’*~*® Building on these observations,
we reasoned that polymers that present a combination of
multiple NHCs and PEG blocks would yield multicoordinating
ligands that could enhance the colloidal stability of AuNPs in
buffer media.

In this study, we designed, synthesized, and tested a new set of
NHC-modified molecules as novel capping ligands for the
stabilization of AuNPs (schematically depicted in Figure 1). In
particular, three structurally distinct NHC-based ligands were
prepared as follows: two monodentate ligands [one amine-alkyl-
linked NHC, NHC-aminopropylethyl (APE), and one PEG-
appended NHC, NHC-PEG] and a multi-NHC polymer
(NHC-PIMA-PEG). Successful phase transfer of the AuNPs
with these three ligands was achieved, indicating that NHC
binds to the Au surface, regardless of the exact chemical
structure of the ligand. However, the long-term colloidal stability
of the resulting AuNPs in buffer media depends on the
coordination number (i.e., number of NHC groups associated
with each ligand) and the choice of the hydrophilic motif used.
Accordingly, the NHC-PIMA-PEG-coated AuNDPs exhibited the
highest colloidal stability. Characterization of the photophysical,
structural, and colloidal stabilities of the new materials was
carried out using UV—vis absorption spectroscopy, 'H NMR
spectroscopy, transmission electron microscopy (TEM), and
dynamic light scattering (DLS). Additionally, we performed
colloidal stability tests using a competing reducing molecule
(dithiothreitol, DTT) and compared side by side the data
collected from the present set of NHC ligands with those
acquired using a multi-lipoic acid ligand, LA-PIMA-PEG,
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prepared using the same chemical route starting with the
poly(isobutylene-alt-maleic anhydride) (PIMA) precursor.
These measurements provided insights into the effectiveness
of the NHC-ligand substitution strategy.

B RESULTS AND DISCUSSION

Ligand Design. As our goal is to design stable NHC-
containing ligands, we have selected a commercially available
imidazole derivative as the building block because it is amenable
to functionalization of the two nitrogen atoms in the ring. The
resulting nitrogen-bound substituents ultimately provide added
kinetic stability to the final carbene species by sterically
hindering dimerization to the corresponding olefin.”® Using
this approach, we designed three sets of NHC-based ligands
using different chemical routes (summarized in Figure 2). The
monodentate NHC ligands were synthesized in order to
establish a comparison with the multidentate NHC-polymer
ligand.

To prepare the first ligand, NHC-APE, we chose 1-(3-
aminopropyl)imidazole (APIm) as a precursor because it
presents a free NH, group, which would ultimately promote
affinity of the ligand-coated AuNPs to water media. The ligand
was prepared via the following procedure (Figure 2a). Di-tert-
butyl dicarbonate (BOC)-protected APIm was reacted with
bromoethane to yield the BOC-protected 1-(3-aminopropyl)-3-
ethylimidazolium bromide (BOC-APEIm-ium). BOC depro-
tection under acidic conditions produced a compound
presenting a free amine and an imidazolium salt (APEIm-
ium). The APEIm-ium can be transformed to the corresponding
NHC-appended ligand usin; any conventional strong base, such
as alkali metal alkoxides.’®” In the present case, NHC-APE was
produced by deprotonation of the APEIm-ium using potassium
tert-butoxide (KOtBu), where the reaction was carried out
under an inert atmosphere in anhydrous dimethyl sulfoxide.
These steps have yielded the NHC-APE product in gram scale,
which can be stored under N, atmosphere.

The second PEG-appended NHC ligand requires the
attachment of a PEGy;, block onto the NHC group to afford
increased water compatibility. The synthetic steps to prepare the
PEG-imidazolium salt (PEG-EIm-ium), which can ultimately be
transformed after base treatment to NHC-modified PEG, are
schematically summarized in Figure 2b. First, PEG-appended
imidazole (PEG-Im) was synthesized via nucleophilic sub-
stitution reaction between imidazole and OMe-PEG-OMs. The
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Figure 2. Synthetic routes employed for preparing the NHC-based ligands. (a) Synthesis of NHC-APE involved reaction with bromoethane, BOC
deprotection, and carbene generation using KOtBu. (b) Synthesis of PEG-EIm-ium. (c) Synthesis of APEIm-ium-PIMA-PEG via two different routes:
(route i) One-step nucleophilic addition reaction between PIMA and a mixture of NH,-PEG-OMe and APEIm-ium. (route ii) This route involved two
steps. In the first, APIm-PIMA-PEG was prepared via addition reaction between PIMA and a mixture of NH,-PEG-OMe and APIm. The APIm-PIMA-
PEG was then reacted with bromoethane to yield APEIm-ium-PIMA-PEG, in the second step. It should be noted that the NHC-PEG generation was
carried out in the presence of the AuNPs (in situ) and thus combined with ligand exchange. Conversely, NHC-PIMA-PEG ligands were generated
using either ex situ, by the deprotonation of the imidazolium salt using KOtBu, prior to mixing with the OLA-AuNPs, or in situ and combined with the

ligand exchange, as done with NHC-PEG above.

latter compound was prepared by reacting OMe-PEG-OH (a
PEGs, block was used) with methanesulfonyl chloride in the
presence of triethylamine.”®*” The resulting compound was
then reacted with bromoethane to yield the PEG-EIm-ium salt.
In situ conversion of this product to NHC-PEG was carried out
in the presence of KOtBu during the ligand exchange process
(see below).

To prepare the third set, NHC-based polymer, we first
synthesized APEIm-ium-PIMA-PEG (serving as an intermedi-
ate or a precursor) using two alternative routes that rely on the
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one-step nucleophilic addition reaction between PIMA and
amine-R nucleophiles, as summarized in Figure 2¢>* APEIm-
ium-PIMA-PEG was first prepared by reacting PIMA either with
H,N-PEG and APEIm-ium (route i) or with H,N-PEG and
APIm (route ii).”***° The molar ratio of APIm/APEIm-ium to
NH,-PEG used is 50:50, which is expected to introduce approx.
~20 APIm/APEIm-ium groups and ~20 PEG motifs per
polymer ligand.

Route (i) relied on the reaction between PIMA and a mixture
of presynthesized NH,-PEG and APEIm-ium nucleophiles to

https://dx.doi.org/10.1021/acs.chemmater.0c03918
Chem. Mater. 2021, 33, 921-933
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Figure 3. Stacked 'H NMR spectra of (a) APEIm-ium salt precursor and NHC-APE following ex situ transformation of the imidazolium to carbene;
(b) PEG-EIm-ium salt (top) and NHC-PEG-AuNPs following in situ treatment using KOtBu (bottom); (c) APEIm-ium-PIMA-PEG (top) and
NHC-PIMA-PEG-AuNPs (bottom), also prepared via in situ generation using KOtBu. All samples were prepared in D,0. Absence of the acidic
hydrogen peak at 8.76 ppm is the evidence confirming generation (or installation) of the NHC ligands on the AuNP surfaces.

obtain the APEIm-ium-PIMA-PEG ligand. Conversely, route
(ii) involved two reaction steps, where PIMA was first reacted
with a mixture of NH,-PEG and APIm, yielding APIm-PIMA-
PEG. Then, APIm-PIMA-PEG was reacted with bromoethane
to provide APEIm-ium-PIMA-PEG.

Ligand Exchange and Phase Transfer. The newly
synthesized NHC-based ligands were applied for the coating
of hydrophobic oleylamine (OLA)-AuNPs, which were
prepared using high-temperature growth reaction.’”*> Ligand
substitution using the monodentate ligand was carried out by
mixing the OLA-AuNPs dispersed in hexane with NHC-APE

924

dissolved in chloroform; a molar excess with respect to the NP
concentration of ~2,500,000-fold was used. Ligand exchange
with this compound was rapid (about S min with shaking) and
resulted in precipitation of the newly capped AuNPs, which were
centrifuged into a pellet. After discarding the supernatant
containing free OLA, the AuNP pellet was dispersed in water.
However, despite the fact that ligand substitution was rapid and
used preactivated NHC, its effectiveness was very limited.
Indeed, we found that the resulting AuNPs were prone to
aggregation within 10—15 min, coupled with broadening and
red shifting of the surface plasmon resonance (SPR) peak (see

https://dx.doi.org/10.1021/acs.chemmater.0c03918
Chem. Mater. 2021, 33, 921-933
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Supporting Information, Figure S1). We attribute this result to
the inability of this ligand to impart colloidal stability to NP
dispersions in water. Compatibility with water is essentially
promoted by the terminal NH,, which do not provide enough
steric interactions to the colloids over a broad range of
conditions (e.g., pH).49

Ligand exchange with NHC-PEG was carried out under in
situ conditions. OLA-AuNPs and PEG-EIm-ium were first
mixed in tetrahydrofuran (THF) (at 300,000-fold molar excess
of the ligand with respect to AuNPs); then, the atmosphere was
switched to nitrogen by applying three rounds of vacuum
followed by purging with N,. A solution of KOtBu dissolved in
THF was added dropwise through a septum (over ~15 min) to
promote deprotonation of the PEG-EIm-ium salt and carbene
generation in situ, which was followed by mild overnight heating
at 40 °C. Subsequent processing and purification steps were
carried out under atmospheric conditions. Removal of excess
OLA, potassium salts, and free NHC ligands yielded NPs that
were readily dispersed in deionized (DI) water. Ligand exchange
under ex situ conditions, where carbene generation is first
carried out on PEG-EIm-ium, prior to mixing with the OLA-
AuNPs, could not be implemented.

Remark: We would like to note that introducing a small
amount of polysorbate 20 (TWEEN 20) with the ligands prior
to mixing with OLA-AuNP dispersions may help the ligand
exchange and phase transfer steps, as suggested in ref 63
However, in our hands, we found no difference between ligand
substitutions carried out with or without the addition of this
surfactant.

Ligand exchange with the polymer was implemented
following the steps described above for the monomer ligand
either using in situ (i.e., carbene generation was carried out in
the presence of AuNPs) or ex situ conditions, where carbenes
were generated first in the absence of AuNDPs.

For the in situ route, typically, a solution of APEIm-ium-
PIMA-PEG in THF was mixed with OLA-AuNPs (precipitated
in ethanol) and purged with N,; 15,000-fold molar excess
ligands with respect to AuNPs were used. Then, KOtBu
dissolved in THF was added dropwise and the mixture was
stirred at 40 °C overnight. It is to be noted that the molar
concentration of KOtBu was ~2 times larger than the anhydride
monomer concentration in APEIm-ium-PIMA-PEG in order to
account for the number of carboxyl groups (acids) freed along
the PIMA chain during the ring opening reaction; this ensured
that adequate amount of base was used for carbene generation.
The final polymer-coated AuNPs were purified using a
membrane filtration device, following the same steps used for
ligation with NHC-PEG-AuNPs (see Experimental Section) to
yield a homogenous NP dispersion in water. Additionally, to
confirm the importance of the carbene generation for promoting
ligand coordination on the gold surfaces, we have conducted a
control experiment, where ligand exchange was carried out using
APEIm-ium-PIMA-PEG (i.e., in the absence of KOtBu). Results
showed that ligation and phase transfer could ultimately take
place. However, the resulting AuNPs exhibited poor colloidal
stability in DI water, as color change and red shift in the SPR
were observed (see Supporting Information, Figure S2). This
implies that the presence of KOtBu as a strong base is critical for
forming the carbene groups, which drives coordination onto the
AuNPs.

For the ex situ route, an aliquot of OLA-AuNP stock
dispersion was subjected to one round of precipitation (to
remove excess free ligands), and the pellet was redispersed in
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CHCl;, mixed with preformed NHC-PIMA-PEG, and then left
to react while stirring overnight at room temperature; the molar
excess ligand was varied between 5000- and 15,000-fold. The
new NHC polymer-coated NPs were purified by applying two
rounds of precipitation using excess hexane, yielding a pellet of
NHC-PIMA-PEG-stabilized AuNPs. After drying under the
nitrogen flow, the pellet was dispersed in water, and the
hydrophilic dispersion was purified from excess ligands and
solubilized OLA using a membrane filtration device, as
described above.

Characterization of the NHC-Capped AuNPs. Charac-
terization of the AuNPs following ligation with various new
compounds was carried out using: (1) '"H NMR spectroscopy,
(2) UV—vis absorption spectroscopy, (3) DLS, and (4) TEM,
and data were compared side by side with results acquired from
the starting hydrophobic OLA-AuNDPs. These measurements
allowed us to assess the quality of the NPs stabilized with the
new ligands presenting NHC-coordinating groups.

'H NMR Characterization. The measurements were applied
to the ligand precursor (before base treatment) and after
carbene transformation, when the base treatment was carried
out prior to ligand exchange (ex situ). Alternatively, when
carbene generation was carried out in situ, the NMR data
collected from the ligand precursor alone were compared to the
spectra from the NHC ligand coordinated onto the NPs after
KOtBu treatment. Characterization of the first monomer ligand
was limited to NHC-APE and its precursor APEIm-ium. As the
dispersion of NHC-APE-AuNPs exhibited poor stability, our
experiments were mainly aimed at verifying the carbene
generation following base treatment. The spectra collected
before (top spectrum) and immediately after (bottom
spectrum) reaction with KOtBu show that all the proton
peaks along with the corresponding integrals expected for the
compounds have been measured (see Figure 3a). More
precisely, the spectrum acquired from APEIm-ium shows a
singlet peak at 7.55 ppm attributed to the merged two protons (i,
j) along with a peak at 8.86 ppm ascribed to the C2-proton (h) in
the imidazole ring. The acquired spectrum after KOtBu
treatment shows that the peak at 7.55 ppm was preserved,
while the one at 8.86 ppm (h) disappeared. This provides
evidence for carbene formation, which is consistent with the
anticipated structure of the NHC-APE ligand.

‘When APEIm-ium conversion to NHC for the two PEGylated
compounds (PEG-Elm-ium and APEIm-ium-PIMA-PEG) was
carried out in situ, the 'H NMR data acquired from the
precursor compounds were compared side by side with those
collected from the NHC-ligated AuNPs dispersed in D,O,
which provided further confirmation that coordination onto the
AuNPs was promoted by the in situ generated NHC groups.
Figure 3b,c shows representative '"H NMR spectra collected
from solutions of the ligand precursors only, namely, PEG-EIm-
jum and APEIm-ium-PIMA-PEG (see top spectra in panels
3b,c) side by side with the corresponding surface-ligated NHC-
PEG- and NHC-PIMA-PEG-AuNPs after phase transfer to D,0O
(see bottom spectra in panels 3b,c). The spectra acquired from
solutions of the pure ligands, PEG-EIm-ium or APEIm-ium-
PIMA-PEG, show two distinct peaks: one assigned to the
merged ring protons (i and j), measured at 7.55 (for PEG-EIm-
ium) or at 7.59 ppm (for APEIm-ium-PIMA-PEG), and another
assigned to the C2-proton (h), measured at 8.76 ppm (for PEG-
Elm-ium) or at 8.87 ppm for (APEIm-ium-PIMA-PEG). The
NMR data were also used to estimate the ligand stoichiometry.
The spectrum of PEG-EIm-ium (panel 3b, top) shows peaks at

https://dx.doi.org/10.1021/acs.chemmater.0c03918
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Figure 4. (a,b) Side-by-side UV—vis spectra collected from OLA-AuNPs (before, red lines) and after ligand substitution with NHC-PEG or NHC-
PIMA-PEG (ex situ, blue line and in situ, green line). Insets show white light images of dispersions of the newly coated AuNPs in water. (c,d)
Histograms of the intensity vs hydrodynamic radius measured for the NHC-PEG-AuNPs or NHC-PIMA-PEG-AuNPs (ex situ, blue line and in situ,
green line) plotted together with the one measured before ligand exchange (red line). (e,f) Size distribution histograms extracted from the TEM
imaging data measured for NHC-PEG-AuNPs and NHC-PIMA-PEG-AuNPs shown in panels (gh): NHC-PEG-AuNPs (diameter ~ 10.2 + 1.7 nm)

and NHC-PIMA-PEG-AuNPs (diameter ~ 9.2 + 1.9 nm).

3.32 ppm and 3.62 ppm, ascribed to the methyl and ethylene
glycol protons of the PEG-OCHj; moieties, respectively, along
with a peak at 1.5 ppm ascribed to the methyl (u) protons in the
terminal EIm-ium salt. Similarly, the spectrum acquired from the
polymer (panel 3¢, top) also proves that both imidazolium salt
and PEG moieties have been installed along the PIMA chain for
APEIm-ium-PIMA-PEG. These data were further exploited to
extract a measure for the number of PEG blocks and
imidazolium salt groups along the PIMA chain by comparing
the integrated peaks of the methoxy at 3.41 ppm and the
terminal methyl of the imidazolium salt (at 1.5 ppm) to that of
the methyl groups in the PIMA chain (broad peak at 1.0 ppm).
We estimate that the molar ratio of APEIm-ium/PEG per
polymer is ~50:50. The data collected from the AuNP
dispersions show that only the acidic proton (h) peak is
conspicuously absent from the two sets of NHC-ligated AuNP
dispersions (NHC-PEG and NHC-polymer); see bottom
spectra in Figure 3b,c. We should also note that the "H NMR
spectra from the AuNP dispersions indicate that OLA was
completely removed from the AuNP surfaces because the
characteristic peak around 5.3 ppm (ascribed to, i.e., —CH,=
CH,—) is absent.”* Finally, we note that the spectra acquired
from the newly coated AuNPs exhibit peak broadening due to
coordination of the NHC ligands onto the surface of AuNPs,
which is a common feature of NP-bound ligands.”® These
combined data provide strong evidence that base treatment
promotes the generation of carbene species, which in turn
competitively displace the native cap, ultimately proving that
coordination of the new ligands is driven by carbene-to-Au
bonding.

Optical Characterization. Figure 4ab shows representative
absorption spectra collected from AuNP dispersions before and
after ligand exchange with NHC-PEG and NHC-PIMA-PEG.
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The absorption spectra collected from the NHC-PEG- and
NHC-PIMA-PEG-capped AuNPs (blue profiles) are nearly
identical to those measured for OLA-AuNP dispersions in
hexane (red profiles), with SPR band located at ~520 nm for all
dispersions. The identical optical properties before and after
ligand substitution indicate that the present surface functional-
ization using NHC-based ligands preserves the integrity of the
gold nanocolloids.

Dynamic Light Scattering. DLS measurements exploit the
time-dependent intensity scattered from fluid dispersions to
extract values for the AuNP hydrodynamic size (from the
diffusion coefficient data) under different conditions, namely,
from dispersions of the as-prepared (OLA-coated) AuNPs and
dispersions of AuNPs after ligand substitution with NHC-PEG
(under in situ conditions), or with NHC-PIMA-PEG (under
both in situ and ex situ conditions). In addition, given the fact
that DLS exploits the Rayleigh laser scattered intensity from the
solute objects (which strongly depends on size, Int. ~ R®), it is
naturally suited for probing thermodynamic stability of the
colloids. In particular, DLS can ultimately identify NP aggregate
formation in the dispersions for ligands that do not promote
repulsive stabilizing interactions. Figure 4c,d shows representa-
tive histograms of the scattered intensity versus hydrodynamic
radius (Int. vs Ry), extracted from the Laplace Transform of the
autocorrelation function (see Supporting Information for
additional details about DLS). The abovementioned histograms
indicate that homogeneous samples (with a single peak profile)
characterize dispersions of the native OLA-AuNPs in hexane
(Ry ~ 7.6 nm) and of NHC-PIMA-PEG-AuNPs in water (Ry; ~
11 nm), regardless of the ligand substitution route used, namely,
using in situ or ex situ conditions. However, the histogram
acquired from the data for NHC-PEG-AuNPs shows that two
populations of scattering objects are present: a narrow one
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Figure S. Colloidal stability tests: (a) AuNPs ligand exchanged with NHC-PIMA-PEG dispersed in phosphate buffer (20 mM) over the pH 3, 8, and
12, in DI water, in the presence of 1 M NaCl and 0.1 M DTT. (b) Time progression of the hydrodynamic radius measured from NHC-PIMA-PEG-

AuNP dispersions in DI water.

corresponding to smaller colloids (single NPs, with Ry ~ 9.5
nm) and another of small aggregates (with Ry ~ 68 nm). The
fraction of aggregates is rather small compared to that of single
NPs, with <1% (based on the number weighted data) of the total
number of scattering objects being aggregates. Nonetheless, the
dispersions appeared clear with no precipitate buildup even after
several months of storage (additional data are available in the
Supporting Information). The larger Ry; values measured for the
NHC-coated AuNPs compared to the starting OLA-AuNPs
reflect an increase in the contribution of hydrodynamic
interactions to the Brownian motion measured for the
nanocolloids when the coating is changed from OLA to NHC-
PEG or NHC-PIMA-PEG. Those contributions are highest for
NHC-polymer coating (Ryy ~ 11 nm), reflecting the multi-
coordinating nature and spatial extension of the polymer
coating. The absence of a second population with a larger size
in the NHC-PIMA-PEG-AuNPs further proves that the higher
coordination provided by the polymer coating imparts steric
stability to the nanocolloids and prevents aggregate formation.
In comparison, the monomer coating imparts moderate steric
stabilization of the NPs, which manifests in the appearance of a
fraction of small aggregates in the sample.

Transmission Electron Microscopy. Analysis of the TEM
images collected from OLA-AuNPs shows that these NPs are
spherical in shape with an average diameter of 9.5 + 1.5 nm, and
substitution of the OLA coat with the NHC-modified ligands
yielded spherical NPs with a diameter of ~10.2 + 1.7 nm for
NHC-PEG-AuNPs and ~9.2 + 1.9 nm for NHC-PIMA-PEG-
AuNPs; see TEM micrographs shown in Figure 4gh. The
histograms of the size distribution illustrated in Figure 4e,f were
extracted directly from the TEM micrographs, and sizes were
averaged over ~400 NPs. These results clearly indicate that cap
exchange with both sets of ligands essentially maintained the size
and shape of the colloids, without significant etching of the
AuNP cores under the conditions used.

Colloidal Stability Tests. The colloidal stability tests were
limited to aqueous dispersions of AuNPs capped with NHC-
PEG and NHC-PIMA-PEG ligands (i.e., prepared via ex situ
carbene generation) and carried out under several biologically
relevant conditions. These include dispersions in phosphate
buffers over the pH range of 3—12 in DI water, in high salt
solutions (1 M NaCl), and in the presence of a reducing
compound (DTT, 0.1 M). Figure Sa shows white light images of
NHC-PIMA-PEG-AuNP dispersions in buffer media tracked
over a period of 1 year. Data indicate that AuNPs ligated with the
NHC polymer remained stable without any sign of degradation
or aggregation buildup over the entire set of conditions probed
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for at least 1 year of storage. The hydrodynamic size of the
NHC-polymer-AuNPs in DI water was tracked during storage
using DLS measurements. The histograms shown in Figure 5b
indicate that the radius measured for NHC-PIMA-PEG-AuNPs
remained constant (Ry ~11 nm) throughout the full storage
period. It should also be noted that Ry; remained constant (~11
nm) over the pH range in the presence of 1 M NaCl or 0.1 M
DTT (data not shown). In comparison, even though dispersions
of NHC-PEG-capped AuNPs were stable over the pH range 3—
12, and in 1 M NaCl for 1 year, the dispersions in 0.1 M DTT
exhibited slight color change to bluish after ~1 week (see
Supporting Information, Figure S3). Similarly, the intensity
versus Ry histograms collected from the NHC-PEG-AuNP
dispersions in DI water or 1 M NaCl consistently showed a
bimodal distribution, while staying visually homogeneous
throughout the test period, indicating the persistent presence
of a small fraction of aggregates, as shown in Figure S3b.

However, testing the dispersion stability in the presence of
DTT is more complex. Being molecular-scale and presenting
two thiols in their structure, DTT molecules can easily diffuse
through the surface coating of Au and other nanocolloids and
competitively displace weakly bound ligands.”® Such competi-
tion becomes more effective in the presence of added NaCl
promoted by counterion screening effects.””®” This alters the
surface coating of AuNPs, causing progressive aggregation with
time; a coating relying on DTT alone does not provide enough
steric repulsions between the NPs to impart colloidal stability.
We have provided data on the DTT test applied to the newly
capped AuNP dispersions below.

DTT Competition Tests. Here, we apply this routine test to
gauge the strength of the coordination interactions between
NHC-modified ligands and AuNPs using competition from
excess DTT in the presence of added NaCl. Competitive
displacement of surface ligands by DTT alters the spectroscopic
properties of AuNPs, manifesting in a time-dependent broad-
ening of the SPR band and reduction in its peak intensity,
combined with increase in the absorbance at longer wavelength;
a visual change in the dispersion color also takes place.”® To
quantify these changes, we use an aggregation factor (AF),
which is defined as the ratio between optical densities near the
baseline (here at ~714 nm) and at ~520 nm (the SPR value).%
As defined, the AF should either remain unaltered or exhibit
minor and slow change with time if the ligands are strongly
bound to the Au surfaces. Conversely, if affinity to the colloids is
weak and the ligands can be easily displaced by DTT, the AuNP
dispersion becomes unstable, resulting in progressive increase in
the AF with time.

https://dx.doi.org/10.1021/acs.chemmater.0c03918
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Figure 6. DTT competition tests. Time progression of UV—vis absorption spectra collected from AuNPs capped with (a) NHC-PEG (in situ), (b)
NHC-PIMA-PEG (ex situ, 10,000-fold), and (c) LA-PIMA-PEG. (d) Normalized AF extracted from the absorption data shown in panels (a—c) and
data shown in the Supporting Information (Figure S4). The AF profiles in panel (d) are from AuNPs coated with NHC-PEG (in situ, blue circles),
APEIm-ium-PIMA-PEG (green circles), NHC-PIMA-PEG (ex situ and 10,000-fold, red circles), and LA-PIMA-PEG (orange circles).

We tracked the progression of the UV—vis absorption spectra
collected from dispersions of AuNPs (containing 0.1 M DTT
and 400 mM NaCl), which are surface-stabilized with NHC-
PEG (NHC-monomer), NHC-PIMA-PEG (NHC-polymer),
and APEIm-ium-PIMA-PEG, along with a coating made of LA-
PIMA-PEG (a multi lipoic acid- and PEG-modified PIMA
polymer, with a molar stoichiometry LA/PEG = 50:50, similar
to that of the NHC-PIMA-PEG polymer), as shown in Figure 6.
Ligand substitution with LA-PIMA-PEG was carried out using
incubation of OLA-AuNPs with excess ligands for ~18 h; this
high affinity coating provides a well-established control
system.””*® The polymer synthesis and purification of LA-
PIMA-PEG were reported in our previous works.””>” The test
was extended over a period of ~3 h. Representative spectra
collected from dispersions of the AuNP cap exchanged with the
various NHC ligands are shown in the Supporting Information
(Figure S4). The corresponding AF versus time profiles for all
sets of dispersions are compiled in Figures 6d and S4. Clearly,
the data show a wide range of patterns for the progression of the
absorption spectra with time depending on the ligand structure
and the substitution conditions used. Data show that the most
pronounced changes are measured for dispersions with the
following AuNP-ligand combinations: APEIm-ium-PIMA-PEG-
AuNPs (unmodified polysalt ligand) and NHC-PEG-AuNPs
(monomer). For these dispersions, we observe a progressive
color change from red to violet combined with turbidity buildup,
indicating aggregate formation in the samples, which can yield
macroscopic sedimentation in the worst cases. In comparison,
data collected from NHC-PIMA-PEG-AuNPs (multi-NHC
polymer) show slower change in the spectra with time, even
though the exact profiles vary widely depending on factors such
as in situ versus ex situ conditions, excess ligand concentration
used, temperature, increase in pH (base concentration), and
incubation time; all these factors can affect the DT'T test results;

see Supporting Information, Figure S4. The data in Figure 6d
also show that compared to AuNPs capped with the various
NHC-modified ligands, the AF profile acquired for LA-PIMA-
PEG-AuNDs is essentially flat and close to the baseline. This
clearly indicates that substituting OLA with LA-PIMA-PEG
yields dispersions with much stronger resistance to DTT
destabilization.>’

We now discuss the abovementioned findings in comparison
to prior studies, where surface binding driven by NHC
coordination onto Au nanocolloids has been investigated.
Opverall, our results clearly prove that ligation onto AuNPs
promoted by NHC-to-Au coordination can be easily imple-
mented, and if the ligands are further modified to present
hydrophilic moieties, this strategy yields water-dispersible
nanocolloids. Additionally, we found that installing several
NHC groups along a polymer chain yields a multicoordinating
ligand that can impart long-term stability in buffer media over a
wide pH range, and in the presence of high salt concentration or
DTT reducing agent that extend to at least 1 year of storage. Our
results expand on the ideas reported by Johnson and co-workers
and demonstrate that being a soft Lewis base, carbene can
strongly interact with Au nanocolloid surfaces, which have a soft
Lewis acidic character.”” The Johnson group subsequently
showed that appending a PEG block onto the NHC moiety
imparts additional flexibility by allowing the growth of
hydrophilic AuNPs, starting from the PEG-NHC-Au(I)
complex as a precursor.® Our strategy for preparing the
PEGylated mono-NHC provides an alternative pathway for
designing hydrophilic carbene-stabilized AuNPs via ligand
substitution starting with OLA-AuNPs. The NHC-PEG-
stabilized AuNPs exhibit good long-term colloidal stability
(i-e., several months of storage), which agrees with the data
reported by Johnson’s group. We should note that their tests
were limited to a period of up to 3 months and used slightly
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longer PEG blocks. Nonetheless, our DLS data still indicate the
presence of persistent small aggregates, which are not easily
identified using absorption measurements, TEM data, or visual
inspection, as done in some of the previous reports. More
precisely, our DLS data allowed for identifying the presence of a
small fraction of rather stable aggregates made of ~45—47
AuNPs (if we assume a close-packed arrangement of the NPs in
those aggregates), which persist for several months, yet without
affecting the dispersion appearance or the UV—vis absorption
properties. Though promising, monodentate NHC ligands are
not able to impart long-term stabilization, a result that has also
been observed for other inorganic nanocolloids surface-coated
with a variety of monodentate ligands.”” In comparison, the
PEGylated multi-NHC polymers provide enhanced coordina-
tion affinity onto AuNPs, manifesting in the complete
displacement of the native cap. It also yields dispersions that
are colloidally stable and free of aggregates over a wide range of
conditions and for an extended period (see Figure 5). These data
agree with previous findings reported by Crudden and co-
workers, who showed that bidentate NHC-modified ligands
provide enhanced stability to AuNP dispersed in organic
media.”' Mixed NHC- and thiol-bidentate interactions were
tested by the groups of Glorius and Johnson to improve the
effectiveness of the NHC-coating strategy applied to Pd NPs and
Au nanorods."”’* We should stress that our long-term stability
results for the PEGylated monomer and polymer ligands provide
turther proof that the NHC-Au bonding once formed is stable
even in aqueous media. Additionally, the bonding stability is
observed for samples prepared via in situ carbene generation in
the presence of AuNPs as well as ex situ carbene generation
(where NHC groups are generated before mixing with the NPs).

Nonetheless, the colloidal stability data as evaluated using the
DTT competition test reveal that multi-NHC coordination onto
Au surfaces is weaker than the one involving the conventional
multi-thiol ligands. The comparison should be considered, while
keeping in mind that the net number of thiol-coordinating
groups in LA-PIMA-PEG ligands is higher because each LA
would yield two coordinating groups, implyin§ that there are
approx. 2X thiols than NHCs per polymer.”® However, this
finding should be discussed using other features specific to
NHC-Au binding. Recent work by He and co-workers compared
the grafting density of two sets of monodentate polymer ligands,
one presenting a terminal thiol and the other an NHC group. A
solution of each polymer with the same concentration was
flowed over an Au surface while tracking changes in the SPR
signature, which provided estimates for the apparent binding
constant K, for both ligands. They reported that the binding
constant of the thiol polymer is approximately 1 order of
magnitude larger than that of the NHC polymer, reflecting a
larger grafting density of thiol groups on the Au surface and thus
alower K rate for this polymer ligand.”” We would like to note
that the lower grafting density of the NHC polymer cannot be
simply attributed to the steric hindrance of the carbene moieties
because the larger spatial extension of the polymer coils (due to
entropy consideration and excluded volume effects) will
mitigate these effects.

After careful examination of our data and analysis of the
existing literature, we would like to propose a rationale that can
explain the rather strong difference in the DTT test results, as
shown in Figure 6 as well as in the results reported by He and co-
workers.”” Interactions between NHC groups and Au atoms are
predicted to be very strong because they involve soft-to-soft
Lewis base—acid interactions and the sharing of two electrons.
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These have led some reports to view the NHC-to-Au(0) bond as
covalent.”* One can thus assume that NHC-to-Au(0) binding is
stronger than that governing the covalent Au(0)—Au(0)
interactions. This disturbs the arrangements of the NHC-
bound gold atoms near the surface, leading to the classification
of NHC-Au as an adatom rather than an integral part of the
crystalline lattice.”” This process can eventually “dislodge”
NHC-bound Au as complexes in the dispersions, which can be
detected by mass spectrometry, for example. These events will
reduce the surface ligand density on the nanocolloids,”””®””
yielding weaker resistance to competition from DTT. These
factors combined together may be the source for the lower
stability exhibited by NHC-PIMA-PEG-protected AuNPs
compared to those stabilized with LA-PIMA-PEG, as shown in
our DTT competition test. They may also be the cause for the
wide range of DTT stability profiles shown for the NHC-PIMA-
PEG-AuNPs prepared under varying conditions, as shown in
Figures 6 and S4.

This rationale is consistent with results reported by Johnson’s
group, where bidentate thiol-NHC-Au(I) complexes were
shown to better coordinate onto the surfaces of Au nanorods
by first allowing the thiol to initiate surface binding via thiol-to-
Au coordination, followed by reduction of the NHC-Au(I)
complex to NHC-Au(0) under mild conditions.”” The NHC-
Au(I) complex is thus added to the nanorod surface as an
adatom, preventing the reorganization of the underlying surface
lattice, which can occur for NHC-Au(0) binding.”” This model
is supported by preliminary data collected in our laboratory
relying on MALDI-MS spectrometry, where the presence of
surface-released soluble NHC-PEG-Au(I) complexes was
observed after the ligand exchange and purification steps. We
are in the process of performing a set of coordinated experiments
combining mass spectrometry and X-ray photoelectron spec-
troscopy to develop a complete picture of the nature of the
interactions between NHC groups and Au nanocolloids. We
hope to report on those results in a future publication.

B CONCLUSIONS

We have designed a new set of NHC-based metal-coordinating
compounds starting with simple imidazole ring structures and
tested them as ligands for the stabilization of AuNPs. We first
showed that NHC-modified ligands promote rapid coordination
onto AuNP colloids. When the NHC-ligand was appended with
the PEG hydrophilic block, this coating yielded NPs that are
readily dispersible in buffer media, but stability was rather
limited. However, when several NHC groups and PEG blocks
were installed along a polymer structure by, for example, relying
on the one-step nucleophilic addition reaction using PIMA, the
resulting multidentate NHC-coating provided aqueous AuNP
dispersions that were free of aggregates and colloidally stable
under various conditions for at least 1 year. We further exploited
the DTT stability data collected from AuNP dispersions with
either NHC or thiol-based ligands to propose a rationale for how
NHC binding onto the NP surfaces affects the resistance to
competition from reducing small molecules. The carbene-driven
coordination onto AuNPs was confirmed using 'H NMR
spectroscopy. These results are highly promising, as they expand
and complement prior findings, which have discussed the ability
of this Lewis base group to strongly interact with AuNP surfaces.
We anticipate that such NHC-based coordinating ligands would
be ideally suitable for the surface coating of other transition
metal core colloids, considering that these materials tend to
present surfaces with the soft Lewis acid nature, such as
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semiconductor colloidal nanocrystals (QDs). Because these
nanocrystals exhibit unique photophysical properties, their
absorption and fluorescent properties can be affected by the
structure of the NHC coating used.”®”” As such, NHC-based
ligands will be highly suitable for stabilizing an array of inorganic
colloids and for potential use in applications ranging from drug
delivery and biomedicine to catalysis.

B EXPERIMENTAL SECTION

The experimental section will be limited to detailing the ligand
exchange steps applied using mono- and multidentate NHC ligands,
and starting with OLA-capped AuNPs, along with the NMR sample
preparation and DTT stability tests. Synthesis of the various ligands,
namely, NHC-APE, NHC-PEG, and NHC-PIMA-PEG is detailed in
the Supporting Information.

Ligand Exchange. In Situ Preparation of NHC-PEG-Capped
AuNPs. Typically, an OLA-AuNP dispersion in hexane (225 L, 0.67
M) was precipitated using excess EtOH and redispersed in THF (400
uL). Separately, PEG-EIm-ium salt (41 mg) was dissolved in THF (400
uL) at an excess molar concentration with respect to the NPs of
~300,000. The AuNP dispersion and ligand solution were then mixed
in a vial forming a homogeneous phase. The vial was sealed with a
rubber septum and subjected to 3—4 round of vacuum, followed by
purging with N, in order to switch the atmosphere in the vial to
nitrogen. KOtBu (10 mg) dissolved in S00 uL of dried THF was added
dropwise while stirring, and the mixture was then left to stir at 40 °C
overnight. This step promotes the transformation of imidazolium to
NHC. The NHC-PEG-capped AuNPs were precipitated by adding
excess hexane, sonicated for ~1 min, and then centrifuged at 3500 rpm
for 2 min, followed by removal of the supernatant. This procedure was
repeated one more time. The precipitate containing NHC-PEG-AuNPs
was gently dried under a nitrogen flow and then dispersed in DI water.
The hydrophilic dispersion of NHC-PEG-AuNPs was purified from
excess ligands by applying two rounds of concentration/dilution using a
membrane centrifugal filtration device (Amicon Ultra, S0 kDa).

In Situ Ligand Exchange of OLA-AuNPs with NHC-PIMA-PEG.
Hydrophobic OLA-AuNP dispersions (75 uL, 0.67 uM) in hexane were
precipitated using excess EtOH and redispersed in THF (400 uL).
Separately, APEIm-ium-PIMA-PEG salt (19 mg) was dissolved in THF
(400 uL) at an excess molar concentration (~15,000) with respect to
AuNPs. The AuNP dispersion and ligand solution were then mixed in a
vial yielding a homogeneous phase. The vial was sealed with a rubber
septum, and the mixture was purged multiple times (3—4) with N,, as
done above. KOtBu (3 mg) dissolved in dried THF (600 uL) was
added dropwise while stirring, and the mixture was left stirring at 40 °C
overnight. The NHC-PIMA-PEG-capped AuNPs were precipitated by
adding an excess amount of hexane. Following sonication for ~1 min,
the solution was centrifuged (at 3500 rpm, 2 min), and the supernatant
was discarded. The pellet containing NHC-PIMA-PEG-AuNPs was
gently dried under nitrogen flow and then readily dispersed in DI water.
Finally, two rounds of concentration/dilution using a membrane
centrifugal filtration device (Amicon Ultra, S0 kDa) were applied to
discard excess free ligands.

Ex Situ Ligand Exchange of OLA-AuNPs with NHC-PIMA-PEG.
Ethanol was added to OLA-AuNP stock solution (400 uL, 0.178 uM)
in a 7 mL scintillation vial to precipitate the NPs, and the mixture was
centrifuged (at 3700 rpm for S min). The supernatant containing excess
free OLA ligands was discarded; then, the pellet was dispersed in CHCl;
(300 pL) and mixed with NHC-PIMA-PEG (20 mg). The reaction
mixture was stirred overnight at room temperature. Then, excess
hexane was added to precipitate the polymer-capped AuNPs. The
supernatant was decanted; then another round of precipitation was
carried out by adding CHCI; and excess hexane. After discarding the
supernatant, the pellet was dried under a nitrogen flow and then
dispersed in DI water. The aqueous AuNP dispersion was filtered using
a 0.45 pm syringe filter, followed by two rounds of purification using a
membrane filtration device, as described above.

NMR Sample Preparation. Because "H NMR spectra were collected
from dispersions in the deuterated solvent, transfer to D,O was carried
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out during the final purification step by applying 3—4 rounds of
concentration/dilution using deuterium oxide instead of water. Approx.
500 uL of NHC-capped AuNPs in D,O was collected and used for
acquiring the '"H NMR spectra. Pulsed-field gradient-based water
suppression was applied to all data collected in D,0.

DTT Stability Test. In a typical sample preparation, DTT solution
(1S uL, 4 M) was mixed with NaCl solution (80 uL, 3 M) in a quartz
cuvette (0.5 cm X 0.5 cm) and further diluted with DI water before
addition of the desired volume of AuNP dispersions. The dispersion
was then rapidly added to the DTT/NaCl solution and mixed
thoroughly. The total volume of the dispersion was adjusted to 600 uL,
and the final concentrations of AuNPs, DTT, and NaCl were 10.6 nM,
0.1 M, and 400 mM, respectively. For each sample, absorption spectra
were collected every 2 min for a total of 200 min.
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