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ABSTRACT: Ligands that enable the delocalization of excitons beyond the physical boundary of the inorganic core of
semiconductor quantum dots (QDs), called “exciton-delocalizing ligands (EDLs)”, offer the opportunity to design QD-based
environmental sensors with dynamically responsive optical spectra, because the degree of exciton delocalization depends on the
electronic structure of the EDL. This paper demonstrates dynamic, reversible tuning of the optical bandgap of a dispersion of CdSe
QDs through the redox states of their 1,3-dimesitylnaphthoquinimidazolylidene N-heterocyclic carbene (nqNHC) ligands. Upon
binding of the nqNHC ligands to the QD, the optical bandgap bathochromically shifts by up to 102 meV. Electrochemical reduction
of the QD-bound ngNHC ligands shifts the bandgap further by up to 25 meV, a shift that is reversible upon reoxidation.

he narrow-line-width optical transitions of semiconductor electrochemical reduction and oxidation. The EDL-coated QD
quantum dots (QDs) and the dramatic shifts in their thereby serves as a probe of the local electrochemical potential.
optical spectra induced by changing the confinement energies We synthesize 1,3-dimesitylnaphthoquinimidazolium chlor-
of excitonic charge carriers are primary motivations for the ide [nqNHC][Cl] , where the carbene carbon is protonated,
development of QD-based ratiometric sensors.' ! The tradi- according to a previously published procedure;13 full details are
tional methods for changing confinement energy—modifying in the Supporting Information (SI). We modify exchange

the composition, shape, and size of the QD—cannot be carried procedures developed for metal nanoparticles'*~"” to function-

out dynamically and reversibly and therefore are not viable alize QDs with the ngNHC ligands (Scheme 1 and Figure S3
bases for environmental sensing. We have shown that the

confinement energy of excitons is also highly sensitive to the
adsorption of exciton-delocalizing ligands (EDLs). EDLs allow
the wave function of the exciton to extend into the interfacial
region, bathochromically shifting the absorption/emission
spectra of the QD by up to 1 eV."~® Designing an EDL with
an electronic structure that reversibly changes in response to
the environment is a means to externally modulate the optical
spectra of an EDL-coated QD and an appealing route to
ratiometric sensing, but it is a challenge. Extensive mechanistic
work has shown that exciton delocalization occurs via

of the SI). Our workup procedure includes a postexchange
washing step with acetonitrile (ACN) that removes [ngNHC]-
[Cl] decomposition products from the QD solution (Figure

Scheme 1. Ligand Exchange Procedure”

significant redistribution of electron density at the QD—ligand [ngNHCJ[CI]

interface,’ "' so we must find external mechanisms to 2) Minimal NaH

reversibly perturb this electron density to a measurable degree. Benzene
RT,N,

Such perturbation requires that the site at which the ligand
interacts with the environment is conjugated to the site at
which it anchors to the QD.

Here, we demonstrate the reversible tuning of the average

bandgap of an ensemble of CdSe QDs with applied

“Up to SO equiv. of [nqNHC][CI] per QD and 200—300 equiv of
NaH per [nqNHC][CI] are added to 10 uM OA-capped CdSe QDs

electrochemical potential through the redox state of an EDL, in benzene.

1,3-dimesitylnaphthoquinimidazolylidene (ngNHC), an N-

heterocyclic carbene. We recently demonstrated that NHCs Received: December 6, 2021 ?{J»‘AC- §
form stable adlayers of EDLs on CdSe QDs and that varying Published: March 7, 2022

the (covalent) substituents on the NHC changes the
magnitude of exciton delocalization."”> In this work, we
demonstrate a reversible colorimetric response of the QD to
an in situ modification of the EDL’s electronic structure via
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S4). '"H NMR analysis shows that ngqNHC ligands are bound
(Table S1) and that oleate ligands are displaced from the QD
surface upon treatment with [ngNHC][CI] and NaH (Table
S2). We detect no residual protonated precursor in dispersions
of nqNHC-capped QDs (Figure SS), and the ligand exchange
induces no detectable change in the physical size of the
particles (Figure S6). All optical and NMR measurements on
QD samples are performed using air- and water-free cuvettes
or J-Young tubes.

Figure 1A (red) shows that, after treating CdSe QDs
(physical radius = 1.2 nm) with 32 equiv of [ngNHC][CI]
through the procedure in Scheme 1, the lowest-energy
excitonic absorption peak shifts to lower energy by 102 meV,
which, for this size of QD, corresponds to an apparent change
in the QD radius (which we denote “AR”) of 0.15 nm. To
most clearly see the shift in the QD absorption, we have
subtracted from the “ngNHC-capped QDs” spectrum a broad
absorbance of unbound, deprotonated ngNHC centered at
2.07 eV, Figure 1B (blue), and a feature centered at ~2.75 eV
due to absorption from degradation products of [ngNHC][CI]
that appear during ligand exchange (Figures S7 and S8); the
primary impurity is the formamide form of [ngNHC][CI]
(Figures S9—S1S5). The shift of the QD absorption is
maintained following our ACN washing procedure (Figure
S16). The AR that we achieve here with nqNHC-capped QDs
is consistent with the values we observed with similar ligands.'*
There is no shift in the optical spectra of QDs treated with
either [ngNHC][CI] alone or NaH alone, and addition of >50
equiv of [ngNHC][CI] causes minor etching of the QDs
(Figures S17 and S18).

Figure 2 demonstrates that we can electrochemically reduce
QD-bound ngNHC and shows the reduction potentials of
various nqNHC species. This figure includes differential pulse
voltammograms (DPVs) of the samples of (i) the protonated
[ngNHC][CI] precursor, (ii) QDs treated with [ngNHC][CI]
but no NaH, and (iii) QDs treated with both [nqNHC][CI]
and NaH. The voltammograms of [ngNHC][CI] only (Figure
2A) and QDs treated with [ngNHC][CI] but no NaH (Figure
2B) have peaks corresponding to the reduction potentials of
freely diffusing ngNHC at E,, = —0.8 V and ~—1.6 V vs. Fc/
Fc* (labeled (1) and (4); see Table S3), plus two additional
peaks corresponding to the formamide degradation product
(labeled (2) and (3); see Figures S7 and S9—15 and Table S3),
and one peak that is also present in the “blank” solution of
TBAPF, electrolyte (labeled (S); see Figure S19). The
voltammogram for QDs treated with both nqNHC and NaH
(Figure 2C) and washed to remove impurities contains one
peak (labeled (2); Table S3) corresponding to the reduction of
the QD itself (Figure S20), one background peak (labeled (4);
Table S3), and two additional peaks (labeled (1) and (3)) with
reduction potentials of E,;, = —0.67 V and —1.15 V vs. Fc/Fc*
(Table S3), which we assign as the first and second reduction
potentials of the deprotonated, QD-bound ngNHC ligands.
These results imply that at the open circuit potential (—0.61 V
vs. Fc/Fc") many of the QD-bound ngNHC ligands are
already singly reduced.

Figure 1B shows a set of spectra of chemically reduced
ngNHC species that aid in our interpretation of the spectra of
ngNHC-capped QDs under applied potential. DPV scans of
ngNHC-capped QDs that are not washed with ACN (Figure
$22 and Table S3) show that, at an applied potential of —1.3 V
vs. Fc/Fc', which is the potential available for chemical
reduction by cobaltocene (CoCp,),"® freely diffusing deproto-
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Figure 1. (A) Normalized absorbance spectra of 8.7 uM CdSe QDs in
80:20 (v/v) benzene/ACN and 20 mM THAPF; electrolyte, capped
with oleate (black), and the same QDs treated with 32 equiv of
[ngNHC][CI] plus NaH (red), and the same QDs after bulk
electrolysis at an applied potential of —0.3 V vs. Ag/Ag* (dark red).
Subtracted from the spectrum of ngNHC-capped QDs at zero
potential are the absorbance of deprotonated ngNHC centered at
2.07 eV and a feature centered at ~2.75 eV due to the degradation
product of [ngqNHC][CI]. Subtracted from the spectrum of ngNHC-
capped QDs at reductive potential is a linear combination of the
spectra of nqNHC*™ (44%) and ngNHC?~ (56%). Raw spectra are in
Figure S8. Subtraction produces an imperfect baseline. (B) Spectra of
deprotonated nqNHC (blue), nqNHC®~ reduced with 1 equiv of
CoCp, (gray), and ngNHC*™ reduced by Na (black), with partial
Gaussian fits. (C) Normalized absorbance spectra of 0.15 mM QDs
treated with 26 equiv of [ngNHC][CI] and NaH in 80:20 (v/v)
benzene/ACN and 20 mM THAPF, electrolyte (black) as a function
of applied potential. Inset: Zoom-in on the first excitonic peak of the
QD. Due to the imprecision of the pseudoreference electrode, the
potentials applied in bulk electrolysis, and therefore the degree of
reduction of nqNHC achieved, vary from experiment to experiment.
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Figure 2. DPVs and multipeak Gaussian fits of (A) 2.7 mM
[ngNHC][Cl], (B) 0.08 mM QDs treated with 30 equiv of
[ngNHC][CI] with 60 mM TBAPF, or (C) 0.08 mM QDs treated
with SO equiv of [nqNHC][CI] and NaH in 80:20 (v/v) benzene/
ACN and washed with ACN to remove degradation products that
form during ligand exchange, with 100 mM THAPF; electrolyte. Peak
labels correspond to entries in Table S3.

nated ngqNHC should be singly reduced. We therefore know
that the additional absorptions present in the spectrum of
deprotonated ngNHC in the presence of CoCp,, Figure 1B,
gray, are characteristic of n qNHC®™. The DPV also shows that,
at an applied potential of —3.0 V vs. Fc/Fc, the potential
available for chemical reduction by Na,'® the deprotonated
freely diffusing ngNHC should be doubly reduced (Figure
$22). We therefore assign the additional absorptions present in

4302

the spectrum of deprotonated ngNHC in the presence of Na
to nqNHC?~ (Figure 1B, black).

These assignments allow us to correlate the shift in the QD
bandgap to the appearance of reduced ngqNHC species upon
bulk electrolysis. It is not possible to reference the applied
potential to an internal standard such as Fc/Fc" without
specialized electrodes, so we estimate the applied potential
with an Ag/Ag" pseudoreference'”*° and determine the redox
state of the nqNHC from the sample’s absorbance spectrum,
using the spectra in Figure 1B as references. For this reason
and because the ligand shells of nqNHC-capped QDs are
stabilized by the free molecules in the impurity mixture
(Figures S23—S26), we performed the bulk electrolysis
experiments on ngNHC-capped QD samples that were not
washed with ACN following ligand exchange.

Figure 1A (dark red) shows that, following bulk electrolysis
of the nqNHC-capped QDs at —0.3 V vs. Ag/Ag’, there is a
further shift of the QD’s excitonic absorption to lower energy
by 25 meV (a “AAR” of 0.04 nm). This AAR is accompanied
by the appearance of an absorption feature centered at 1.96 eV
indicative of ngNHC®™ and two absorption features centered
at 2.09 and 2.33 eV indicative of ngNHC>". We subtracted
these features from the spectrum in Figure 1A using the fits of
independently measured spectra of reduced nqNHC species in
Figure 1B to more clearly show the shift of the QD exciton
peak, but they are seen in the raw spectra in Figure S27. Figure
1C shows the progressive shift of the QD exciton peak with
accompanying evolution of the features of the reduced nqNHC
species. We only observe this additional bathochromic shift of
the QD spectrum under applied potential when the nqNHC is
present and bound to the QD surface (Figure S28). These data
imply that the observed AAR in the optical spectra of the QD
in Figure 1A,C are due to a change in redox state of the bound
ngNHC ligand to its dianionic state. The additional bath-
ochromic shift saturates upon applying an electrochemical
potential, at which 46% of the freely diffusing ngNHC is singly
reduced and 54% is doubly reduced (Figure S29). This result is
reasonable given that, according to the DPV (Figure S22), a
potential reductive enough to doubly reduce the QD-bound
ngNHC produces both singly and doubly reduced freely
diffusing nqNHC.

Figure 3 shows that the AAR is reversible upon its
reoxidation. This figure includes the initial ground state
absorbance spectrum of ngNHC-capped QDs at the open
circuit potential, with contributions from the QDs and
deprotonated, neutral nqNHC (Figure S30A). The initial AR
relative to the oleate-capped QDs (spectrum not shown) is 65
meV. Following bulk electrolysis of the ngNHC-capped QD
solution at —0.9 V vs. Ag/Ag", we measure an additional
bathochromic shift of 21 meV (AAR = 0.025 nm) (red) and
contributions to the spectrum from ngNHC®~ (38%) and
ngNHC?™ (62%; Figure S30B). We then perform electrolysis
at +0.5 V vs. Ag/Ag" (Figure 3, blue), which reoxidizes the
reduced ngNHC species. The QD peak returns to its initial,
postexchange, position, and the absorptions of reduced
ngNHC species disappear.

In summary, we have demonstrated that the redox-active
EDL ngNHC is a handle by which we can externally and
reversibly tune the bandgap of CdSe QDs through applied
potential. The additional exciton delocalization produced by
reduction of QD-bound ngNHC, although small, is clearly
measurable and reversible with reoxidation. This work
therefore demonstrates dynamic control of the quantum

https://doi.org/10.1021/jacs.1c12842
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Figure 3. Normalized absorbance spectra of QDs treated with 26
equiv of [ngNHC][CI] and NaH (black), and the same sample after
(i) bulk electrolysis at a potential of —0.9 V vs. Ag/Ag* (red), and
then (ii) bulk electrolysis at a potential of +0.5 V vs. Ag/Ag* (blue),
and partial Gaussian fits using independently measured spectra of
ngNHC species. Samples are in 80:20 (v/v) benzene/ACN and
contain 20 mM THAPF electrolyte. Inset: Zoom-in on the excitonic
peak.

confinement of a QD’s exciton through its ligands and the local
potential, which is tunable in situ.”~"”'>'> We also contribute
a new procedure for exchanging a QD’s native ligands for
NHCs that is generalizable to other NHC-based ligands.' >’
Our results present a simple optical strategy for dynamically
sensing changes to the electrochemical potential of a solution.
Notably, the optical response of the QDs to the local potential
is instantaneous (upon change in redox state of the EDL) and
can, in principle, be realized throughout the visible and near-
infrared using other QD materials.” Unlike Forster resonance
energy transfer (FRET)-based sensing strategies, an EDL-
based sensor does not require the presence of two
chromophores with overlapping optical spectra, which can
complicate quantitative interpretation of such systems."”* ™
Such a sensor would require deposition and stabilization of the
ngNHC-capped QDs into a solid film, as has been achieved
with photoswitchable NHC derivatives.””** The large library
of synthetic procedures for functionalizing NHCs**~>” makes
them excellent scaffolds for designing analyte-specific sensors.
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