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Molar excess of coordinating N-heterocyclic
carbene ligands triggers kinetic digestion of gold
nanocrystalsy

Neda Arabzadeh Nosratabad, (=) 17 Zhicheng Jin,§* Hesam Arabzadeh, (= §?
Banghao Chen,? Cheng Huang® and Hedi Mattoussi (2 *

There has been much interest in evaluating the strength of the coordination interactions between
N-heterocyclic carbene (NHC) molecules and transition metal ions, nanocolloids and surfaces. We
implement a top-down core digestion test of Au nanoparticles (AuNPs) triggered by incubation with a
large molar excess of poly(ethylene glycol)-appended NHC molecules, where kinetic dislodging of
surface atoms and formation of NHC—-Au complexes progressively take place. We characterize the struc-
ture and chemical nature of the generated PEG-NHC—-Au complexes using 1D and 2D *H-*C NMR spec-
troscopy, supplemented with matrix assisted laser desorption/ionization mass spectrometry, and trans-
mission electron microscopy. We further apply the same test using thiol-modified molecules and find that
though etching can be measured the kinetics are substantially slower. We discuss our findings within the
classic digestion of transition metal ores and colloids induced by interactions with sodium cyanide, which
provides an insight into the strength of coordination between the strong c-donating (soft Lewis base)
NHC and Au surfaces (having a soft Lewis acid character), as compared to gold-to-gold covalent binding.

Introduction

Since they were first identified by A. J. Arduengo and co-
workers,"> N-heterocyclic carbenes (NHCs) have generated tre-
mendous interest in the past three decades as versatile metal
coordinating groups, and they have been actively explored in
the area of surface science and catalysis.”® The stability of the
carbene center, in NHC-containing molecules, is ascribed to a
combination of steric and electronic considerations.'®'" More
precisely, stabilization of NHC groups is controlled by the
n-donor nitrogen atoms adjacent to the C, carbon, which
increases electron density and partially saturates the electronic
deficiency of the carbene center. Additionally, the
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N-substituents play an important role by sterically hindering
dimerization of imidazole rings to the corresponding
olefin.*>'? These factors can impact the catalytic properties of
NHC-metal complexes and NHC-stabilized metal nanoparticles
and nanoclusters."*™"”

Due to the inherent electron-donating nature of the group,
a typical NHC-containing molecule is considered a soft Lewis
base. It thus exhibits strong coordination interactions (via soft-
to-soft) with transition metal ions and metallic nanocolloids
and surfaces, which present a Lewis acid character.® As such,
NHC-appended molecules have widely been exploited for the
surface passivation and stabilization of a variety of colloidal
nanomaterials, including those made of Ru, Pd, Ni, Au, and
semiconducting cores.'®"

Among metallic nanostructures, gold nanocolloids (e.g,
gold nanoparticles, AuNPs, and gold nanorods, AuNRs)
possess several unique size- and shape-dependent surface
plasmon resonance (SPR) properties combined with large
surface-to-volume ratios.*’** The above features have gener-
ated much interest for using Au nanocolloids in an array of
applications ranging from energy transfer processes, catalysis
to biomedicine.>* > The nature and affinity of surface capping
ligands play a crucial role in imparting colloidal stability to
these materials. They also permit control over the coating uni-
formity and NP reactivity. Thiol-based ligands have been routi-
nely employed for the stabilization and functionalization of

Dalton Trans., 2024, 53, 467-483 | 467


http://rsc.li/dalton
http://orcid.org/0000-0002-9388-3660
http://orcid.org/0000-0002-3198-5733
http://orcid.org/0000-0002-6511-9323
https://doi.org/10.1039/d3dt02961a
https://doi.org/10.1039/d3dt02961a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3dt02961a&domain=pdf&date_stamp=2023-12-21
https://doi.org/10.1039/d3dt02961a
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053002

Published on 23 November 2023. Downloaded by Florida State University on 1/3/2024 10:50:11 PM.

Paper

AuNPs, and high packing density of thiol-appended ligands on
Au surfaces has been reported.*> However, the Au-S bond is
prone to oxidation under sample exposure to air, which can
lead to ligand desorption and negatively affects the stability of
thiol-stabilized colloidal dispersions.***> Several studies have
proposed that coordination of NHC molecules onto gold NPs
and surfaces provides a few key benefits, and experimental
data have reported that the Au-Carpene bond energy is stronger
than its Au-S counterpart, i.e., ~158 k] mol™" (for NHC) vs.
~126 kJ mol™" (for SH).>'"'**%"%9 we should note that larger
energy values for those bonds have been predicted in the lit-
erature based on DFT and other computational studies.’® This
makes NHC-containing molecules promising ligand candi-
dates for the surface stabilization of Au nanostructures. It has
been reported that substituting weakly bonded ligands with
NHC-based molecules on AuNPs can dislodge some of the
surface Au atoms. This triggers atom rearrangement on the NP
surfaces.’® For instance, experimental and theoretical studies
investigating the reactivity of AuNPs towards NHC ligands
carried out by Richeter and co-workers have demonstrated that
reaction of AuNPs with benzimididazol-2 ylidene ligands
causes Au surface reconstruction which leads to the formation
of well-defined mono- and biscarbene gold(i) complexes.’>>
Similarly, Chechik and co-workers reported that substituting
the native coating of Au or Pd NPs with bis-tert-butylimidazol-
2-ylidene ligands promoted leaching of NHC-metal complexes
from the NP surfaces. They applied ESI-MS spectrometry ana-
lysis to confirm the presence of such NHC-metal complexes.>®
Subsequently, Fuchs, Glorius and co-workers reported that
samples prepared via physical vapor deposition of NHC mole-
cules onto a planar gold substrate (ie., under ultrahigh
vacuum), also produce mobile NHC-Au adatoms.>*

Here, we implement a simple experiment aimed at testing
whether or not the proposed rationale that a good match
between the soft Lewis base NHC with the soft Lewis acid char-
acter of the AuNP surfaces would yield coordination inter-
actions that are strong enough to equal or surpass the covalent
Au-to-Au binding. For this, dispersions of pre-grown hydro-
phobic AuNPs (10 nm diameter), with a native oleylamine
(OLA) coating, have been mixed with monomeric polyethylene
glycol (PEG)-appended NHC (NHC-PEG) ligands in large
excess, then the mixture is left to incubate for an extended
period of time, as schematically represented in Fig. 1A. The
UV-vis absorption profiles for several samples with varying
ligand molar excess, with respect to the NPs, have been
recorded for a total period spanning anywhere from a few
hours to several days. We find that using molar excess of
NHC-PEG induces a progressive top-down etching (or diges-
tion) of the AuNPs, manifesting in progressive loss of the SPR
feature, ultimately leading to the disappearance of the plasmo-
nic signature of the nanocolloids and loss of the characteristic
pinkish/red color of the dispersions. Data also show that the
kinetics of etching strongly depend on the ligand molar excess
used. We combine 1D 'H and *C, 2D 'H-">C Heteronuclear
Multiple Bond Correlation (HMBC) NMR spectroscopy, matrix
assisted laser desorption/ionization (MALDI) mass spec-
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trometry, and transmission electron microscopy (TEM) to
characterize the products generated under these conditions.

Results and discussion

The rationale used for developing the present experimental
design to assess the strength of the coordination interactions
between NHC molecules and AuNPs is based on a few key find-
ings. (1) Literature data have shown that even though NHC-
modified molecules strongly coordinate (through two-electron
o-donating orbitals) onto metallic surfaces, particularly AuNPs,
they are not capable of providing a dense and rigid surface
capping layer.>* (2) We have previously tested the strength of
NHC-to-Au colloids by designing a multi-NHC polymer
bearing hydrophilic motifs.>® The polymer, referred to as
NHC-PIMA-PEG (Fig. 1C), was prepared by installing several
NHC groups and multiple polyethylene glycol (PEG) blocks
along a polymer backbone, via ring opening reaction between
poly (isobutylene maleic anhydride) copolymer (PIMA) and
amine-NHC and amine-PEG.*>® We found that ligand exchange
of OLA-coated AuNPs with the NHC-polymer, followed by puri-
fication of the sample by removing the native ligands and
excess free NHC-polymer, yielded homogenous hydrophilic
dispersions that exhibit long term colloidal stability under a
few biologically relevant conditions for over one year, as
reported in ref. 29. We have subsequently tracked those same
dispersions after longer storage period. White light images
along with UV-vis absorption profiles acquired from those
samples after ~4 years show homogeneous dispersions with
no change in the SPR features (see Fig. 1B). Furthermore,
dynamic light scattering measurements acquired from those
samples show one population of intensity vs. hydrodynamic
size histograms (extracted from the Laplace transform of the
scattered laser signals) for all samples. Given the sensitivity of
the C, carbon to water (a harsh venue for such group), our
findings imply that appending multiple NHC groups along the
polymer chain produces added stability to the NHC-Au coordi-
nation, which drastically reduces the rate of ligand desorption.
This in turn limits exposure of intact NHCs to the surrounding
water environment and prevents protonation of the C,, result-
ing in extended colloidal stability for the AuNP dispersions. (3)
The present study draws from the use of sodium cyanide
(NaCN) digestion test, applied to hydrophilic dispersions of
AuNPs and Au nanorods (AuNRs) under varying conditions, to
ascertain the effectiveness of a given surface coating strategy to
reduce the cyanide-induced digestion of the nanocolloids. In
this case, dissolution of the salt (in water) yields CN™ anions
that diffuse across the coating to the NP surface where they
form cyanide-Au complexes, progressively etching the nano-
particle surfaces and reducing the NP overall dimensions, fol-
lowing a qualitative oxidation chemical reaction of the
form:>®>°

4Au(0) 4+ 8NaCN + O, + 2H,0 — 4Na[Au(CN),] + 4NaOH
(1a)

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) Schematic representation of the proposed transformation in which large excess of in situ generated NHC-PEG ligands (with respect to
AuNPs) trigger a progressive etching of surface atoms. This ultimately yields monoNHC- and bisNHC—-Au complexes freely diffusing in the medium.
The generated NHC-PEG-complexed Au atoms are shown in orange. (B, left) White light images of several dispersions of AuNP stabilized with
NHC-PIMA-PEG polymers in water media detailed in the figure and tracked over a 4-year period. (B, middle) UV-vis absorption spectra acquired
from the dispersions shown in the left period. (B, right) Intensity vs. hydrodynamic radius measured using DLS showing only a single peak, indicating
the presence of homogenous dispersions free of aggregation in all samples. (C, left) chemical structures of the monomer PEG-EIm-ium (precursor)
and the PEG-NHC. (C, right) chemical structure of the APEIm-ium-PIMA-PEG precursor side-by-side with the NHC-PIMA-PEG used to collect the

data in panel B. Additional details are provided in the ESI.}

or simplified as:

4Au(0) + 8CN™ + O, + 2H,0 — 4[Au(CN), ]+ 40H~ (1b)

Accordingly, we reasoned that if coordination interactions
between NHC-PEG and surface Au atoms compete with the Au-
to-Au covalent interactions in a nanocrystal, a similar “diges-
tion test” could be envisioned. Here, NHC-PEG ligands pro-
gressively complex with Au(i)-rich NP surfaces and competi-
tively dislodge them, ultimately rearranging the NP structure.
This leads to etching of the colloids, loss of the SPR signature,
ultimately yielding soluble PEG-NHC-Au complexes. Key
requirement for the experiment is the use of excess NHC-PEG
(monomer) ligands, which essentially entails the implemen-
tation of ligand substitution but without including a routine
purification step to remove excess ligands from the dispersion.
The use of monomer instead of polymer NHC ligands

This journal is © The Royal Society of Chemistry 2024

enhances the process because of the higher desorption rates
combined with higher Brownian dynamics of the smaller
monomer ligands compared to their polymeric counterparts.

AuNP etching experiments

The core etching experiments were carried out using primarily
the monoNHC-PEG ligands starting with as-grown OLA-AuNPs
under hydrophobic conditions. The AuNPs were prepared
using high-temperature growth reaction following literature
protocols (see Experimental section).®®®' Then, excess free
OLA in the hexane stock dispersions was first removed by pre-
cipitation using excess ethanol then centrifugation at 3500
rpm for ~5-10 min. The supernatant was discarded and the
resulting pellet was re-dispersed in tetrahydrofuran (THF). In a
typical digestion experiment, four separate OLA-AuNP disper-
sions were first prepared. Each AuNP dispersion was mixed

Dalton Trans., 2024, 53, 467-483 | 469
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with an excess molar amount of PEG-EIm-ium (also in THF);
[PEG-EIm-ium]: [AuNPs] molar ratios of ~100000:1,
~300000: 1, ~500000:1 and ~700 000 :1 were used. Then, a
solution of KOtBu dissolved in THF was added to each dis-
persion to promote the in situ carbene generation. The reac-
tion mixture in each vial was left to progress at room tempera-
ture while stirring. The experiments were carried out using a
fixed molar amount of KO¢Bu that is 3-fold larger than the
starting PEG-imidazolium, which guarantees efficient deproto-
nation of the C, protons in the sample. This value was chosen
following a few preliminary test incubation experiments using
several molar amounts of KOtBu. Those experiments showed
that excess amount of base with respect to ligand accelerates
the core etching process (see ESI, Fig. S17). They also showed
that turbidity builds up in the sample when the base exceeds
30-fold excess. This can be attributed to aggregation of higher
concentration KBr salt formed after reaction of Br~ anions
with the base; note that the amount of KBr is determined by
the molar concentration of imidazolium bromide in the
sample. Such turbidity interferes with our ability to acquire
absorption data. We chose 3-fold excess of base for all our
measurements. We also note that deprotonation of the C, in
the presence of added KOt¢Bu is rapid, requiring only few min
(~2-4 min) of incubation.

We found that incubation using the above conditions trig-
gers etching of the nanoparticles, which yields a progressive
color change from pinkish/red to yellow solution with time.
The rate of color change with time is controlled by the starting
PEG-EIm-ium molar excess, with faster progression measured
for higher ligand concentrations. Progression of NP etching
for each sample was then tracked by monitoring changes in
the absorption profile with time.

Post reaction characterization of the end product was
carried out using 1D and 2D NMR spectroscopy, MALDI mass
spectrometry and TEM measurements. The samples were sub-
jected to one round of precipitation and centrifugation to
remove the native displaced OLA ligands. Briefly, excess
hexane was added to the sample after the incubation period is
complete, followed by centrifugal precipitation and discarding
the supernatant; this step removes the displaced OLA. For
NMR sample preparation, one additional round of concen-
tration/dilution was applied using a membrane filtration
device with either a cutoff MW = 100 kDa (for AuNP disper-
sions not used for etching), or with cutoff MW = 10 kDa (for
etched samples).®* Additional details are provided in the ESL

Characterization of the NHC coordination interactions with
gold nanoparticles

NMR characterization. Fig. 2A and B shows representative
"H NMR spectra collected from a solution of pure PEG-EIm-
ium salt (precursor to the NHC-PEG ligand) side-by-side with
the one acquired from a dispersion of NHC-PEG-ligated AuNPs
once the digestion reaction is complete (end of the incubation
experiment); a [PEG-EIm-ium]:[AuNP] molar ratio of
~300000:1 was used. The NMR samples were prepared in
deuterium oxide (D,0). The spectrum collected from PEG-EIm-
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ium (Fig. 2A) shows a few key characteristic peaks: one merged
signal at 7.56 and one single signal at 8.84 ppm respectively
assigned to the C,5 and C, protons in the heterocyclic ring,
along with two signals at 4.41, 3.93 ppm attributed to the Cg
and C, protons attached to N; and a signal at 4.27 ppm
ascribed to the Cg protons in the methylene attached to Nj.
Conversely, the spectrum in Fig. 2B, acquired from
PEG-NHC-AuNPs after digestion, shows a new upfield signa-
ture (at 7.36 ppm) compared to the same protons in the
PEG-EIm-ium precursor (at 7.56 ppm), which is assigned to
the merged signal of imidazolium backbone protons (ie.,
C,,5') following coordination of the NHC moieties onto Au sur-
faces, attributed to the electron donating property of the
ligands (strong sigma donor and weak pi acceptor). More pre-
cisely, the PEG-EIm-ium is positively charged and thus elec-
tron deficient. It deshields the imidazolium protons (4,5) and
yields a downfield signature (at 7.56 ppm). Conversely, the con-
figuration of the neutral NHC in the monoNHC-Au(i) is more
electron-rich, which shields the protons (4',5') and upfield
shifts its signature (at 7.36 ppm). Additionally, signatures of
the protons attached to the N; and Ny, are slightly shifted
downfield to 4.46 (Cg'), 4.30 (C¢') and 4.01 (Cy") ppm compared
to those measured for the imidazolium salt. A close analysis of
the NMR profile collected from the sample following digestion,
in particular the integration values of the signals between 3.8
and 4.4 ppm, indicates that the sample contains a mixture of
PEG-EIm-ium precursor, monoNHC-Au, as well as bisSNHC-
Au. More precisely, the signatures at 3.93 ppm (9 and 9”), at
4.26 ppm (6 and 6") and at 4.42 ppm (8 and 8"), all with an
integration of 6 protons, emanate from precursor and
bisNHC-Au. This is also consistent with the signal at
1.52 ppm (7, = 7, 7 and 7") having an integration of 12
protons, which include contributions of all three species: pre-
cursor, monoNHC-Au, and bisNHC-Au (see data in panel 2B).
The signatures at 3.72 ppm (10,) and at 3.40 ppm (11,) also
account for the presence of three species. We also note that
the signature of the backbone protons in the bisNHC-Au (4"
and 5") has shifted back downfield to 7.56 ppm compared to
the one measured for monoNHC-Au above (at 7.36 ppm).
Here, the presence of two NHC ligands coordinated onto the
gold(r) center produce electron distribution over the two het-
erocycle rings (stronger pi back bonding), and resulting in a
downfield shift to 7.56 ppm.

Remark-1: It should be noted that a very weak signature
ascribed to the C, acidic proton can be detected at 8.84 ppm in
panel B. This may indicate protonation of a small fraction of
carbene moieties (due to the moisture sensitive nature of NHC),
which could occur during sample purification and transfer to D,0.
This amount can also be affected by potential proton to deuterium
substitution, nonetheless.

1D ’C NMR and 2D "C-'H HMBC NMR measurements
have been applied to gain additional evidence about the Au-
carbene bond. It has been reported that upon carbene gene-
ration the *C NMR signature of the C, atom of free NHCs
experiences a significant downfield chemical shift to ~200 and
250 ppm, while that signature can be measured between 130

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 'H NMR spectra acquired from: (A) PEG-EIm-ium salt precursor; (B) the PEG-NHC-Au complexes formed following extended incubation of
AuNPs with large excess of monomer NHC-PEG. Assignment of key protons in the ligands and ligand—Au complexes was confirmed using peak inte-
gration values. All samples used in this study were prepared in D,O and a [PEG-EIm-ium] : [AuNPs] molar ratio of ~300 000 : 1 was used.

and 160 ppm for the corresponding imidazolium salt.®*®*

However, once NHC is coordinated to a metal center, following
complexation, the signature of the carbene carbon is shifted
downfield.®>®” Fig. 3A and B shows representative 1D "*C
NMR spectra collected from solutions of the PEG-EIm-ium pre-
cursor side-by-side with the corresponding surface-digested
PEG-NHC-Au dispersed in dimethyl sulfoxide-dg (DMSO-dg).
The spectrum acquired from PEG-EIm-ium shows three dis-
tinct signals: located at 136.0, 122.7 and 121.8 ppm which are
ascribed to the C,, C; and Cs carbons, respectively. The *C
NMR spectrum measured for the PEG-NHC-Au (etched
sample) presents a new downfield resonance corresponding to
the metallated carbene carbon atom at 182.2 ppm, in addition
to the three signals discussed above for the PEG-EIm-ium pre-
cursor. These data combined provide strong evidence that
NHC-to-metal complexation has indeed taken place.

2D HMBC NMR spectra were also acquired from the sample
following incubation to confirm that NHC-to-Au complexation

This journal is © The Royal Society of Chemistry 2024

has taken place. HMBC experiments are often employed to
enhance the *C signature through correlation between a given
target carbon and protons that are few bonds away.’®®°
Indeed, the HMBC spectrum acquired from our sample shows
that all cross signals of the ethylene glycol and terminal
methyl carbons at 67.8 (C;;) and 69.6 ppm (Cy,) and their
corresponding protons at 3.40 and 3.72 ppm (H;; and H,,) are
observed (see Fig. 3C and Fig. S2t). Though providing strong
signatures, that region of the spectrum will not be further
exploited, given the fact that a large number of protons is
present along the PEG chain. Instead, we focus on the
additional cross signatures emanating from ethyl group at N,
and methylene group at N; which are observed over the
4.25-7.5 ppm range. We expand the downfield chemical shift
region where NHC complexation to Au surface is expected to
produce a signature in the *C NMR profile, see Fig. 3D.
Indeed, the 2D spectrum shows three cross peaks. The first
and second signals designate the correlation between the

Dalton Trans., 2024, 53, 467-483 | 471


https://doi.org/10.1039/d3dt02961a

Published on 23 November 2023. Downloaded by Florida State University on 1/3/2024 10:50:11 PM.

Paper
A :-LCO 0 3H1 B 10
RN Ne 7 o
158 \2’ 6 7
o]
D
T e )]
o RO DTV RTN ®
v o NARQORN A Q
(0] oo - ON®OY n
- o NNPDpOWMT TR -
| Sk 2o I
as CHCl, 9 7
y 11 68
| u \ ‘
i | | UJ }
' T
200; 180 :160 140 120 100 80 60 40 20
' i 5 (ppm)
]
B ! i
! i
1
]
i P 10 =y
H,;CO, ' ‘ '
1 1 3 9 37—\
: ! oA 7
i i B 7 & 10
i ] w
1 ] Au b
Lo 3
| i b
o ] o om o
I N ] o N® sYdsrhoO N @ N
1 o I R ANO@aoOR4l O Q
1 o ) m NN HOOOOUOOPYO u n
- 1 oo rgoowTgm N
ol 1 N ~=— A4 1
1 ]
] ’
i : 119,
P 2 45 T“" eg| THF 7'
A el IO, I
1 i 4
T
2005- 180 :160 140 120 100 80 60 40 20

5 (ppm)

View Article Online

Dalton Transactions

Lol

C ]
. 0
-4 ! "
3 : .
E . ' +40
— '
' # 80 F
4 : [ Q
[m=————————— <
E HH wl: 1200
:- (LN .
1 e 160
H I
. K
) -
’ o L200
l, \\
9/ 8 7 6 5 a4 3 “3_ 1 0
s’ 3 (ppm) N
4 \\
4 S
D / ~
[~
A ~
S >
P o +100
I 1o 1o
a1 Cs-Hg :|c5"H5'_
EN GCrHeMs 0D 0¥ t120
JI : C-Hy “CS'HS [
T STt /%H‘\ 140,
g Haco, 10 v =%y CrHg (GHs | B
:'Eu : {/\ONNVN\/T b »160&
5! oYY ' S
1 u [ [ ©
1 11
e e e m e —————— o — — ._..___.'180
Cp-Hy Hs 45 B(—) Cy-Hg Cp-Hg |
Hyco 19 S L 200
TR N e 7
158 5 6 F
L220

Fig. 3 Stacked 1D 3C NMR spectra acquired from: (A) a solution of the PEG-EIlm-ium salt precursor; (B) PEG-NHC-Au etched dispersion. The signal
at ~182.2 ppm is ascribed to the carbene carbon (C,). All samples were prepared in DMSO-d¢. (C) 2D *H and **C HMBC spectrum correlating
specific *H and **C signatures around the imidazole ring for the PEG-NHC-Au complexes formed during NP etching using excess NHC-PEG. (D)
Expansion of HMBC spectrum shown in (C) focusing on the 100-220 ppm range. The 2D *H and *C HMBC spectrum was collected in D,O. All
measurements were carried out using ~300 000 : 1 [PEG-EIm-ium] : [AuNPs] molar ratio.

carbene carbon at 183.2 ppm and the protons at 4.3(Hg') and
4.46 (Hg') ppm of the methylene groups at N3 and N;, respect-
ively. The third measured cross signature correlates the same
C, carbon at 183.2 ppm with protons at 7.36 ppm (H,', Hs") in
the heterocyclic ring backbone. Note that the position of the
C, signal measured here differs slightly from that measured
above because two different solvents (DMSO-de vs. D,O) were
used. These results are indicative of the existence of NHCs as
the coordinating motifs on the Au surface. Moreover, the
observed chemical shift of our PEG-NHC-Au complexes are in
good agreement with literature values for other NHC-Au
complexes.”””> We note that the signatures shown at 1.52
(H,") and at 4.01 ppm (Hy') do not show cross-correlation with
the C, center in the 2D spectrum, which can be attributed to
the fact that they are positioned three bonds farther from the
carbene center.

Mass spectrometry data. Fig. 4A and B shows the
MALDI-TOF mass spectra acquired from the PEG-EIm-ium salt
precursor side-by-side with that measured for the etched
sample containing NHC-Au complexes. The spectrum col-
lected from the ligand only features one broad Gaussian peak
centered at 815 Da that corresponds to the calculated mass of

472 | Dalton Trans., 2024, 53, 467-483

PEG-EIm-ium ligand without bromide counterion; the broad
mass distribution is attributed to the polydisperse nature of
the PEG moieties, where a set of narrow peaks separated by
the mass of the repeat ethylene glycol units (44 Da) that are
superposed on the top of the main one (see Fig. 4A). The spec-
trum measured from the NHC-Au digested sample shows
three main peaks centered at approx. 815, 1011 and 1782 Da,
each showing the characteristic PEG set of narrow peaks separ-
ated by 44 Da corresponding to the PEG block (see Fig. 4B).
Fig. 4, panel B shows that in addition to the PEG-EIm-ium
peak at ~815 Da, there are two broad peaks one weak corres-
ponding to the mass of monoNHC-Au complex (at ~1011 Da)
and a stronger one (at 1782 Da) ascribed to mass of bisSNHC-
Au complex. Overall, the MALDI results are consistent with the
data collected from the 'H NMR experiments (Fig. 2). The
larger mass peak of bisNHC-Au complexes can be attributed
to the rather large molar concentration of ligands (compared
to Au atoms) in the medium, which favors the formation of
Au-complexes with two NHC-PEG, see Table 1.

TEM data. High-angle-annular-dark-field scanning trans-
mission electron microscopy (HAADF-STEM) was applied to
gain additional information about core size and morphology

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A and B) MALDI mass spectra measured for the PEG-EIm-ium salt precursor (A) and for the PEG-NHC—-Au complexes formed as product of

NP etching (B).

Table 1 Parameters relevant to the NHC-PEG-induced etching of the AuNPs, including NP and ligand concentrations, numbers of total and surface
Au atoms per nanoparticle, along with the digestion time (tp) extracted from fits to the data

Fold excess ligands®  Ng_ay”/NP  Nyp_a, /NP [AuNP]? (M) [NHC-PEG]* (M) NHC-PEG/Ns_a, ratio NHC-PEG/Ny_, ratio  ty, (min)
100 000 4412 ~3.08x10* 5.6x107° 0.56 x 107> 23 3 600
303571 4412 ~3.08x10* 5.6x107° 1.7 x107° 69 10 469

500 000 4412 ~3.08x10* 5.6x107° 2.8x107° 113 16 283

714 285 4412 ~3.08x10* 5.6x107° 4.0x107° 162 23 64

“Equal to [NHC-PEG]/[OLA-AuNPs]. © Ny_,, is the number of surface Au atoms per NP. ° Ny_y, designates the total number Au atoms per NP.
9[AuNP] is the AuNP molar concentration. °[NHC-PEG] is the molar concentration of ligand.

of gold nanocrystals before and after digestion experiments,
using NHC-PEG (Fig. 5). The as-prepared OLA-AuNPs have a
spherical shape, with an average diameter of ~10 nm and exhibit
the usual SPR peak at 520 nm (see Fig. 5A, C and E). In compari-
son, the UV-vis spectrum acquired from the clear yellowish solu-
tion obtained following incubation with the NHC-PEG ligands
indicates that the SPR feature has completely disappeared
(Fig. 5B). TEM characterization of the materials present in the yel-
lowish solution did not yield any NPs but a very few nanoclusters

This journal is © The Royal Society of Chemistry 2024

with diameter of 0.6 nm; these do not show the crystalline
arrangements of atoms usually observed for nanoparticles (dia-
meter > 2 nm) (see circled objects in panels D and F).*?
Formation of these small size AuNCs can be attributed to auro-
philic interactions between NHC-Au(i) complexes.”>””> Overall,
the TEM data confirm that incubation with NHC-PEG results in
the disappearance of AuNPs, which agrees with the UV-vis
absorption and Mass Spectrometry data. TEM cannot resolve
individual PEG-NHC-Au complexes.

Dalton Trans., 2024, 53, 467-483 | 473
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Fig. 5 (A and B) Side-by-side UV-vis spectra collected from a dispersion of OLA-AuNPs mixed with PEG-EIm-ium salt (at molar excess with respect
to the NPs, red curve) before and after the introduction of base. A well-defined SPR at 520 nm is shown in panel A. The insets in panels A and B
show white light images of dispersions before and after etching. The profile in panel B shows no SPR signature, indicating NP digestion (blue curve).
(C and E) Different magnification TEM images acquired from OLA-AuNPs. A size distribution histogram of OLA-AuNPs is shown in panel C; average
diameter ~9.6 + 1.4 nm is deduced. (D and F) Different magnification images of materials collected after extended incubation of the AuNPs with
excess NHC-PEG. Only a few nanoclusters can be identified. UV-vis spectra and TEM images were collected using ~300 000-fold excess ligands.

Remark-2: The above experiments relied on the use of a strong
base for the carbene generation. We synthesized a different
complex, PEG-NHC-Au-CI, as control NHC-complex, through reac-
tion of Me,S-Au-Cl with the PEG-EIm-ium in the presence of
K,CO; (a weak base) at 60 °C for 5 h. In this approach, which we
refer to as “weak base route” reaction between the metal precursor
and azolium salt in the presence of a weak base (e.g. NaOAc,
K,CO; or NEt;) triggers the in situ carbene generation and allows
for one-step synthesis of the corresponding metal-NHC
complexes.'>’® The PEG-NHC-Au-Cl complex exhibits negligible
absorption at the SPR signature (see ESI, Fig. S31), which agrees
with the absorption profile measured for the etched samples using
KOtBu. The NMR data shown in Fig. S3t1 account for all the
protons in the above complex. Nonetheless, a direct comparison of
the proton signatures to those measured in the digested sample
(shown in Fig. 2) could not be carried out because two different
deuterated solvents were used for the control and digested
samples.

Digestion kinetics

The data shown above prove that extended interactions of
AuNPs with a large excess of NHC-PEG promotes top-down
etching of the nanocrystals. Furthermore, the time required

474 | Dalton Trans., 2024, 53, 467-483

for complete digestion strongly depends on the ligand molar
excess used. This has motivated us to devise one additional
experiment to assess the kinetics of the NP etching by drawing
a comparison to the more classical NaCN-induced digestion of
metal nanostructures and, in a more general industrial frame-
work, the isolation of pure metals from their ores. It has been
shown that when gold ore is mixed with NaCN salt, gold ions
are extracted in the form of gold-cyanide complexes, as shown
in the chemical equations (1a) and (1b).”” Indeed, NaCN-
induced digestion test has been used by a few groups, includ-
ing ours, in the field of surface chemistry to evaluate the
effects of a particular surface coating strategy to shield the
metallic cores from the surrounding CN anions and maintain
the colloidal stability of several Au nanocolloids with varying
shape and morphology.>*>%7%7°

Here, we apply the same analytical approach where we
assess the ability of NHC-PEG ligands, added in molar excess,
to kinetically digest AuNPs by tracking the progressive change
in the absorption profile until complete loss of the SPR
feature. Experimentally, we assume that when NHC moieties
tightly coordinate onto AuNPs they progressively dislodge the
surface atoms one by one and form freely diffusing
PEG-NHC-Au complexes. This process converts the reddish

This journal is © The Royal Society of Chemistry 2024
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color of the AuNPs dispersion into a yellowish solution, which
manifests in a time-dependent reduction of the SPR peak.

We tracked the time-progression of the UV-vis absorption
spectra collected from dispersions of AuNPs (with [AuNP] = 5.6
nM) that have been incubated with excess NHC-PEG under the
conditions tested above, namely, [NHC-PEG]:[AuNP]
~100000:1, ~300000:1, ~500000:1 and ~700000:1 (see
Table 1). For each sample, the first absorption spectrum was
recorded immediately after the addition of KOtBu (~2 min).
Then, additional absorption spectra were collected at blocks of
15 min, 30 min and 1 h intervals (depending on how fast the
changes occur) until the sample color becomes yellowish clear.
The data in Fig. 6A-D show that there is a progressive decrease
in the absorption spectrum with time for all samples.
Specifically, faster decay in the SPR peak with time was
observed for 700 000-fold molar excess NHC-PEG compared
with the 300000- and 500 000-fold excess, indicating faster
digestion for higher ligand concentrations. Progression of the
SPR absorbance vs. time was fitted to an exponential decay
function:>¢>°

Aspg = 14()€7t/tD (2)

where 4, is the initial absorbance value at ¢ = 0 min and ¢y
refers to a digestion time. Alternatively, a linear fit to the SPR
data using In(A) vs. ¢ can be used, see Fig. S4.f We note that
because a large excess of ligand concentration is used com-
pared to that of the AuNPs, we ascribe a pseudo-first order
kinetics to the digestion reaction. The data summarized in
Fig. 6E-H show that the digestion time tracks the molar ligand
excess, with ¢t = 600 min for 100 000-fold excess, tp, = 469 min
for 300 000-fold excess, t, = 283 min for 500 000-fold excess,
and tp = 64 min for 700 000-fold excess. Table 1 shows a
summary of the conditions used for the 10 nm NP digestion
measurements. A simple plot of ¢, vs. molar excess ratio yields
a linear decay curve, confirming that the rate of etching/diges-
tion follows a pseudo first order reaction kinetics (see
Fig. S4t). We should note that the NP transformation cannot
be promoted by the rather large excess of base used (to match
the high molar concentrations of the ligands). Control experi-
ments evaluating the effects of incubating AuNPs with KO¢Bu
showed that complexation of potassium ions with OLA pro-
duces turbidity in the solution along with absorption in the
UV region of the absorption spectrum. The NP integrity is not
lost, see Fig. S5.1

We would like to stress that the observed AuNP etching fol-
lowing incubation with excess NHC-PEG is also observed when
AuNPs are incubated with the NHC-polymer (NHC-PIMA-PEG)
instead; the polymer presents ~20 NHC groups per chain.?”"*°
The molar excess of NHC-polymer was adjusted to account for
the fact that a single chain presents several NHCs per macro-
molecule. However, the etching kinetics are substantially
slower than those measured above. For example, while using a
700 000-fold mono-NHC produces a complete loss of SPR after
~500 min, such process requires incubation exceeding
4000 min when NHC-PIMA-PEG is used (see Fig. S67).

This journal is © The Royal Society of Chemistry 2024
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We also carried similar incubation of OLA-AuNP disper-
sions with large excess of two thiol-presenting ligands, to
establish a comparison between the etching kinetics triggered
by the two types of anchors. Reported estimates for the coordi-
nation bond energy for various Lewis base groups indicate that
the bond energy for Au-S is smaller than Au-NHC, which
would lead to assume that incubation of AuNPs with thiol-
modified molecules could induce etching, but the kinetics of
this process would be much slower. To test this hypothesis, we
monitored the progression of the UV-vis absorption profile for
the AuNPs coated with two sets of thiol-appended ligands: (1)
AuNPs incubated with excess SH-PEG (a monothiol-appended
PEG).*> The molar excesses of this ligand was comparable to
that of NHC-PEG. (2) AuNPs coated with lipoic acid-appended
PEG ligand (LA-PEG); we used the same methoxy-terminated
PEG,5,-OCH; motif to prepare all three LA-PEG, SH-PEG and
NHC-PEG. The chemical structures of these ligands are pro-
vided in the ESI, Fig. S7.1 We adjusted the molar concentration
of LA-PEG to half that of SH-PEG in order to account for the
higher thiol coordination expected for the reduced lipoic acid
compared to the monoNHC and monothiol ligands. Ligand
substitution of OLA-AuNPs with LA-PEG was implemented
using in situ photoligation using a laboratory photoreactor pro-
viding a 100 nm UV band centered at 350 nm and a power of
45 mW cm™? (Model LZC-4 V, Luzchem Research, Inc.,
Ottawa, Canada).>*®® Conversely, conventional incubation was
used for ligand exchange with SH-PEG ligands. UV-vis spectra
were measured at fixed intervals for several hours as done
above. Results from both sets of measurements indicate that
core etching using thiol-appended ligands can be measured
but the kinetics are substantially slower than what measured
for NHC-PEG. More precisely, a complete loss of the pink/
reddish color does not happen even after 12 days of incubation
with LA for any ligand excess used (see Fig. 7). Similarly, incu-
bation with mono-thiol PEG produces a slightly faster rate of
etching, but the ¢, values measured for both ligands are ~one
order of magnitude slower than those measured for NHC-PEG.
Tables 2 and 3 summarize the conditions and ¢, values
measured for the incubation using large excesses of dithiol-
PEG or monothiol-PEG ligands. We note that digestion of
other metal core nanocrystals, namely, AgNPs using excess
thiol-molecules in acidic conditions (using added HCIl) have
been reported.®" Additionally, literature reports have employed
etching of larger size AuNPs using excess thiol-containing
molecules (e.g., glutathione) or polyethylenimine to prepare
fluorescent Au nanoclusters.”**%

We now compare the formation of the NHC-Au complexes
triggered by incubation of OLA-AuNPs with molar excess of
NHC-PEG to previous experimental and theoretical studies.*”"
Our findings are in agreement with data reported by Richeter
and coworkers, who investigated the reactivity of AuNPs
towards NHC ligands and showed formation of biscarbene-Au
(1) complexes in their AuNP samples.’™*> A proposed mecha-
nism to interpret the formation of NHC-Au(i) complexes and
NHC-grafted AuNPs involves the following steps: initially,
weakly adsorbed surface ligands are substituted with NHC
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Fig. 6 Time-progression of absorption spectra collected from as grown AuNP dispersions incubated with four different molar concentrations of
NHC-PEG ligands (in situ generated) in excess. Molar ratios of ligand: AuNP used are (A) ~100000:1, (B) ~300000:1; (C) ~500000:1; (D)
~700000: 1. Insets are white light images of the dispersions showing progressive color change of Au colloids with time during NHC-PEG-induced
etching. (E-H) Time-dependent progression of the SPR peak value was extracted from the four sets of data shown in panels A-D.

molecules. Then, due to their high binding energy onto AuNPs
surfaces, NHC moieties dislodge Au atoms from the surface
(as Au(1)), causing reorganization of the underlying gold lattice
by forming surface defects such as NHC-Au(i) adatom com-
plexes. Subsequently, the released NHC-Au species further

476 | Dalton Trans., 2024, 53, 467-483

react with the remaining free NHC ligands in the dispersion,
leading to the formation of biscarbene-Au(i) complexes. This
is consistent with our mass spectrometry data shown in Fig. 4.
This rationale is also consistent with results reported by
Chechik’s and Fuchs’s groups, where they showed that ligation

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Time-progression of the UV-vis absorption spectra collected from AuNP dispersions incubated with three molar amounts of LA-PEG or
SH-PEG. Panels (A—C) show data acquired for dispersions mixed with LA-PEG and photo-irradiated with a UV signal to promote rapid ligand substi-
tution of OLA-AuUNPs; the molar ratio of LA-PEG-to-AuNPs was: (A) ~150 000: 1; (B) ~250 000 :1; (C) ~350 000 : 1. (D) Compiled data showing the
progress of Asyo vs. time from spectra in A—C. (E-G) UV-vis absorption spectra collected from AuNP dispersions incubated with three molar
amounts of SH-PEG ligands. The molar excess of SH-PEG vs. AuNPs was: (E) ~300 000: 1; (F) ~500 000:1; (G) ~700 000 : 1. (H) Compiled data for
the progress of Asyg vs. time from spectra shown in E-G. Insets in the various panels show white light images of the AuNPs at the start and end of
the incubation period.

Table 2 Parameters used in the ligand-induced etching in the presence of LA-PEG, as done in Table 1

Fold excess ligands®  Ng_au”/NP  Np_ay /NP [AuNP]? (M) [LA-PEG]® (M) LA-PEG/Ns_,, ratio LA-PEG/Ny_,, ratio tp (min)

150 000 4412 ~3.08 x 10* 5.6 x 107° 0.84 x 107 34 5 9700
250 000 4412 ~3.08x10*  5.6x107° 1.4 %1072 57 8 6763
357 142 4412 ~3.08 x 10* 5.6 x 107° 2.0x1073 80 12 5100

“Equal to [LA-PEG]/[OLA-AuNPs]. ”is the number of surface Au atoms per NP. ° designates the total number Au atoms per NP. “[AuNP] is the
AuNP molar concentration. ° [LA-PEG] is the molar concentration of ligand.
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Table 3 Parameters for the ligand-induced etching in the presence of monothiol-PEG, as done in Tables 1 and 2

Fold excess ligands® N ao”/NP  Np_ay /NP [AuNP]? (M)  [SH-PEG]' (M)  SH-PEG/Ns_s,ratio  SH-PEG/Ny_a, ratio  ¢p (min)
285714 4412 ~3.08 x 10* 5.6 x 1077 1.6 x 1072 65 9 3027
500 000 4412 ~3.08x10*  5.6x107° 2.8%x107° 113 16 2478
696 428 4412 ~3.08x10*  5.6x107° 3.9%x107° 158 23 1093

“Equal to [SH-PEG]/[ OLA-AuNPs]. ? is the number of surface Au atoms per NP. ° designates the total number Au atoms per NP. ¢ [AuNP] is the
AuNP molar concentration. ° [SH-PEG] is the molar concentration of ligand.

of NHC molecules onto AuNPs and Au surfaces trigger leach-
ing of NHC-Au() complexes into the surrounding
medium.”*”>*#" In a subsequent report, Johnson and co-
workers applied the ‘adatom addition’ strategy for the stabiliz-
ation of gold nanorods in order to reduce/eliminate etching of
the gold surfaces. For this, they designed a bidentate thiolate-
NHC-Au(1) complexes then allowed the thiolate to graft onto
the Au nanorod surfaces through ligand exchange.
Subsequently, the NHC-Au(1) complex was installed on the
surface as an adatom to prevent surface reconstruction.>®
These results support our observation that extended incu-
bation with molar excess of NHC-PEG initiates surface lattice
reorganization and etching of AuNP surfaces, leading to the
formation of NHC-Au complexes and eventually digestion of
the nanocrystals.

The discussed mechanism can also explain the slower
digestion kinetics measured for the NPs reacted with
NHC-PIMA-PEG polymer, where the much higher coordination
affinity of the multidentate polymer onto the AuNPs, compared
to the monoNHC molecules, makes dislodging individual
atoms away from the NP surfaces much less frequent.
Incubation of the AuNP dispersions with thiol-modified
ligands provide weaker interactions with the NPs, which pre-
vents the thiolates from competitively and efficiently dislod-
ging ligand-Au(i) complexes, as reflected in the data shown
above. Lastly, our rationale for developing a “parallel” between
the strength of the coordination interactions of NHC moieties
towards AuNP surfaces to the reaction of NaCN molecules with
Au surfaces seems intuitive. When NHC/NaCN molecules
come into contact with the AuNPs, they form complexes with
the surface gold atoms. Cumulative removal of those com-
plexes gradually etches the surfaces, resulting in digestion of
the nanoparticles. This process as a whole occurs with higher
frequency when using larger molar excess of the NHC-PEG. By
fitting the time-dependent dampening of the SPR band to an
exponential decay function, a decomposition rate is measured.®®
Though a chemical reaction similar to eqn (1a) and (1b) invol-
ving, for example oxidation, cannot be formulated, a coordi-
nation reaction between the NHC-PEG and Au(i) surface atoms
triggers their dislodging, yielding NHC-Au(i) complexes that
diffuse away from the nanocrystal. Reattachment is less likely as
another free NHC-PEG will rapidly coordinate on the next layer
of Au(1) atoms. Lattice reconstruction and formation of mono
and bisNHC-Au complexes ultimately lead to etching of AuNPs
manifesting in a time- and concentration-dependent loss of SPR
features. The use of monomeric NHC (or thiol) ligands for the
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experiments allowed us to generate faster kinetics compared to
higher coordination ligands. The faster kinetics observed for
NHC ligands reflect stronger coordination binding on the NP
surfaces than those governing covalent interactions between Au
atoms.

Finally, we would like to provide a brief comparison
between our etching results and those measured using
different chemical reagents such as N-bromosuccinimide
(NBS), IBr, N-halo succinimides and glutathione-plus-
DNA.?¢"% The etching described in the above references is pro-
moted by catalytic oxidation of Au surfaces which is triggered
among others by halide radicals or a mixture of nucleic acid
and glutathione. Etching using NBS, in particular, involves
interactions with freed bromide radicals, which promotes cata-
Iytic oxidation of Au surfaces, leading to the formation of
(AuBr,)” complexes. The formed complex molecules are
soluble Au(um) substrates and thus are different from those
identified in our study. The etching promoted by NHC coordi-
nation involves dislodging of Au atoms triggered by the com-
petitive NHC-to-Au binding, and is physically different from
the one described in the above references. We note that if incu-
bation was limited to ligand exchange of the native ligands
with NHC molecules followed by removal of excess ligands by
precipitation and washing, the NHC-stabilized AuNPs exhibit
great long term stability in aqueous media, as shown in
Fig. 1B.>® Thus, as controlled etching reagents the above com-
pounds may perform better.

Density functional theory (DFT) calculations

DFT calculations carried out starting with Au nanoclusters of
varying number of atoms allowed us to provide further support
to our experimental data. Computational details are given in
ESL{ DFT calculations were used to evaluate the binding ener-
gies and bond distance (A) of our NHC (or thiol) ligands for
several nanoclusters made with fixed number of Au core
atoms, where the NHC- (or thiol)-bound gold atom was
allowed to relax. Structures of NHC and thiol-appended
ligands are provided in ESI, Fig. S7.f Clusters of different
sizes, namely, 20, 23, 26, 32, 36 and 42 Au atoms were tested
for modeling the faces of the nanocolloids, in order to gain
better insight into the predicted binding energy. Twelve Au
atoms in the first layer were kept constant, while the second
and third layers were allowed to change while monitoring
energy convergence. The calculated binding energy and bond
length of each NHC-modified or thiol-modified cluster of Au
atoms are summarized in Table S2.}
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The computed average binding energy and bond length for
NHC-modified Au surfaces are 54.4 + 2.3 kcal mol ™" (2.36 + 0.1
eV) and 2.31 = 0.01 A, respectively. These values are within the
range of binding energies and bond lengths calculated for
other NHC-gold complexes.>*®*%%° Similarly, the calculated
average binding energy and bond length for thiol-modified Au
surfaces are 34.5 + 1.39 keal mol™" (1.50 + 0.06 €V) and 2.68 +
0.02 A. Note that the calculated S-Au bond energy is fully con-
sistent with the experimental value (30 kcal mol™") from the
Scoles’s group.®® Our calculated binding energy of S-Au is also
in good agreement with literature data.>®* In addition, the
average binding energy of 0.086 + 0.004 Hartrees was achieved
for NHC-Au system where the average binding energy of thiol-
Au was 0.055 + 0.002 Hartrees. Overall, our calculation though
limited has allowed us to gain further insight into the differ-
ences in both bonding energy and bond length between
coordination of NHC-Au and S-Au for several core size nano-
clusters. They confirm the validity of the experimental data,
which consistently showed higher coordination binding of
NHC molecules onto Au nanocrystals compared to thiol-
appended ligands. It would be interesting and informative to
expand such calculation to characterize the bond energy and
bond length of mutli-coordinating NHC-ligands (e.g,
NHC-PIMA-PEG polymers), where cooperative binding and
higher affinity of such ligands to Au nanocolloids have been
proven (see data shown in Fig. 1).

Conclusion

In summary, we have demonstrated that strong coordination
of N-heterocyclic carbene molecules onto AuNPs can promote
destabilization of the NP surfaces when large excess of ligands
combined with longer incubation time are used. In particular,
we found that the high affinity coordination of monoNHC-PEG
can ultimately produce a near complete digestion of AuNPs.
Additionally, we assessed the kinetics of the AuNP digestion by
tracking changes in the UV-vis absorption profiles as a func-
tion of ligand concentration and incubation time. This
allowed us to extract a relationship between the digestion rate
and the molar excess of the ligand used together with the
strength of the coordination interactions, e.g., thiol vs. NHC
and mono- vs. multi-coordinating ligands.

We applied a combination of analytical techniques, such as
NMR, MALDI mass spectrometry and TEM measurements, to
characterize the coordination interactions of the ligands with
the AuNPs and the chemical nature of the generated NHC-Au
complexes following NP digestion. We have found that the
etched/digested NPs produce monoNHC- as well as bisNHC-
Au complexes. We further investigated changes in the diges-
tion kinetics when NHCs were replaced with monothiol- and
dithiol-appended ligands, or when monomeric ligands were
substituted with a multi-coordinating NHC-polymer. Our find-
ings add new understanding of the coordination interactions
between various Lewis base molecules and transition metal
nanoparticles. They provide further understanding of why opti-

This journal is © The Royal Society of Chemistry 2024
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mized incubation conditions followed by removal of excess
ligands is necessary for achieving better long-term colloidal
stability. Higher coordinating ligands, such as multi-coordinat-
ing polymers, alleviate this etching process and help impart
better stability. This approach should be expanded to other
metal core nanoparticles, which should provide better under-
standing of the entropic stabilization of nanocolloids in
general.
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