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ABSTRACT: Using cyclic voltammetry under illumination, we recently ~_Excitation  Stored charge

demonstrated that CdS quantum dots (QDs) form charge donor states ” o Ligand
that live for at least several minutes after illumination ends, ~12 orders — P f"if"c"a"b"
of magnitude longer than expected for free carriers. This time scale ool ) o

suggests that the conventionally accepted mechanism of charge transfer, per QD e oy e aeod (o ligated
wherein charges directly transfer to an acceptor following exciton surface metal ions
dissociation, cannot be complete. Because of these long time scales, this

unconventional pathway is not readily observed using time-resolved spectroscopy to probe charge transfer dynamics. Here, we
investigated the chemical nature of these charge donor states using cyclic voltammetry under illumination coupled with NMR
spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and optical spectroscopy. Our data reveal that charges are
stored locally rather than as free carriers, and the number of charges stored is dependent on the QD surface ligation and
stoichiometry. Altogether, our results confirm that electrons are stored at ligated surface Cd, these sites are competent charge
donors, and this storage is charge balanced by X-type ligand desorption. We found that charge storage occurs in every QD
system studied, including CdS, CdSe, and InP capped with carboxylate and phosphonate ligands.

KEYWORDS: quantum dot, charge storage, charge donor, surface chemistry, cyclic voltammetry

INTRODUCTION during illumination. The measurement is performed as follows:
an electrolyte solution containing QDs and a one-electron
molecular redox probe (e.g, ferrocene, Fc) is loaded into a
three-electrode cell equipped with an LED that allows for
simultaneous illumination and electrochemical measurement.
CVs are taken before, during, and after illumination, and the
shape of the CV distorts from the reversible shape in a manner
consistent with adding a chemical reaction (charge transfer) to
the reversible faradaic process (Figure la). Ferrocene is
faradaically oxidized to form ferrocenium (Fc*), which can be
reduced by a photogenerated charge donor, QD*. The extent
of the CV distortion corresponds to the observed rate of
charge transfer from QD to the molecular redox probe. While
the distortion of the CV is similar to those caused by
temperature gradients near the electrode,” we are confident
that these perturbations are caused by charge transfer

Interfacial charge transfer from quantum dots (QDs) has
garnered attention in the last several decades because it is a key
process in many applications such as photovoltaics," photo-
detectors,” light-emitting technologies,3 and photoredox
catalysis.” Chemists often idealize photoinduced charge
transfer as a two-state, Marcus-type event in which an excited
electron (or hole) moves from the conduction band (valence
band) edge to an external acceptor. The expansion of this
model recently culminated in a review by Wu et al., where the
many complications of this simple picture are presented.’
However, we note that much of the research in this field still
focuses on using optical spectroscopy to track the charge
carriers’ migration from the QD on relatively short time scales
(ps—us). Insights from these studies are unable to capture
longer time scale processes, which become relevant in any
practical use of these materials in the applications listed above.

Previously, we reported a method to measure photoinduced Received:  August 2, 2024
charge transfer from CdS QDs to redox-active molecules using Revised:  August 8, 2024
cyclic voltammetry (CV) under illumination.’ This measure- Accepted:  August 9, 2024

ment allowed us to quantify effective, bimolecular charge Published: August 20, 2024

transfer on the same time scale as chemical reactions by
observing distortion of the CV of the redox-active molecule
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Figure 1. (a) E,C;’ mechanism used to explain changes to the voltammogram upon illumination, where QD* refers to the charge donor
species investigated in this work. (b) CVs of ferrocene distort to an S-shaped CV after illumination is turned on over ca. 30 min. There were
130 s between the start of one scan and the start of the next. (c) Slow recovery from an S-shaped CV to a reversible shape over ca. 30 min

after illumination ends.

reactions, supported by the driving force dependence of the
distortion (Figure S1).

An unexpected finding from this measurement was the
gradual distortion of CV during illumination, occurring over
time scales much longer than exciton formation, ca. 30 min.
Moreover, this distortion persisted for ca. 30 min after
illumination stopped (Figure 1b,c). These slow changes to
CV were consistent with the amount of charge-donating
species (QD*) in solution increasing during illumination for
much longer than excitation, and the charge-donating species
persisted for much longer than excitonic decay. This was true
for both electron- and hole transfer. These observations
challenge conventionally held beliefs that charge transfer must
proceed directly after excitation and be faster than carrier
trapping. The following work aims to understand the chemical
processes undergone by the QD during illumination that allow
for charge transfer to occur long after illumination stops.

Others have observed similar long-lived reactivity after
illumination in other materials, which has been termed “dark
photocatalysis” or “photocatalytic memory”.® The most
common system consists of a semiconductor that acts as the
light sensitizer and an energy-storing substance that can store
photogenerated charge carriers during illumination and slowly
release those carriers in the dark.”” There are many examples
of nanocrystals acting as semiconductors in dark photocatalytic
systems.'°~'? However, systems where the light absorber is the
same as the energy storage material are rarely reported, and in
these, the identity of the charge-storing species was not
explored.””*" Our observations fall into the category of dark
photocatalysis, but we have observed this behavior intrinsically
on QDs.

Photoinduced changes to QDs on long time scales have
been well investigated in relation to their photoluminescence
behavior. Photobrightening®~>" is the process in which the
photoluminescence quantum yield increases over minutes to
hours of QD illumination. There is more than one mechanism
behind this phenomenon, although the general description of
photobrightening is that irradiation smooths the QD core’s
surface and removes or passivates surface defects. This
decrease in surface trapping may be thermal (photoannealing),
or the charge carriers generated during illumination may
remove surface states through trap filling or other surface redox
reactions.”” Related processes include photodarkening® and
photoluminescence blinking,”"** where similar photoinduced
surface redox activity causes PL changes over time scales
longer than exciton generation and decay. It seems reasonable
that the photoinduced surface redox processes that affect PL

may be chemically related to the processes that slowly generate
long-lived charge donors. Altogether, we hypothesized that the
redox-active surface of the QDs may act as the intermediate
between exciton dissociation and charge transfer.

Considering our prior observations of these long-lived
charge donor states, we sought to understand the ubiquity of
this effect and gain a chemical understanding of this
mechanism for photoinduced charge storage and transfer.
We considered the three mechanisms presented in Scheme 1

Scheme 1. Proposed Mechanisms for Electron Storage”
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“(a) n-type photodoping wherein a reducing agent (internal or
external to the QD) quenches the photogenerated hole, leaving
behind an electron in the conduction band. (b) Electron density
localized to Z-type Cd, causing displacement of one ligand per
electron stored. (c) Electron density localized to Cd on Cd-rich
facets. (b, c) Detail on the localization of a photogenerated electron.
Rapid localization of the corresponding hole>’ ™" is not shown

as well as several more rejected mechanisms presented in
Scheme S1. We considered photodoping (Scheme 1a) as a
mechanism because the time scale of the long-lived donors is
appropriate,” and n-doped QDs should be excellent electron
donors. This mechanism was ultimately rejected because, as we
will discuss below, there is no evidence for the presence of free
carriers in the present work. We also considered that charge
could be stored at ligated surface Cd (Scheme 1b,c), which
best agrees with all our findings. Ligated surface metal ions can
be reduced by external reductants,*° so they may be
susceptible to reduction by conduction band electrons.
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Figure 2. (a) UV—vis absorbance changes over 30 min of illumination of MEEEPA-capped CdS. (b) Photoluminescence brightening in

MEEEPA-capped CdS after 30 min of illumination.
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Figure 3. (a) '"H DOSY NMR spectra of MEEEPA-capped CdS at 32 different gradient strengths. At higher gradient strengths, only signals
from ligands bound to the QD surface are observed. (b) Integration of the peaks in (a) plotted against the squared and scaled gradient
strength. Data (circles) and fit to a biexponential decay (dotted line). (c) Results after using DOSY to determine the fraction of ligands in
solution that are bound to CdS QDs with different ligands and surface stoichiometries. Error bars are from the propagation of uncertainty;

see the SI for details.

RESULTS AND DISCUSSION

Electrons Are Stored Locally rather than as Con-
duction Band Charge Carriers. Previous work has
demonstrated long-lived excited states or long-lived charge
donors after illumination of QDs via photodoping. Chemical
photodoping of QDs is a well-explored phenomenon wherein,
after exciton generation, the hole is quenched by a reducing
agent,40_43 leaving behind the electron as a free carrier in the
conduction band, otherwise known as an n-type-doped
semiconductor (Scheme 1a). Generally, an excess strong
reducing agent, R, must be added to the system to generate
electronically doped particles. However, we observed charge
storage without any such chemical reductant being added. In
one report, Shulenberger and co-workers demonstrated native
photo-n-doping of CdS QDs.** During minutes of illumina-
tion, they observed an absorbance bleach at the excitonic
transition, which was attributed to n-type photodoping, even
without adding a reducing agent, which more closely mimics
our observations. Especially relevant to our photoelectrochem-
ical observation, the excess charges in photodoped QDs live for
many minutes,”” so we hypothesized that the long-lived charge
donors we observed could be natively photodoped particles.

However, the observation of long-lived hole donors in our
system, in addition to electron donors, conflicts with the
photodoping hypothesis. To the best of our knowledge, stable
p-type photodoped CdS QDs have not been experimentally
prepared due to rapid hole localization at the QD surface. The
same is true of related materials, including CdSe and PbS. If
there was photodoping, we expect it to be n-type, so there
should not be free holes. Initially, we postulated that in a
natively photo-n-doped system, after excitation, the hole could
be localized elsewhere (on the surface or the ligands as

24593

postulated by Shulenberger et al.), and this localized hole
could act as a long-lived oxidizing agent we observe
electrochemically.

To rule out the possibility of photodoping, we used optical
spectroscopy after illumination to probe the presence of free
conduction band electrons. Photodoping should cause
bleaching of the first excitonic transition and quenching of
band-edge photoluminescence.” Instead, during 30 min of
illumination, we saw only very small (<1 nm) shifts in the
lowest energy excitonic transition rather than a bleach (Figure
2a). These slight shifts resemble those others have observed
upon surface charging and restructuring, causing an internal
electric field known as the Stark effect.*™* We did not
observe NIR absorption attributed to intraband excitation of
conduction band electrons, which others have reported in
photodoped QDs (Figure S2).

Of the CdS QDs investigated in this work, only those
capped with (2-[2-(2-methoxyethoxy)ethoxy]ethyl)-
phosphonic acid (MEEEPA) had appreciable band-edge
photoluminescence (see Figure S3 for other surfaces). After
30 min of illuminating phosphonate-capped CdS QDs, the
band-edge photoluminescence modestly increases in intensity,
which is inconsistent with photodoping and is more consistent
with photobrightening due to surface reconstruction® (Figure
2b). This reinforces that under our experimental conditions,
the CdS QDs do not photodope, and therefore the long-lived
stored charges are localized and not free carriers.

Three Surface Chemistries to Assess the Role of the
QD Surface in Charge Storage. It is well documented that
there are generally many types of surface sites on a Cd
chalcogenide QD surface.’®™* We have evidence from XPS
that ours are no different as the Cd 3d lines are best fit to two
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Cd environments (see the Supporting Information for details).
Because of the distinct chemistries associated with Cd in
different chemical environments, these surface sites should not
necessarily be expected to have equivalent redox chemistry.
For example, Hartley and Dempsey suggested that in PbS
QDs, the Pb on the edges between facets was more likely to be
reduced by cobaltocene than Pb on (111) or (100) facets.*

We were interested in probing which types of surface atoms
are most likely to store electrons after illumination. To this
end, we prepared QDs with three different surface chemistries
and investigated their differences. We assessed the role of the
headgroup of the ligands by comparing MEEEPA and 2-(2-
methoxyethoxy)ethoxy acetic acid (MEEAA)-capped CdS
QDs. We assessed the role of surface stoichiometry by
comparing MEEAA-capped QDs to MEEAA-capped CdS
QDs with lower Cd (and ligand) coverage prepared through
surface etching. TEM and optical characterization of these
different QDs can be found in Figures S4 and SS.

We characterized the surfaces of these three kinds of QDs by
quantifying their ligand coverage with 'H DOSY NMR
spectroscopy (Figure 3a). We wanted to accurately quantify
the ligand coverage but needed to ensure that we were only
counting ligands adsorbed to the QD surface and not including
free ligands in solution. Quantitative DOSY NMR offers a
technique where bound and free ligands are differentiated by
their diffusion coeflicient and can be used in cases where there
is no simple spectroscopic handle to differentiate bound and
freely diffusing species.”* We used DOSY to quantify the ratio
of bound and free ligands (Figure 3b) and then used an
internal standard (mesitylene) to calculate the number of
bound ligands per particle. We first found that the as-
synthesized oleate-capped QDs have 250 ligands per QD,
which corresponds to five ligands/ nm? (calculated using
diameter from TEM and assuming spherical particles) and is
consistent with literature reports and calculations of carbox-
ylate ligand density.”**>°

The short-chain polyethylene glycol-terminated carboxylate
and phosphonate ligands, MEEAA and MEEEPA, have 430
and 390 ligands per QD, which are approximately twice the
number found in the oleate case. This gives ligand densities of
11 ligands/nm2 and 7 ligands/nrnz, respectively. The higher
density for MEEAA is consistent with previous observations of
higher carboxylate than phosphonate density due to the
diacidic nature of alkyl phosphonic acids.”” These densities are
far higher than any reported experimental or calculated ligand
densities we have seen on CdS QDs. Furthermore, these are
higher than the ligand density of a perfectly passivated
cadmium-rich {100} surface of zinc blende CdS (5.76
ligand/nm?, one ligand per surface Cd).”® This implies that
the MEEAA and MEEEPA ligands cannot all have their head
groups bound to the QD surface; some ligands are associated
with the QD but not bound to the surface. We propose that
the ligands form an interdigitated bilayer in these materials,
where some head groups point out from the QD surface.
Ligand bilayers have previously been constructed on nano-
crystal surfaces with other ligands.”” '

We also made the QD surface less cation-rich by employing
an established protocol wherein Z-type surface cadmium
carboxylates were etched from the surface using diamines.”
After etching, we exchanged the remaining ligands for MEEAA.
After etching and then MEEAA ligand exchange, there were 39
MEEAA ligands per QD, or 0.9 ligands/nm”. This extremely
low ligand density, despite the large excess of MEEAA present

in solution during ligand exchange, reinforces that we have
effectively stripped the surface of Z-type Cd, decreasing the
density of binding sites available to carboxylate.

Chemical Changes after Illumination. We considered
that redox chemistry may promote charge storage on the
surface ligands rather than the inorganic core, especially
considering our nonconventional surface ligands bearing
relatively weak C—O bonds. The report of native photodoping
of CdS showed a ligand dependence on photodoping and
invoked the double bond of oleic acid as a hole acceptor.™
Similarly, a recent report found that when oleic acid-capped
CdSe QDs were irradiated with a 400 nm laser, the ligands
desorbed from the QDs and fragmented to aldehydes, terminal
alkenes, H,, and water.®” When we irradiated our MEEAA- or
MEEEPA-capped CdS QDs with a blue LED for 1 h, which is
longer than the time to complete charge storage, we did not
observe fragmentation of the ligand shell in the 'H NMR
spectrum. This confirms that charges are not stored by redox
chemistry on the ligand backbone.

Analysis using DOSY did not show a significant difference in
the fraction of ligands bound to the QD surface, although the
estimated variance in this measurement was 60 ligands per
QD. The only change in the 'H NMR spectrum we noted was
that the signal assigned to the protons alpha to the carboxylic
acid in MEEAA had a small shift (0.01 ppm) further downfield
after illumination (Figure S6a). Between different QD samples,
we noticed that the chemical shift of this peak varied and was
linearly correlated with the fraction of ligands in solution that
were bound, as determined by DOSY (Figure S6b). This
differs from archetypal NMR experiments using oleic acid-
capped QDs in nonpolar solvent, where bound and free ligands
are observed as distinct resonances.’”**™®° We assert that
because the QD surface is in dynamic equilibrium, the
observed chemical shift of this proton is a weighted average
of protons on ligands bound to the QD surface and those on
ligands freely diffusing in solution, as shown in eq 1.

601)5 = ){boundﬁbvund + )(freeéf’ee (1)

Then, we can determine that a change in chemical shift from
3.8723 to 3.8881 ppm represents an 11% decrease in the
bound fraction of ligands, or 48 fewer ligands bound per
particle (see the SI for calculations). Ligand dissociation after
illumination is consistent with the reduction of ligated surface
Cd (Scheme 1b,c), where surface reduction is locally charge
compensated by X-type ligand dissociation, which has been
observed using external reductants,”* as well as transiently
from photogenerated carriers.”” The analogous protons alpha
to the phosphonic acid in MEEEPA are not observed as a
distinct resonance in the NMR spectra of the QDs, so an
analogous interpretation was not possible.”

The hypothesis that stored charge is compensated by ligand
dissociation is supported by a parallel set of electrochemical
measurements where we irradiated MEEAA-capped CdS
solutions with and without electrolyte. For the experiment
without electrolyte during illumination, the illumination was
turned off and then electrolyte was added to the solution, and
finally CV measurements began. As measured using CV, the
charge transfer rate after illumination ended was not
significantly different between the two experiments, suggesting
that the presence of electrolyte did not impact charge storage
(Figure S7). The lack of dependence on electrolyte further
supports that charge storage is compensated intrinsically, i.e.,
by ligand loss. This contrasts with work studying QD films,
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Figure 4. (a) XRD of the gray precipitate formed after illumination of MEEAA-capped QDs overnight (top) compared to the reference
pattern for hexagonal Cd’. (b) '"H NMR spectra of MEEAA (top) and MEEAA-capped CdS QDs before (bottom) and after (middle)

overnight illumination in DMSO-ds 300 MHz, d1 = 15s.

wherein electrolyte is necessary to stabilize surface
charges,”*~”" presumably because ligand desorption is not a
viable mechanism in the solid state.

When the MEEAA-capped CdS QDs were irradiated
overnight, they degrade. An insoluble gray powder formed
and was identified as Cd° metal with large crystallite size by
XRD (Figure 4a). Our co-workers recently also reported Cd°
deposits formed during photocatalysis with CdS QDs.”
Interestingly, UV—vis absorbance of the soluble fraction does
not show that the QD size decreases even when insoluble Cd
metal forms, suggesting degradation of the material does not
evenly etch all particles (Figure S8a). DOSY NMR analysis of
the soluble fraction showed that half as many of the ligands
were bound. The signal assigned to the protons alpha to the
carboxylic acid in MEEAA shifted further downfield (0.14
ppm) after overnight illumination (Figure 4b). We did see a
few new minor peaks assigned to alcohol or ether degradation
products (Figure S8b). In contrast, MEEEPA-capped CdS
QDs do not form Cd° deposits and there are no changes to
ligand binding observable by 1D or DOSY NMR.

Altogether, redox chemistry on the ligand backbone cannot
be the primary site of charge storage, considering we do not
observe these changes after 1 h of illumination. In contrast,
charge storage appears saturated by our electrochemical
measurements after ca. 30 min. X-type ligand desorption is a
mechanism for charge compensation of reduced surface sites in
this system, at least in the case of the carboxylate capped QDs
(Scheme 1b,c). Even under more extreme conditions like
overnight irradiation of a QD solution, carboxylic acid-capped
QDs show Cd reduction and material degradation while
phosphonate-capped QDs do not measurably change. The
ligand-dependent formation of Cd’ and subsequent ligand
desorption support charge localization to ligated surface Cd
atoms and suggest that these ligated surface Cd have different
propensities for electron storage depending on the binding
strength of the ligand.

Long-Lived Charge Donors Observed Electrochemi-
cally at All Surfaces. The observed rate of charge transfer
from QDs was determined using photoelectrochemistry by
CV.° This measurement allows us to determine the observed
rate of charge transfer (k) from the magnitude of the CV
distortion. Furthermore, we can track how this rate changes
over time during extended illumination and after illumination
ends. The changing k,,, over time gives insight into how
charge donors form and are depleted over time as kg, is related
to the concentration of charge donors [QD*] and the intrinsic

rate of charge transfer (kpcr) using eq 2. Assuming there is no
change in the intrinsic rate over time, the variation of kg, is
linearly related to the number of charges stored. It is worth
noting that kpcp cannot be separately determined and varies
between samples.

ko = [QD™] X kpey (2)

In all samples, there is a rapid initial increase in kg, after
illumination starts but before the first scan is finished (50 s),
which we hypothesize largely represents charge transfer that is
not from stored charges, i.e., from direct exciton dissociation
(Scheme 2a). This is followed by a slow increase caused by the

Scheme 2. Two Pathways for Charge Transfer from QDs
after Excitation during the CV Experiment”

Excitation Stored charge

@@

a) Direct electron b) Electron transfer
transfer <50 s FC from stored charges,
ca. 30 min

“(a) Direct electron transfer that does not go through storage, i.e,
from exciton dissociation. Hole trapping in CdS QDs is very
rapid,”’7? so holes are likely trapped rather than left behind in the
valence band after charge transfer. This mechanism reaches a
maximum rate and ends within S0 s of lights on/off. (b) Electron
transfer from stored charges. This pathway lasts many minutes after
illumination ends because of the long lifetime of stored charges.

slow process of storing charges that are competent charge
donors (Scheme 2b). When fitting this data to exponential
curves, good fits were only obtained when the point at (0,0)
was excluded, presumably because the fast initial rise in kg,
before the first scan is a distinct process from the slow charge
storage. Analogously, k. quickly drops after illumination ends
before the first scan is finished (50 s), and then slowly
decreases. As with the data during illumination, the decay
results reinforce our hypothesis of two processes on different
time scales: a rapid process completed before the first scan is
taken and the slow decay of charge storage over many minutes,
which is well-fit to an exponential curve.

We observe that MEEAA, MEEEPA, and etched MEEAA-
capped particles all have kg, that slowly increase over ca. 30
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Figure 5. Comparison of the rate of electron transfer from CdS QDs with different surfaces. (a, b) The observed rate of electron transfer
(kops) from CdS QDs to Fc' measured by cyclic voltammetry shows the slow increase in rate during minutes of illumination (a) and decay of
electron transfer rate after illumination ends (b). The CdS QDs tested were MEEAA (blue triangles), MEEEPA (pink circles), and etched
MEEAA (green squares). Lines between points are from fitting to an exponential function (details in the SI). (c) Comparison of CVs before
illumination (solid) compared to after 25 min of illumination (dashed). (d) The rate of electron transfer after 25 min of illumination for all
three surface chemistries, obtained comparing the before and after CVs in (c). Error bars were obtained from triplicate measurements of the
MEEAA sample.
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Figure 6. (a) Scheme for the measurement of stored charges. QDs were illuminated for 45 min, and then the LED was turned off. 60 s after
the illumination ended, a large excess of Fc* in CD;CN was injected into the solution. (b) Observed '"H NMR signal of Fc* (bottom) and a
mixture of Fc" and Fc (top). The mixture is upfield and broadened compared to Fc* alone, and this shift is related to the mole fraction of Fc
and Fc*. 300 MHz, CD;CN/PhCN 50:50 v:v. (c) Number of Fc* reduced to Fc per QD in solution for CdS QDs with different surfaces.
Error bars from triplicate measurement.

min. Furthermore, charge transfer does not stop as soon as comparing k,,, between samples does not directly inform on
illumination ends but instead takes at least 15 min to stop the relative number of charges that are stored, so while this
(Figure S). Therefore, QDs with all three surface chemistries measurement affirms charge storage in all samples, we needed
store charge. The raw CV data is available in Figure S9. a direct measurement of the number of stored charges to
The magnitude of k,,, does vary between the QDs with understand the dependence of charge storage on surface

different surfaces: MEEAA- and MEEEPA-capped QDs have ligation.
the same kp,, within experimental variance, while the etched Number of Charges Stored Varies with the QD
MEEAA sample has k, that is approximately twice as large as Surface. Others interested in quantifying stored charges
the others. The measured kg, is inherently linked to the have used direct spectroscopic measurements of free carriers,
number of stored charges, as well as kpcr, which depends on including shifting plasmonic absorbance'"”* or bleaching of
the permeability of the ligand shell and the driving force for excitonic features.””’* Because of the localized nature of the
charge transfer, among other factors. This means that stored charges observed here, we are unable to use those
24596 https://doi.org/10.1021/acsnano.4c10526
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Figure 7. Observed rate of electron transfer (k) from MEEAA-capped QDs to Fc', measured by cyclic voltammetry under illumination. (a)
Slow increase in electron transfer over time after illumination starts from CdS (blue triangles), InP (orange circles), and CdSe (yellow
squares). (b) Decay of electron transfer over time after illumination ends from CdS (blue triangles), InP (orange circles), and CdSe (yellow
squares). Lines between points are from fitting data to exponential functions; see the SI for details.

methods. Others have observed long-lived stored charges in
dark photocatalytic systems using XPS, wherein they can
quantify the charges stored by observing reduced metal."® We
were unable to observe redox changes to Cd or S in XPS after
illumination of QD films, perhaps in part due to the low
concentration of reduced species or similarity between the Cd°
and Cd** binding energy (Figure S10).”° Occasionally, EPR
has been used to observe stored charge,76’77 although we have
not pursued this avenue. Still, others have quantified free
carriers in doped nanocrystals using potentiometric titration,
where an oxidizing agent is titrated, causing the solution’s open
circuit potential to shift.*""** This measurement requires many
minutes for each point on the titration curve to stabilize open
circuit potential, which sums to many hours to determine an
equivalence point. Our electrochemistry data informs us that
the stored charges live for less than ca. 30 min, so any
measurement technique must take less time.

To quantify the number of charges stored, we aimed to
titrate all stored charges with an excess of molecular acceptor
(Figure 6a). This measurement does not rely on any
spectroscopic changes to the QDs and is inherently only
sensitive to charges stored that are competent charge donors.
We first considered the use of dicationic methyl viologen,
which, upon reduction by one electron, forms an intensely
colored radical easily quantified with absorption spectroscopy.
This substrate has been extensively studied as an electron
acceptor from QDs.”*”** It has even been used to quantify the
formation of reduced metal species in colloidal suspensions of
CdS and ZnS.**~*° However, it is also well documented that
the reduced methyl viologen radical is a reasonably good
Brégnsted base, reacting with protons to yield noncolored
products.**™* We did not observe the reduced radical in
solutions containing MEEEPA-capped QDs, and we attribute
this to degradation by the strongly acidic ligand. Because of
this degradation pathway, it was not possible to use methyl
viologen reduction to quantify the stored charges across the
library of different QD surfaces.

Instead, we reacted the stored electrons with excess
ferrocenium (Fc*) to form ferrocene (Fc), which we selected
due to its simple 1 e~ chemistry and the stability of the reduced
form of the molecule. Furthermore, this is the same substrate
used in our electrochemical experiments, which allows for clear
comparison between k,,, and the number of stored charges.
Because of the poor molar absorptivity of Fc, we monitored the
formation of Fc using 'H NMR spectroscopy, where the
chemical shift of the peak corresponding to Fc and Fc*
(observed as one peak due to rapid self-exchange, Figure 6b)

24597

can be related to the fraction of Fc" that was reduced (see
Methods). We subtracted the number of Fc* reduced by QDs
that had not been previously irradiated to control for different
background reactivity. The raw data can be found in Table S4.
We note that the number of Fc formed is a lower bound of the
number of electrons stored because some stored electrons may
decay before they can react with Fc" and some Fc formed by
stored electrons may be reoxidized by stored holes (backward
transfer).

All three surface chemistries studied did store charge, that is,
previously irradiated QD samples formed more Fc than
particles that had not been irradiated. We found that MEEAA-
capped particles stored the most charges (54 + 7 per QD)
while the etched particles stored fewer (31 = S per QD) and
the MEEEPA-capped particles stored the fewest (9 + 6 per
QD) (Figure 6¢). We note the similarity between the number
of charges stored on the MEEAA-capped QDs and the number
of ligands we measured to desorb (48 per QD, discussed
earlier). This suggests that for every stored electron,
approximately one ligand is desorbed, which reinforces our
proposed mechanism that electron donors are formed by the
reduction of ligated surface Cd, charge-balanced by ligand
desorption (Scheme 1b,c).

The quantification of stored charges does not mirror k,, and
reinforces the importance of measuring the number of stored
charges in addition to their rate of transfer. The etched
particles had twice the rate of charge transfer, but about half as
many stored charges as regular MEEAA-capped QDs. This is
explained by the much higher permeability of the ligand shell
(1/10 as many ligands), which is known to increase the rate of
charge transfer due to the higher probability of collisions
between QD inorganic surface and substrate.”””"  Fewer
charges stored on the etched particles confirms that some
charge storage is at Z-type Cd (Scheme 1b), considering these
are the species removed by the etching procedure. Notably,
this does not rule out charge storage at Cd on Cd-rich surfaces
(Scheme 1c); it may be that both kinds of ligated Cd may store
charge.

We note that the MEEEPA-capped QDs store far fewer
charges than MEEAA, which further suggests the importance
of surface ligands controlling the reactivity of surface Cd.
MEEEPA binds more strongly to the QD surface, so
presumably, it is a better Lewis base, making the Cd bound
to it less Lewis acidic, decreasing the likelihood of electron
localization. Surprisingly, despite the lower number of charges
stored, MEEEPA- and MEEAA-capped QDs have the same
kys. Because both ligand shells are very dense, ligand shell
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permeability cannot explain this discrepancy. We hypothesize
that the lower number of stored charges (QD* in eq 2) is
balanced by the higher driving force for charge transfer
(increasing kpcr in eq 2), leading to similar k.. Because of the
indirect measurement of these stored charges, the relative
energy of these states cannot be directly measured, although
future work could use charge acceptors with different redox
potentials to estimate this, analogously to Hartley and
Dempsey.” Again, the dependence of the number of charges
stored on the chemistry at ligated Cd supports the model
presented in Scheme 1b,c. The much higher number of charges
stored in MEEAA is consistent with our overnight illumination
experiments where MEEAA but not MEEEPA-capped CdS
QDs form Cd° deposits and desorb ligands.

Generality of Charge Storage. We considered whether
charge storage was isolated to CdS QDs, so we synthesized InP
and CdSe QDs that were also capped with MEEAA. InP is a
III—V semiconductor that is more covalent than CdS or CdSe,
which was especially interesting to us because the reactivity of
ions in the lattice should be very different, although electron
trapping at Z-type In is still a viable mechanism.”” We
performed identical CV experiments under illumination and
found that, as before, the CV distorted over slow time scales
(see Figure S11 for CV data). When CV data was interpreted
to extract observed rates of charge transfer, we saw that charge
transfer took many minutes to reach a maximum rate (Figure
7a), and charge transfer lasted for many minutes after
illumination (Figure 7b). This was true for both electron
transfer to ferrocenium (Fc') and hole transfer to cobaltocene
(Figure S12). These results show the generality of the
observation of charge storage.

The magnitudes of kg, are difficult to directly compare
between materials because of different band-edge potentials,
solution absorbance at the LED wavelength (solutions were
normalized by concentration), QD size and diffusivity, ligand
density, and other factors. However, the time constants from
fitting the decay of k,, are independent of those differences
and can be interpreted as the relative lifetimes of stored
charges. InP has the longest-lived charges by far (z = 25.5 +
0.4 min), CdSe is intermediate (z = 11.1 + 0.5 min), and CdS
has the shortest lifetime (¢ = 7.2 + 0.4 min). The difference
between the different materials highlights the importance of
the reactivity at the inorganic surface for charge storage.
Furthermore, we posit that the high covalency in the InP
lattice”™ might render redox changes to the QD surface less
reversible, leading to the long lifetime of stored electrons.

We have determined that illumination causes storage of
charge carriers for many minutes in all QD systems studied,
spanning a variety of QD compositions, surface chemistries,
and experimental conditions. Furthermore, while charge
storage is sensitive to surface chemistry, charge storage is not
directly based on localization to surface ligands, further
generalizing this surprising phenomenon.

CONCLUSIONS AND OUTLOOK

Photoinduced charge transfer from QDs is a critical process
but cannot be explained by the Marcus formalism and free
carriers alone. We have shown that photoinduced charge
transfer persists for many minutes after illumination ends,
conflicting with the conventional viewpoint that charge transfer
must compete with excitonic lifetimes. Furthermore, charges
were stored in all QD systems we tested, including with or
without electrolyte, using CdSe, InP, or CdS; using QDs

capped with carboxylates or phosphonates; and using QDs
with different surface stoichiometries. We devised a measure-
ment for the number of charges stored via their reactivity with
the electron acceptor, Fc". We emphasize the importance of
measuring both the rate of stored charge transfer using our
electrochemical measurement and the number of stored
charges when comparing different materials, as the observed
rate depends on more than just the number of charge donors.

We found that charges are not stored as free carriers (e.g., as
photodoped particles); similarly, charges are not stored via
reactivity on the ligand backbone. We found that charge
storage depended on the surface stoichiometry and the identity
of the ligand headgroup, implying that charge is stored at the
organic/inorganic interface on the QD surface. Furthermore,
charge storage is intrinsically compensated by X-type ligand
desorption. Because of this observation, as well as the
dependence of the ligand on the number of charges stored,
we propose that electrons are stored at ligated surface Cd. This
paper did not investigate hole trapping, although we expect it
to be trapped elsewhere on the surface. The electron and hole
are trapped at separate sites, which is the origin of the
extremely long-lived charge donors. There is likely a high
kinetic barrier to the recombination of separately localized
carriers.

We believe that others may have missed these intermediate
states in QD charge transfer investigations because of the
extremely long time scale of storage and depletion of stored
charge and the subtle spectroscopic changes upon illumination.
Despite the distinct aspects of our observation, we do not view
it as contradictory to other measurements of QD photophysics
but rather as an extension of their behavior on longer time
scales. QD luminescence blinking is a less understood
photophysical phenomenon that also happens on longer time
scales than other photophysical processes, and considering
blinking is known to be turned off when the QD surface is
electrochemically reduced,” we suspect that reversible charge
storage at the QD surface may be tied to luminescence
blinking. We encourage others to consider this surface-
mediated mechanism moving forward.

METHODS

General Considerations. Unless otherwise noted, all manipu-
lations were performed in an inert atmosphere glovebox. Additional
experimental details may be found in the Supporting Information.

Photoelectrochemistry. 4 umol of redox probe (Fc or
cobaltocenium hexafluorophosphate) and either 30.8 nmol CdSe
QD or 30.8 nmol InP QD or 9.5 nmol CdS QD was dispersed in 2.8
mL of benzonitrile. The supporting electrolyte was 0.1 M tetrabutyl
ammonium hexafluorophosphate. The three-electrode cell was
assembled in a cuvette as we described earlier’ and illuminated
from the bottom using a 448 nm LED (from Luxeon Star, equipped
with a 12° beam optic, FWHM 20 nm). The LED was driven at 0.5 A,
which corresponds to 0.77 W.

Cyclic voltammograms were taken at 10 mV/s with a potential
range of 500 mV. Sequential cyclic voltammograms were taken 30 s
apart during charging and discharging unless otherwise noted. The
observed rate of charge transfer (ky, in s™') was calculated using eq 3.

i 1 [RT

. . Xobs
iy 0. 446 \} nFv (3)

where i is the plateau current (the current measured at highest
potential for electron transfer or lowest potential for hole transfer for
each scan), i, is the peak current for the cyclic voltammogram taken
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without any light, n is the number of electrons transferred at the
electrode, and v is the scan rate in V/s.

DOSY. Diftusion ordered NMR spectroscopy was performed on a
Bruker Avance I spectrometer operating at 300.13 MHz proton
frequency in DMSO-d,. The instrument was equipped with a Bruker
PABBI probe. The pulse program was stimulated echo and bipolar
gradient pulses (stebpgpls). The gradient strength was varied
exponentially from 5 to 95% of the maximum gradient strength in
32 steps. A relaxation delay of 15 s and a diffusion delay of A = 0.3 s
were used. The gradient pulse duration was 6 = 1500 us. The
diffusion coeflicients were extracted from the resulting DOSY data by
fitting the decay the integration of the peak in question against the
scaled gradient strength according to the Stejskal—Tanner equation
(Q, defined in eq 4) to a two-component exponential decay (eq 5).

5 5

where ¥ is the gyromagnetic ratio of a proton and g is the gradient
strength. The data to fit was obtained from integration in
MestReNova v14 and then fit in IGOR Pro v6.

I = Aexp(—D,Q) + Bexp(—D,Q) (5)

where I is the integration of the peak, D, and D, are the diffusion
coefficients of the bound and free ligand in cm?/s, respectively, and A
and B reflect the relative molar content of the two components.

Quantification of Stored Charge by Fc* Reduction. A 0.35
mL solution containing 10 nmol CdS QDs (concentration by optical
spectroscopy) was illuminated in a mixture of benzonitrile/
acetonitrile-d; for 45 min in a scintillation vial with magnetic stirring
at 700 rpm. The illumination was stopped, and then 60 s later, 0.25
mL of solution containing S gmol FcPF4 was added. This solution was
transferred to an air-free NMR tube and NMR experiments were
performed 30 min after mixing.

NMR was used to quantify the amount of Fc* that was reduced by
the QDs. Because of the rapid electronic self-exchange between Fc
(diamagnetic) and Fc* (paramagnetic), rather than observing two
peaks, one for each species, we observe only one peak for both. This
behavior is well understood, and the mole fraction of Fc is related to
position of the observed peak using eq 6.

5dp B 517
% =9, (6)

X =

where &, is the observed peak, 4 is the NMR shift for Fc only (4.12
in CD;CN/PhCN), and §, is the NMR shift of pure Fc* (32.70).
Then, the number of electrons transferred per QD, Fc/QD, was
calculated using the moles of FcPFg added as well as the moles of QD
using eq 7.

Fc mol added FcPE;
— =Xy
QD mol QD (7)

To account for any background reactivity of the QDs with Fc',
dark experiments were performed for each sample in triplicate, where
QD:s that had never been exposed to the LED were mixed with Fc*,
and then NMR experiments were performed 30 min after mixing. The
data from the background experiments can be found in Table S4.
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