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ABSTRACT: We have tested the ability of N-heterocyclic carbene
(NHC)-modified ligands to coordinate and stabilize luminescent
CdSe—ZnS core—shell quantum dot (QD) dispersions in hydrophilic
media. In particular, we probed the effects of ligand structure and
coordination number on the coating affinity to the nanocrystals. We
find that such NHC-based ligands rapidly coordinate onto the QDs
(requiring ~5—10 min of reaction time), which reflects the soft Lewis
base nature of the NHC groups, with its two electrons sharing
capacity. Removal of the hydrophobic cap and promotion of carbene-
driven coordination on the nanocrystals have been verified by 'H
NMR spectroscopy, while *C NMR was used to identify the
formation of carbene—Zn complexes. The newly coated QD

dispersions exhibit great long-term colloidal stability over a wide range of conditions. Additionally, we find that coordination
onto the QD surfaces affects the optical and spectroscopic properties of the nanocrystals. These include a size-dependent red-shift of
the absorption and fluorescence spectra and a pronounced increase in the measured fluorescence intensity when the samples are
stored under white light exposure compared to those stored in the dark.

B INTRODUCTION

N-heterocyclic carbenes (NHCs) have been widely inves-
tigated since their synthesis and isolation by Arduengo and co-
workers in 1991."% Because of their reported strong
coordination to transition metals, NHC compounds have
been tested in a variety of catalytic applications such as cross-
coupling and olefin metathesis.”~” Positioned between two
adjacent 7-donating nitrogen atoms, the carbene lone pair
exhibits outstanding stability under inert conditions. Once the
lone-pair electrons donated into the o-accepting orbital of a
transition metal, the NHC—metal complexes can be air stable
for weeks either in solution or as a solid.® Because of the
unique electronic stability of these structures, complexes of
NHCs have been used to target and interact with biomolecules
in physiological conditions.” For example, gold—NHC
complexes have been developed as anticancer agents, and
their reactivity with ubiquitous thiol-containing biomolecules
has been widely investigated.'®~"* Platinum— and palladium—
NHC complexes display biological stability, and it has been
reported that Pt(II)—~NHC and Pd(II)—NHC based antitumor
drugs exhibit great potency against human cancer cells.'*~'® In
recent years, NHC-containing compounds have been utilized
to passivate metallic nanomaterials in both organic and
aqueous media. For instance, a bidentate NHC—thioether
ligand has been reported to stabilize palladium nanoparticles in
both protic and aprotic solvents, and the resulting hybrid
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shows great chemoselectivity for hydrogenation of olefins.'”
Ruthenium nanoparticles stabilized by NHC-containing
ligands act as nanocatalysts for arene hydrogenation, as
reported by van Leeuwen and co-workers.'® Detailed studies
by the groups of Johnson and Crudden have demonstrated that
gold nanoparticles and nanorods coated with NHC-modified
ligands can be stable under various conditions.'”*° Glorius and
co-workers reported on the ability of alkyl-appended NHC
molecules to stabilize upconverting nanoparticles made of Tm-
doped NaYF,:Yb cores.”’ They further showed that the
resulting NPs were capable of inducing trans-to-cis isomer-
ization of azobenzene molecules. More recently, He and co-
workers have prepared a few NHC-terminated polymers and
reported that they can stabilize gold nanoparticle dispersions in
either organic or aqueous conditions for a few months.*”
However, these studies have mainly focused on nanocolloids
made of the noble metal cores, while fewer studies have
investigated the use of NHC compounds to stabilize other
nanocrystals, namely fluorescent materials.”'
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Figure 1. (A) Schematic representation of the nucleophilic addition reaction used to prepare the multicoordinating polymer ligands. (B) 'H NMR
spectrum of APIm-PIMA-PEG in DMSO-ds. The peaks at 3.5 and 3.25 ppm emanate from the PEG block and terminal methoxy protons,
respectively. The stoichiometry was estimated by comparing the integration values of the peaks attributed to —OCHj; (3 H, 3.25 ppm) and
imidazole (3 H on the heterocyclic ring, ~6.96, 7.21, and 7.77 ppm) with the peak ascribed to the methyl groups in the PIMA backbone (~234 H,
~0.9 ppm). (C, D) 'H NMR spectra of APEIm-ium-PIMA-PEG and NHC-PIMA-PEG collected in DMSO-ds. The carbene generation is
confirmed by the absence of the peak at 9.24 ppm, which is ascribed to the proton on C2 in the heterocyclic ring. The signature at ~2.5 ppm is

from DMSO.

NHC-supported zinc species exhibit low toxicity, electronic
tunability, and steric stability, which have motivated their use
in reduction catalysis.”> This suggests that NHC-appended
molecules would be great for surface-stabilizing zinc-rich
nanocrystals. Semiconductor nanocrystals (quantum dots,
QDs) overcoated with ZnS shells have been greatly
investigated over the past two decades, given their unique
photophysical properties.”*™>” They have also been integrated
into a variety of applications, including optoelectronic devices
and as fluorescent probes in biology.**~* Stabilization of these
materials has exploited an array of bifunctional molecules
which bind onto the QD surface via Lewis acid and/or Lewis
base interactions. There has been an ever-growing interest in
exploring additional ligands that present high affinity stable
coordinating groups. For example, several strategies have been
developed for preparing biocompatible QDs, relying on cap
exchange with coordinating ligands.***> This strategy is
attractive as it 3ylelds NPs with a compact coating and tunable
functionalities.”*** Thiol-based ligands are one of the most
utilized candidates to stabilize an array of nanocrystals in
aqueous solutions.”***~** Alternatively, imidazole has been
shown to coordinate onto different types of nanocolloids, and
it is beneficial to QD fluorescence.**™®' Hydrophilic
phosphonate-modified ligands have also been shown to impart
great colloidal stability onto distinct inorganic nanocrystals,
including semiconductor, metallic, and magnetic cores in water
media.””">® Cap exchange with these ligands often requires
long reaction time (hours to overnight), which sometimes
complicates the phase transfer steps. Therefore, developing
alternative anchoring molecules that can promote rapid ligand
substitution, while yielding nanocrystals with good biostability,
is highly desired and actively sought.
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In this report, we demonstrate the ability of NHC-modified
polymer to promote rapid ligand substitution on luminescent
QDs. In particular, we find that a low molecular weight
polymer combining several NHC groups and poly(ethylene
glycol) (PEG) blocks can promote the dispersion of several
color QDs in buffer media while preserving their optical
properties. This ligand design takes advantage of the highly
efficient nucleophilic addition reaction between amine-R
nucleophiles and a low molecular weight poly(isobutylene-
alt-maleic anhydride), PIMA.>"*"7” NHC groups were
generated by quaternization and deprotonation of the
imidazole rings. A complete substitution of the native coating
requires only 5—10 min of mixing, as has been confirmed by 1-
and 2-D 'H, “C NMR spectroscopy. Cap exchange using
NHC-polymer yields QDs that are dispersible in buffer media
over a broad range of biological conditions. Additionally, the
coating yields QDs with compact sizes as confirmed by
diffusion ordered NMR spectroscopy (DOSY).

B RESULTS AND DISCUSSION

Ligand Design. Given the excitement generated in the
community to understand the nature of NHC coordination
onto a variety of transition metal atoms or surfaces, designing
various NHC containing structures and testing their binding
affinity onto colloidal inorganic nanocrystals will provide
valuable information about those interactions. It can further
expand the utility of such groups in materials chemistry and
nanotechnology. Additionally, it has been widely accepted that
coordination of various ligands onto transition metal atoms,
ions, and surfaces would usually benefit from multidentate
interactions.**~®* Thus, installing several NHC groups along
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Figure 2. (A) Schematic depiction of the ligand exchange (icons from www.labicons.net) using NHC-PIMA-PEG. (B, C) '"H NMR spectra of QD
dispersions before and after ligand exchange, collected in CDCl; and D, 0, respectively. Water suppression was applied to the spectrum collected
from the aqueous sample. (D, E) Plots of the normalized NMR signal intensity vs G,* collected from QD and free ligand samples along with the
corresponding two-dimensional DOSY contour spectra measured in D,0. (F, G) HAADF-STEM images acquired from the as-grown QDs capped
with the native ligands (left, average diameter ~3.3 nm) and NHC-polymer-capped QDs (right, average diameter ~3.2 nm). We should note that
the blurriness in the image acquired from the polymer-QD sample (shown in part G) is due to the polymeric coating on the nanocrystals which

broadens the image-forming probe, resulting in lower resolution.

the backbone of a low molecular weight polymer, where
control over the structure and stoichiometry can be achieved,
would provide a great NHC-based ligand to test. To attain this
goal, we have exploited some of the unique features of the one-
step nucleophilic addition reaction between amine-R nucleo-
philes and the poly(isobutylene-alt-maleic anhydride) copoly-
mer to attach several NHC groups along a PIMA
chain.*”*%39%3 Thjs yields a multi-NHC ligand that exhibits
rapid and robust coordinating interactions with ZnS-over-
coated CdSe quantum dots. This synthesis route allows easy
tuning of the ligand stoichiometry by adjusting the molar
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fraction of the various precursors. Figure 1A schematically
summarizes the reaction steps starting with 1-(3-
aminopropyl)imidazole (APIm), PIMA, and NH,-PEG-
OCHj; the precursor NH,-PEG-OCHj is prepared via amine
modification of OH-PEG-OCH]; following previous protocols
reported by our group, while commercially available APIm is
used.®* The reaction mixture is heated in DMF, and the
product APIm-PIMA-PEG can be directly quaternized by
bromoethane to yield an imidazolium-presenting intermediate,
APEIm-ium-PIMA-PEG. The volatile bromoethane can be
easily removed, and the pure product can be collected with a

https://dx.doi.org/10.1021/jacs.0c10592
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quantitative yield. The free carbene moieties are then
generated by deprotonation of the C2 hydrogen between the
two lateral nitrogen atoms. Because of the extremely weak
acidity at this position, a strong base such as potassium tert-
butoxide or sodium hydride is required. The resulting NHC-
appended polymer ligands are then stored in aprotic solvents
under inert conditions (e.g,, inside a glovebox). We have also
prepared monodentate NHC-PEG ligands using the same PEG
blocks introduced above and tested them as control coating
and in the etching experiments discussed below. Additional
details about the ligand synthesis and purification steps are
provided in the Supporting Information.

The structures of the NHC-polymer and the intermediate
compounds have been analytically confirmed by NMR
spectroscopy (see Figure 1B—D). The spectrum collected
from the imidazolium intermediate (APEIm-ium-PIMA-PEG)
shows peaks at 7.85 and 9.24 ppm ascribed to the C4,5 and C2
protons in the heterocyclic ring along with a sharp peak at 1.45
ppm ascribed to the —CH,CH; group at the N3 position (see
Figure 1C). The NMR spectrum collected after treatment of
the APEIm-ium-PIMA-PEG intermediate with potassium fert-
butoxide (in a THF solution) shows that the peaks at 7.85 and
1.45 ppm are preserved, while the one at 9.24 ppm has
disappeared, indicating the successful transformation of the
imidazolium groups to free carbene molecules (see Figure
1D); the resulting compound is termed NHC-PIMA-PEG. We
should stress that potential interference from other groups
(such as the amide and carbonyl alpha proton) in the polymer
structures is unlikely because deprotonation of the amide or
C—H alpha to carbonyls is less favorable. The pK, associated
with those groups is ~26—30, while the pK, of imidazolium is
~21.°% Integration of the proton peaks ascribed to the
terminal methyl groups in PEG-OCHj (at 3.25 ppm) and the
heterocyclic protons in the imidazole ring (at ~6.9—7.7 ppm),
in the spectrum acquired from APIm-PIMA-PEG, are
compared to the integration of the broad peak at ~0.9 ppm
assigned to methyl groups of the PIMA backbone (~39 X 2
per chain), yielding quantitative information about the
stoichiometry of the polymer compound (see Figure 1B).
The experimental values extracted from the integration data
are in agreement with the nominal values (50% of APIm and
50% of PEG, expected from the precursor molar concen-
trations used), indicating a good control over the molar
fraction of lateral moieties. Additional side-by-side character-
ization of the APEIm-ium-PIMA-PEG and NHC-PIMA-PEG
has been performed using FTIR spectroscopy. The data show
that the signatures ascribed to the C=O stretch peak (in
COOH) at ~1734 cm™" (dashed line) have disappeared after
base treatment, indicating the complete transformation of
—COOH to —COOK groups along the polymer chain (see
Figure S1).

Ligand Exchange. The newly prepared NHC-PIMA-PEG
and NHC-PEG ligands have been tested for the coordination
onto luminescent CdSe—ZnS QDs. The schematic in Figure
2A summarizes the protocol applied for ligating the QDs with
NHC-PIMA-PEG. In a typical ligand exchange experiment
with the polymer, excess free hydrophobic (native) ligands in
the QD stock dispersion are first removed by precipitation
using excess methanol. The pellet is then redispersed in CHCl,
and mixed with NHC-PIMA-PEG solution (also in CHCl;)
and left to react for ~10 min. This promotes the competitive
substitution of the native ligands (a mixture of trioctylphos-
phine, TOP, trioctylphosphine oxide, TOPO, hexylphosphonic
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acid, HPA, and hexadecylamine, HDA) with the new ligands.
Following removal of the displaced hydrophobic ligands using
excess hexane combined with centrifugal precipitation, the
resulting QD pellet is readily dispersed in aqueous media. The
rapid NHC-promoted coordination of the polymer on the
transition-metal-rich QD surfaces allows ligand substitution to
be completed within 5—10 min. This rather short reaction time
should be contrasted with those often required when using
ligands that present “conventional” anchoring groups such as
thiols, carboxyls, and even imidazoles, which necessitate
reaction time anywhere between a few hours to over-
night.***** Ligation of NHC-PEG (monodentate) ligands
onto the same QDs yields water-dispersible nanoparticles with
limited colloidal stability. Additionally, a longer incubation
time is needed, and the resulting dispersions are prone to
aggregation often during processing (see Figure S2A).

To confirm that coordination of NHC-PIMA-PEG on the
QDs is promoted by the NHC groups and not by the carboxyl
or APEIm-ium groups, we performed a control experiment,
where the hydrophobic QDs have been reacted with a solution
of APEIm-ium-PIMA-PEG in CHCl,. Irreversible precipitation
of the QDs takes place either during mixing or within a few
hours of ligand exchange and purification of the QDs, as shown
in the Supporting Information (Figure S2B). This clearly
proves that either imidazolium and carboxyl groups are
incapable of competitively displacing the native cap or their
interactions with the QDs are too weak to impart steric
stability onto the nanocrystals. Additional details about the
ligand substitution and phase transfer steps are provided in the
Supporting Information.

We should note that performing the ligand substitution
using THF as solvent, instead of chloroform, has yielded the
same quality materials (see Figure S3). This proves that
chloroform does not interfere with the NHC structure/nature.
Indeed, CHCl, it is known to be a weak proton donor and
does not exhibit self-dissociation.

Characterization of the Coordination Interactions.
We have applied both 'H and *C NMR spectroscopy and
TEM characterization to gain insights into the nature of the
coordination interactions and binding of the NHC ligands
onto the ZnS-overcoated QD surfaces.

'"H NMR Characterization. Here, we analyze changes in the
"H NMR spectra collected from QD dispersions before and
after cap exchange, specifically focusing on a few proton
signatures already identified above for the pure ligands. Figure
2 shows a side-by-side comparison between the 'H NMR
spectra collected from hydrophobic QDs in CDCl; (Figure
2B) and the same QDs after ligand exchange with the polymer,
dispersed in D,O (Figure 2C); water suppression has been
applied to the spectrum acquired from the hydrophilic sample.
The spectrum of the hydrophobic QDs shows only signatures
limited to the range at ~0.5—1.75 ppm, which are ascribed to
the native ligands (namely, a mixture of TOP, TOPO, HDA,
and HPA), in agreement with the data reported by our group
for core—shell nanocrystals.”” Those signatures are absent from
the spectrum of the NHC-PIMA-PEG-QD sample (Figure
2C), which shows sharp peaks ascribed to the protons of the
terminal methoxy at ~3.3 ppm and the PEG block at ~3.6
ppm. Additionally, a weak and broad peak at ~0.9—1 ppm
ascribed to the dimethyl protons of the PIMA chain is
present.”® We should note that once the polymer-QDs are
exposed to water, the NMR spectrum acquired without water
suppression from the polymer-QDs in D,O shows the presence

https://dx.doi.org/10.1021/jacs.0c10592
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Figure 3. (A) *C NMR spectrum of NHC-PEG molecules. (B) *C NMR spectrum of NHC-PEG-Zn(II) complexes. The peak at ~162.3 ppm is
ascribed to the carbene carbon. (C, D) 1-D *C NMR along with the 2-D HMBC spectrum correlating the "H and *>C signatures acquired for the
QD sample under etching conditions using excess NHC-PEG ligands. The signal at ~162.3 ppm proves the presence of carbene-Zn(II) complexes.

Deuterated DMSO is used for all samples.

of weak signature at 9.24 ppm ascribed to the acidic proton
along with the other two protons in the imidazole ring (see
Figure S4). This indicates that a fraction of the C—H bonds at
the C2 carbon have re-formed in hydrophilic media. We infer
from integration of those peaks that ~25% of the total NHC
molecules in the sample have reversed back to imidazolium.
However, this does not alter the colloidal integrity of the
NHC-polymer-QDs in water, as we anticipate that the
remaining intact groups (~14—15 NHC per ligand) would
still promote strong binding onto the NP surfaces.

Further proof of the NHC-polymer coordination on the QD
surfaces has relied on DOSY NMR spectroscopy, where
changes in the diffusion coefficient of the ligand protons are
probed after coordination on the nanocrystals.’® This
technique has gained much interest for use to characterize
the surface coating of various nanocolloids.””~"° It has also
been shown to provide reliable data on the diffusion coefhicient
of nanometer size solutes (e.g, nanocrystals), where the
ubiquitous dynamic light scattering (DLS) technique tends to
fail because of very weak scattering laser signals.”® DOSY NMR
relies on the application of two RF pulses carefully intercalated
between two identical magnetic field gradient pulses, G,
applied along the z-axis. The first RF 90° pulse is followed by a
defocusing magnetic field gradient, and the second RF 180°
pulse is followed by a second field gradient that achieves
refocusing of the collective spin precession and recovery of the
magnetization induction signal. Recovery of the signal is,
however, strongly affected by the Brownian diffusion of the
spin nuclei associated with the solute nanocrystals. The signal
attenuation can be described by using the Stejskal—Tanner
equationzég’71

I1=1(G, = O)e—DYZGzzéz(A—(6/3)) 0
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where D is the diffusion coefficient, y designates the
gyromagnetic ratio of 'H, G, is the magnetic field gradient
strength (applied during the pulse), A is the diffusion time
(separating the two gradients pulses), and & is the magnetic
field gradient pulse duration.

Figure 2D shows the normalized magnetization intensity
versus G,” graphed in a semilog plot, acquired from dispersion
of the NHC-polymer QDs and a solution of the polymer alone.
The methoxy and ethylene oxide protons are used to track the
signal attenuation. Figure 2E shows the corresponding DOSY
contour spectra. Clearly, both plots show that there are two
distinct diffusion coeflicients extracted for the NMR data: one
ascribed to the NHC-PIMA-PEG-QDs (D 2 2.18 X 107" m?/
s) and the other ascribed to the free polymer ligands (D 2 6.91
x 107" m?/s). The smaller diffusion coefficient measured for
the NHC-polymer-QDs, compared to the one for the polymer
sample, indicates that only surface-bound ligands are detected
in the QD sample. We note that the DOSY contour spectra
also show a much faster diffusion coeflicient at ~4.7 ppm,
which is ascribed to H,O impurities in the D,O solvent.’®
From the diffusion coefficient we can extract estimates for the
hydrodynamic size using the Stokes—Einstein equation:””

kT

e 6mnD

@)

where kj is the Boltzmann constant, T is the temperature, and
1 is the viscosity of the medium. We extract Ry ~ 3.1 nm for
the free ligands and Ry ~ 9.8 nm for the NHC-PIMA-PEG-
QDs; these results are in good agreement with data acquired
for other PEGylated, PIMA-based polymer ligands with lipoic
acid anchoring motifs.°*”* These data combined indicate that
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Figure 4. (A) Absorption and emission spectra collected from dispersions of green QDs, yellow QDs, and red QDs before and after ligand
exchange. The green and yellow QDs were excited at 350 nm, while the red QDs were excited at 390 nm. The insets are the fluorescent images of
aqueous QD dispersions collected under a UV lamp. (B) Side-by-side PL spectra acquired from dispersions of QDs with various coating, i.e.,
hydrophobic (TOP/TOPO/HPA-coated) along with hydrophilic APIm-PIMA-PEG-coated or NHC-PIMA-PEG-coated. (C, D) Time progression
of the PL profiles collected from dispersions of NHC-PIMA-PEG-QDs in DI water stored under room light exposure along with the corresponding
time-resolved PL decay profiles. (E, F) Time progression of PL spectra acquired from the same NHC-PIMA-PEG-QDs stored in the dark along

with the corresponding PL decay profiles.

the polymer ligands are strongly bound to the QD surfaces,
and the overall QD~ligand nanocolloids are compact in size.

We have further collected additional size measurements
focusing on the inorganic nanocrystal cores using high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) applied to QDs before and after ligand
substitution with the polymer ligands (see Figure 2, panels F
and G). The sizes acquired from both sets of QDs are
essentially the same, which implies that under the conditions
used there is no measurable etching of the QD surfaces. We
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should also note that the contrast of the QD cores in the TEM
micrograph acquired from the NHC-polymer-coated QDs is
lower than that measured for the hydrophobic samples—a
result attributed to the viscous nature of the polymer coating.
The smaller radii measured from TEM compared to the
hydrodynamic radii collected from DOSY NMR reflect the
difference in the physical definition and meaning of those sizes.
Ry accounts for the contribution from the surface ligands due
to hydrodynamic interactions, while TEM probes only the
inorganic cores.
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3C NMR Characterization. We applied *C NMR spec-
troscopy to gain further insight into the exact nature of the
coordination interactions between the NHC groups and the
ZnS-rich QD surfaces. It has been reported that upon carbene
formation the '*C chemical shift of the C2 carbon in the NHC
ring can undergo a downfield shift toward 180—220 ppm.”*
Furthermore, that shift changes when NHC-to-metal complex-
ation takes place.”*’® However, we have found that detection
of this "*C signal is very difficult for NHC groups attached to
our polymer ligand. Similar observations have been reported
for other NHC-modified polymer by Thomas and co-
workers.”” Such result can be attributed to two combined
factors: (1) The low natural abundance of the *C isotope
(~1%) vyields rather weak NMR signals. (2) The tumbling
dynamics of the NHC groups are much slower when these
moieties are attached to a polymer chain, and they become
even slower when the ligands are QD-bound.

To circumvent these constraints, we used NHC-PEG
monomer coating instead, but under strong etching conditions;
the structure of NHC-PEG is provided in Figure 3. The NHC-
PEG ligands share some of the chemical features of the
polymer (both have the same PEG-OMe) but tend to exhibit
more pronounced NMR signal due to their lower molecular
weight and faster dynamics in solution. In addition, we
performed the ligand substitution of the QDs using a molar
excess NHC-PEG that is much larger than those used for the
phase transfer (~10—20-fold higher) experiments discussed
above. Such conditions can promote surface etching and even
dissolution of the nanocrystals. This approach is based on two
experimental observations: (1) Excess NHC molecules have
been reported to etch metallic nanocrystals.”®”” (2) Dis-
persions of nanocrystals under etching conditions yield
increased NMR signal, compared to those prepared under
normal conditions, due to the presence of metal—ligand
complexes.*

We performed 1-D *C NMR and/or heteronuclear multiple
bond correlation (HMBC) NMR spectroscopy experiments for
a series of reaction mixtures, namely NHC-PEG alone, etched
NHC-PEG-QDs, and NHC-PEG-Zn(II) generated by reacting
NHC-PEG molecules with ZnCl, in solution, using either 600
or 700 MHz NMR instruments. As shown in Figure 3A, the
NHC-PEG solution does not show any measurable downfield
signal beyond 137 ppm. However, the HMBC spectrum
collected from the same NHC-PEG solution shows a signature
at (211, 4.4) ppm, correlating C2 to the protons of the ethyl
coupled to N3 on the ring; additional details are provided in
Figure S5. In comparison, a solution of NHC-PEG reacting
with the molecular Zn(II) complex shows a well-defined new
feature at ~163.2 ppm, which we attribute to the C—Zn
anticipated for the NHC reaction with Zn ions resulting in
NHC-Zn complex formation (see Figure 3B). Additionally, a
feature (though weaker) at the same chemical shift is measured
for the etched NHC-PEG-QD sample, which provides proof
for the formation of NHC—Zn bonds with the Zn-rich shell of
the QDs (see Figure 3C). To further confirm the existence of
this peak, HMBC NMR spectroscopy was applied to the
NHC-etched QD sample.”” The HMBC spectrum shows a
correlation between the C2 carbon atom and hydrogens in the
ethyl chain at N3 which are a few bonds away (see Figure
3A,D). These results confirm the existence of the C2—Zn
binding in the NHC-PEG-QD sample, which allows us to
conclude that our new stabilizing ligands bind onto the QDs
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. .. 7476 .
via carbene-Zn coordination.”*”® The corresponding enlarged

1-D 'H NMR spectrum is provided in Figure S6.

Optical Characterization and Colloidal Stability Test.
Optical Characterization. Having confirmed that coordina-
tion onto the QD surfaces is driven by NHC-Zn(II)
complexation, we now proceed to characterize the photo-
physical properties of the NHC-polymer-QD dispersions.
Figure 4A shows the normalized UV—vis absorption and
fluorescence spectra, acquired from three representative sets of
QDs, before (TOP/TOPO/HPA-capped) and after ligand
substitution with NHC-PIMA-PEG. Data show that overall the
optical integrity of the nanocrystals is preserved. Nonetheless, a
slight size-dependent red-shift in the absorption band edge and
fluorescence peak location is measured: green QDs (shift ~8
nm), yellow QDs (shift ~5 nm), and red QDs (shift ~1 nm).
The reported shifts represent averages of values extracted from
absorption and photoemission data collected from freshly
prepared samples. Figure 4B shows the superposed PL spectra
collected from green, yellow, and red QDs surface stabilized
with the native cap, APIm-PIMA-PEG or NHC-PIMA-PEG
ligands. Here, APIm-PIMA-PEG-coated QDs are used as an
additional control because such imidazole-presenting ligands
were shown to stabilize CdSe-ZnS QDs, while maintaining
high fluorescence emission, which is close to that measured for
the starting hydrophobic nanocrystals.”® Data show that indeed
imidazole-presenting polymer coating yields substantially
higher emission than those measured for NHC-polymer
coating. In addition, size-dependent red-shifts can be identified
when comparing the emission spectra acquired from NHC-
PIMA-PEG-QDs side-by-side with APIm-PIMA-PEG-QDs or
the native hydrophobic QDs. The data in Figure 4A,B show
that NHC-polymer coating imposes ~70—75% loss in the PL
intensity compared to ~25—30% loss measured for the APIm-
PIMA-PEG-coated QDs (for the three sets of QDs tested).
They also show that only the NHC coordination generated a
color-dependent red-shift in the emission/absorption com-
pared to the native nanocrystals, while imidazole coordination
does not. The fluorescence properties of the NHC-polymer-
QD dispersions (green—emitting) in DI water were evaluated
following storage in the dark (at 4 °C in the fridge) or under
room light and temperature conditions. Figure 4C—F shows a
summary of the fluorescence data along with the PL lifetime
profiles for both sets of dispersions tracked over a period of 40
days. We find that exposure to room light induces an increase
in the PL intensity, coupled with lengthening of the
fluorescence lifetime and a slight red-shift in the emission
peak. In comparison, no change in either the PL intensity or
the lifetime was measured for the dispersions stored in the
dark. No such effects have been measured for QDs capped
with lipoic acid or/an imidazole anchor when stored under
light exposure.”®”?

The red-shift in the absorption and emission properties of
the NHC-polymer-coated QDs (shown in Figure 4AB) is
consistent with recent results reported by Weiss and coauthors
for core only QDs mixed with NHC-containing molecules.®!
They reported that the absorption band edge can exhibit a red-
shift that reaches ~106 meV.*" Our largest shift, measured for
the green QDs, is ~33 meV (for a freshly prepared dispersion)
but reaches ~50 meV after 40 days of storage under light
exposure; it is smaller than their largest value. If we use the
rationale proposed by Weiss’s group, namely that delocaliza-
tion of the photoinduced excitons (generated within the
inorganic cores) into the carbene-rich coating molecules, we
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can then infer that the presence of a ZnS shell reduces such a
delocalization process. Indeed, the original rationale for
overcoating the QD cores to enhance the photoemission, by
using wider band gap shell materials, was aimed at promoting
better confinement of the exciton within the cores and
increasing the fluorescence radiative recombination rates.
Thus, in our case the ZnS shell provides a protective shield,
which reduces the degree of exciton delocalization into the
carbene-rich organic shell. We may add that the core only QDs
used by Weiss exhibited little to no PL signal, while our
materials still produced strong fluorescence properties, albeit
lower than the native hydrophobic or hydrophilic APIm-
PIMA-PEG-coated QDs.

The enhancement in the PL properties of NHC-polymer-
QDs with storage time under room light exposure is an
interesting feature and agrees with several studies showing that
irradiation of various surface-stabilized quantum dots and
quantum rods yields a sizable increase in the PL intensity.*>"
They tend to occur with dispersions that have rather reduced
emission properties (low quantum yield), such as is the case
with our NHC-stabilized nanocrystals. We note that the
measured changes in the fluorescence intensity with storage are
commensurate with those measured for the lifetimes. The
fluorescence quantum yield (QY) as defined depends on the
radiative and nonradiative exciton decay pathways:**

kl‘
QY

Tk +k, 3)

where k. and k,, respectively designate the radiative and
nonradiative decay rates. To gain insights into how storage
under light exposure affects the fluorescence data, we compare
the relative fluorescence intensity measured for the dispersion
with days of storage (Fy), since the data were collected from
the same sample at day 1, day 20, and day 40 under the same
conditions. We also assume that only k,, is affected by the light
exposure. This allows us to write that at day da:

kg
@ _ Q-de _ Ky e & ke _ kr—dl + knr—dl _ h
F QY ka4 k, T
dl d1l PR r—dx nr—dx dl (4)

1

where we replaced with the PL lifetime, 7, extracted

T nr

from the experimental data (see Table 1). From the

Table 1. PL Intensity and Time-Resolved Lifetime Data for
QD Samples Stored under Light Exposure

storage time PL intensity (normalized) PL lifetime (ns)

day 1 1 4.17

day 20 1.9 8.51

day 40 3.0 11.80
fluorescence and lifetime data we estimate that 2 ~ 1.9

d1

F,
while 2 ~ 2.0 and 2 ~ 3.0 and 22 ~ 2.8. This agreement
T Ey Ty

supports our assumption and implies that light exposure
activates some of the shallow surface traps which are the main
pathways for nonradiative exciton recombination.*”*> This
ultimately results in a pronounced recovery of the fluorescence
intensity under room light exposure (see data shown in Figure
4C,D).
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Colloidal Stability Tests. This test has focused on tracking
the long-term colloidal stability of several dispersions of
luminescent QDs surface-stabilized with the new NHC-
polymer ligands. These include dispersions in 20 mM
phosphate buffers at pH ranging from 3 to 12, buffer
containing 1 M NaCl, and dispersions of QDs mixed with
0.5 M dithiothreitol (DTT). We also characterized the gel
mobility of the QDs at the same pHs and when mixed with
serum bovine albumin (BSA) in large excess.”>*® Dispersions
in DI water were used as control samples.

These dispersions have been stored under room temperature
and light exposure conditions, and fluorescent images were
periodically collected from the various samples, while
illuminated with a hand-held UV lamp, by using a camera
(Nikon D3300). Figure SA,B shows that the dispersions stayed
homogeneous and aggregate-free over a period of at least 6
months. The images also show that the brightness of the
samples visibly increased with time (e.g.,, compare images from
fresh samples and 6 months of storage), a result that is
consistent with the data shown in Figure 4C. However,
dispersions at pH 3 exhibit a pronounced reduction of
fluorescence with time, but without losing their colloidal
nature and with no sign of aggregation. This may be attributed
to partial protonation of the anchoring NHCs along the
polymer ligand under acidic conditions. The protonated
imidazolium groups exhibit weakened coordination of the
ligands onto the nanosized QDs, resulting in more exposed
surfaces and loss in PL. Figure SC,D shows gel electrophoresis
images acquired from agarose gels loaded with the various QD
dispersions described above. The gel bands are imaged, in the
fluorescence mode, by using a UV lamp for excitation. Tight
fluorescent bands that migrate toward the anode, with the
same mobility shift, have been measured for all samples. The
shift toward to the anode is attributed to the net negative
charge of the QD surfaces because of the presence of carbongl
(or carboxylate) groups along the NHC-polymer backbone.”®
Additionally, narrow bands and identical mobility shifts are
observed for all wells, implying that monodisperse nano-
colloids of NHC-PIMA-PEG-QDs characterize the dispersions
for all pHs. These long-term colloidal stability data combined
with the gel electrophoresis experiments indicate that the
NHC-polymer coating promotes effective steric stabilization of
the QDs under a variety of conditions (except pH 3). In
addition, the absence of any change in the mobility shift
measured for the dispersion containing excess BSA indicates
that the PEG-rich coating indeed prevents nonspecific
interactions and corona formation around the QDs.*”*® This
result agrees with previous reports investigating QDs capped
with other PIMA-based ligands modified with different
coordinating groups (e.g., lipoic acid or phosphonic
acid).>>® Finally, we would like to add that the NHC-polymer
coating imparts colloidal stability while preserving the
fluorescent nature of the QDs dispersed in water mixed with
H,0, (up to 250 mM) and QD dispersions in organic solvents
such as CHCI; and acetone; they also preserve the
fluorescence properties of the nanocrystals as dried pellets
(see Figure S7).

B CONCLUSION

In this report we have demonstrated that ligands presenting N-
heterocyclic carbene (NHC) groups can rapidly react with and
coordinate onto luminescent CdSe—ZnS core—shell quantum
dots. Furthermore, we found that installing multiple NHC
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Figure S. (A, B) Colloidal stability tests applied to green- and red-emitting NHC-PIMA-PEG-QDs. Dispersions in buffers at pH 3, 8, and 12 in DI
water, in 1 M NaCl, and in 0.5 M DTT. Images were collected by using a Nikon D3300 camera. Samples were UV illuminated by using a hand-held
UV lamp. (C, D) Gel electrophoresis images of green- and red-emitting NHC-PIMA-PEG-QDs, run on 0.6% agarose gel by using Tris borate
EDTA buffer for 30 min under a voltage of 5.5 V/cm. The wells on the right was loaded with dispersions of QDs mixed with BSA and preincubated
for 1 h. The dashed lines in panels C and D designate the loading wells. The images were collected under fluorescence mode as described for the

stability data.

groups and hydrophilic moieties in the ligand structure
promotes high affinity of the resulting QDs to water media.
This is achieved by exploiting the unique advantages of the
nucleophilic addition reaction between anhydride rings and
amine-R nucleophiles, which is highly efficient, provides
controllable stoichiometry, and affords the ability to combine
different functional groups into one single ligand. In particular,
we have shown that polymer ligands, presenting several NHC
groups and multiple poly(ethylene glycol) blocks, promote
long-term colloidal and photophysical stability of the QDs in
buffer media, while preventing nonspecific interactions with
bovine serum albumin (BSA). The rapid coordination
(requiring ~5—10 min of mixing) reflects the nature of the
NHC groups as soft Lewis base with strong interactions with
transition metals ions (soft/borderline Lewis acid). The
generation of the carbene groups and the complete
substitution of the hydrophobic coating with the new NHC-
based ligands have been verified by using a combination of 1-D
"H NMR and 2-D DOSY NMR spectroscopy. In addition, we
employed 1-D *C NMR and 2-D heteronuclear multiple bond
correlation (HMBC) NMR spectroscopy to identify the
presence of carbene—Zn complexes, further confirming the
coordination of the carbene onto the Zn-rich QD surfaces. We
also found that the new NHC coating introduces subtle
changes to the optical and spectroscopic properties of the
nanocrystals. These include a size-dependent red-shift of the
absorption and emission spectra and a pronounced increase in
the fluorescence intensity when the samples are stored under
white light exposure. We note that these ligands can also
stabilize Au nanocolloids in buffer media.*” These results
combined expand the use of NHC molecules to stabilize
nanocrystals with transition-metal-rich surfaces in both organic
and hydrophilic media. They bode well for the integration of
these newly coated colloids in various applications.
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