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ABSTRACT: Measuring and modulating charge-transfer processes
at quantum dot interfaces are crucial steps in developing quantum
dots as photocatalysts. In this work, cyclic voltammetry under
illumination is demonstrated to measure the rate of photoinduced
charge transfer from CdS quantum dots by directly probing the
changing oxidation states of a library of molecular charge acceptors,
including both hole and electron acceptors. The voltammetry data
demonstrate the presence of long-lived charge donor states
generated by native photodoping of the quantum dots as well as
a positive correlation between driving force and rate of charge
transfer. Changes to the voltammograms under illumination follow
mechanistic predictions from the E.C; zone diagram, and

electrochemical modeling allows for measurement of the rate of

productive electron transfer. Observed rates for photoinduced charge transfer are on the order of 0.1 s™, which are distinct from the
picosecond dynamics measured by conventional transient optical spectroscopy methods and are more closely connected to the

quantum yield of light-mediated chemical transformations.

Bl INTRODUCTION

Photoinduced charge separation is a key step in artificial
photosynthesis for the conversion of solar energy to high-value
chemical compounds.' Quantum dots (QDs) have long been
promoted as ideal photosensitizers for photocatalysis due to
their high extinction coefficients, electronic tunability, and
solution processability,” but efficient extraction of high-energy
charge carriers from QDs remains a design challenge.3
Photoinduced charge transfer from QD donors requires
transfer of charges across a complex interface between the
inorganic QD core and a molecular cocatalyst or substrate in
solution.”> This complicated interface comprises a high
prevalence of defect electronic states in the QD,”” and the
covalent and noncovalent interactions between the QD, the
insulating ligand shell, and the charge acceptor.8 Conventional
models of charge transfer in molecular systems (e.g., the two-
state system described by the Marcus formalism) are therefore
insufficient to predict the rate of useful charge extraction from
QDs, prompting experimental exploration.”
Photoluminescence spectroscopy'’~'* and transient absorb-
ance spectroscopy' " are frequently employed to determine
rates of photoinduced charge transfer in QD systems. In these
experiments, the charge-transfer process measured is pseudo-
unimolecular with a first-order rate constant. This rate
presumes preadsorption of the charge acceptor to the QD
and does not consider freely diffusing charge acceptors nor the
dynamic noncovalent chemical interactions between the QD
and acceptor.'”'*'>'® While determination of the first-order
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rate has utility, especially when compared with other
unimolecular photophysical processes such as electron/hole
recombination, there is a large disconnect in the literature
between the time scale for this fundamental process (pico-
seconds) and the time scale of photocatalytic reactions
(minutes).'”"® Tt may then be counterintuitive that several
reports have found that the rate-limiting step of photocatalysis
is charge transfer from nanocrystal photosensitizers to
substrate or cocatalyst.'®™*' This disconnect begs us to
consider that the spectroscopic first-order rate of charge
transfer does not accurately report on the rate of production of
charge-separated states, and instead a new method is needed to
understand processes taking place on the same time scales as
chemical reactions.’

Alternatively, charge transfer can be rationalized as a
bimolecular reaction that is first order with respect to both
the charge donor (excited QD) and acceptor (substrate).””
The two species must first collide before charge can be
extracted from the QD, and the rate of observed charge
extraction will depend on the frequency of collisions, the rate
of the fundamental photophysical process observed by time-
resolved spectroscopies, and the fraction of collisions that
allow strong electronic coupling between the QD and charge
acceptor.
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To this end, we turned to cyclic voltammetry (CV), a
measurement tool that directly probes the changing oxidation
state of a redox-active small molecule. CV has been employed
in homogeneous electrocatalysis literature as a probe for the
changing oxidation states of a molecular electrocatalyst™ and
has been theorized to be a tool for evaluating molecular
photoelectrocatalysis.”* We hypothesized that CV could be
extended to systems involving photoinduced charge transfer
from QDs. In the electrocatalysis literature, one of the simplest
and most well-understood systems is described by two
reactions: the oxidation and reduction of the electrocatalyst
at the electrode, and the catalytic reaction in which the
electrocatalyst transfers charge to the substrate. This
mechanism is termed E.C/. In such a system, the CV is
modulated as compared to CVs in the absence of substrate,
and this modulation can be quantified to obtain the rate
constant for the catalytic reaction. For a thorough review of
this technique, see Rountree et al.”® In this work we aim to
analogously measure the rate of productive charge extraction
from QDs using CV (Scheme 1). We believe that the rates

Scheme 1. E,C; Mechanism and Extension to Photoinduced
Charge Transfer”

Electrocatalysis
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“The mechanism used in electrocatalysis (left) is extended to
photoinduced charge transfer (right) from an excited QD (QD*)
to a molecular acceptor (M*). In this work, kpcr represents the
intrinsic rate constant of photoinduced charge transfer.

obtained through this measurement will accurately reflect the
extraction of charge from QDs and will bridge the gap in time
scales between photophysics and chemical transformations.

B MATERIALS AND METHODS

Photoelectrochemistry Cell Design. A traditional three-
electrode electrochemical cell was modified for in situ illumination.
A 448 nm LED (Luxeon Star, equipped with a 12° beam optic, fwhm
20 nm) was positioned under a quartz cuvette with a polished bottom
and open top (Figure 1). The LED was powered by a DC power
supply (Nice-Power). The driving current was 0.2—0.8 A,
corresponding to approximately 0.3—1.1 W of illumination.

Holes were drilled in a cuvette cap for the three electrodes, and the
glassy carbon disc working electrode (BASi) was epoxied to the cap,
ensuring the light had a constant and known path length (0.67 mm)
through the solution to the active area of the working electrode. The
path length is small to minimize undesired convection effects on the
voltammogram from photoirradiation,” as well as to decrease the
amount of light that is attenuated by the highly absorbent QDs in
solution before reaching species near the working electrode surface.
The counter electrode was a platinum wire, and the pseudoreference
electrode was a silver wire in a ceramic-fritted glass tube (Pine) filled
with 0.1 M [TBA][B(C4Fs),].

Solvent and Electrolyte Design for Photoelectrochemistry.
The selection of solvent and supporting electrolyte is critical to
obtaining electrochemical measurements suitable for quantitatively
monitoring photoinduced charge transfer. The solvent reorganizes to
facilitate charge transfer, both from the working electrode to the redox
probe and between the QD and the redox probe, so it must be polar
to minimize internal resistance. The solvent must also allow high
electrolyte concentration and have a wide electrochemical window to
screen a wide range of redox probes. These electrochemical
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Figure 1. Drawing of the electrochemical cell for voltammetry under
illumination.

considerations are general, but for photoelectrochemistry, the solvent
must additionally not undergo any photodecomposition nor reactivity
with excited QDs. Previously, our group found that a mixture of 9:1
tetrahydrofuran (THF)/MeCN was able to suspend oleic acid capped
QDs with low internal resistance.”® However, when THF was used in
this work, the CV exhibited current crossover (Figure S1), an unusual
observation that indicates that the product of Faradaic oxidation on
the forward scan of the CV has been chemically converted to another
species that is more easily oxidized and observed on the backward
segment.”” Given prior observations that THF degrades under
illumination to form reactive radicals,”® THF is not a suitable solvent
for this study.

Dichloromethane was another attractive solvent due to its modest
polarity and ability to disperse as-synthesized QDs. Unfortunately,
CVs under illumination displayed oscillations in the current, especially
in the diffusion-limited regime (Figure S2). These oscillations were
the result of gas bubbles evolving and reaching the surface of the
working electrode, which was observed visually during illumination of
the sample. Headspace analysis detected production of methane after
illumination (Figure S3). With these observations, as well as prior
observation of dehalogenation of CH,Cl, with QD photocatalysts,*
we conclude that the system photocatalytically dehalogenates CH,Cl,
to methane, so CH,Cl, is not a suitable choice for photo-
electrochemical measurement.

Another limitation in solvent choice is the solubility of the QDs, as
QDs are often natively capped with aliphatic ligands that prevent
dispersion in polar solvent at high electrolyte concentration. Ligand
exchange was performed on QDs to replace the native oleic acid
ligand shell with 2-[2-(2-methoxyethoxy)ethoxy]acetic acid
(MEEAA), which is known to be an amphiphilic ligand that has
dissolved nanocrystals in solvents ranging from toluene to water.***'
In our hands, 3.8 nm CdS QDs capped with this ligand are readily
soluble in a variety of polar solvents, including water, acetone, and
ethanol, but cannot be dispersed in some polar, aprotic solvents
suitable for electrochemistry such as acetonitrile and propylene
carbonate. Ultimately, benzonitrile (PhCN) was selected for this
study because of the good colloidal stability of QDs in electrolyte
solutions prepared using this solvent. MEEAA-capped QDs in
benzonitrile solution remain suspended for at least several months
even in the presence of electrolyte.

Finally, the solvent and electrolyte should allow reversible CVs for
all the redox probes in the absence of QDs and illumination. Using
the more common tetrabutylammonium salt of the [PF¢]~ anion
prevented reversible redox behavior of ferrocenecarboxylic acid
(FcCOOH), presumably due to the high electrophilicity of the
[FcCOOH]" cation. Instead, the tetrabutylammonium salt of the
weakly coordinating anion [B(C¢Fs),]” was used. This completely
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Figure 2. (a) Zone diagram for the E,C;/ mechanism, adapted from Rountree et al. Inorg. Chem. 2014, 53, 19, 9983—10002. Copyright 2014
American Chemical Society. (b) Increase in [QD*] monitored by successive CV scans of Fc after illumination begins. (c) Depletion of charge
donor states by slow electron trapping monitored by CVs of Fc after illumination ends. (d) Light intensity dependence on equilibrated CVs of
FcCOOH. 0.1 M [TBA][B(C¢Fs),], benzonitrile, glassy carbon working, Pt counter, Ag wire pseudoreference electrodes, 10 mV/s.

fluorinated phenyl borate is known to stabilize organometallic cations,
such that the only allowed processes in the CVs were oxidation and
reduction of the metal center.”> When this anion was used in the
supporting electrolyte, FcCOOH displayed nearly ideal electro-
chemical reversibility.*

B RESULTS AND DISCUSSION

Photodoping and Slow Electron Trapping Observed
by CV. By illuminating the sample, the chemical reaction in
the E,C;" mechanism is turned on, and we observe distortion of
the CV shape. Classically, the shape of the CV in this
mechanism can be described by a zone diagram (Figure 2a),
where the zone observed will depend on the concentrations of
charge donor and acceptor as well as the scan rate and the
intrinsic rate of charge transfer. Generally, the solution in the
electrochemical cell was 1.1 X 107> M QDs and approximately
130 equivalents of the redox probe. After beginning
illumination of a solution of CdS QDs with ferrocene, a
representative redox probe, successive CV scans continue to
distort as compared to the dark trace for several minutes
(Figure 2b). The CVs move to the right across the E,C; zone
diagram, from zone D to zone KD to zone KS, which by
analogy to electrocatalysis literature”* demonstrates an increase
in the concentration of charge donor states (herein represented
as [QD*]) (Figure 2a,b). This distortion occurs over ca. 20
min of illumination and then stabilizes, corresponding to a

stabilization of [QD*]. This extremely long time scale until
equilibration of [QD*] as compared to the speed of
photoexcitation (femtoseconds) suggests that the charge
donor state is not simply an exciton, but rather the product
of a slow chemical process following excitation. Some excitons
may directly act as charge donors, but exciton dissociation
directly to the molecular probe is not the only process
observed.

Previous studies have reported native n-type photodoping in
cadmium chalcogenide QDs over the same time scale observed
in this study, wherein after excitation a valence band hole is
extracted without any added reductant, leaving behind a long-
lived conduction band electron.’”*> To further investigate the
nature of the charge donor state, we monitored the solution
with successive CV scans after illumination was stopped. Over
the course of ca. 20 min, the CV recovers back to its original
dark trace as [QD*] is slowly depleted to zero, thus tracking to
the left along the E,C;’ zone diagram (Figure 2c). Others have
also reported that negatively photodoped QDs live for many
minutes due to extremely slow conduction band electron
trapping.** "> The long-lived electron donor state herein may
be long-lived conduction band electrons and/or electrons
trapped as reduced surface Cd,”’~*" but this technique alone
cannot deconvolute the two. While this work deals with QDs
that natively photodope, the technique is agnostic to the
specific nature of the electron donor state. The changing
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Figure 3. (a) CVs of the series of electron acceptors without illumination (dark colors) and with 1.1 W illumination (light colors). From left to
right, the redox probes are FcCOCH; (fuchsia), FcCOOH (green), Fc (blue), FCNH, (red), and Co(Cp)(dppe) (purple). (b) Rate constant for
photoinduced charge transfer under 0.77 W illumination determined mathematically (open squares) and by electrochemical modeling assuming a
large value of y (closed circles), plotted against the redox potential of each probe. Error bars on the Fc data point were obtained from quadruplicate

experiments.

oxidation state of the redox probe is being measured rather
than changing photophysics of the QD, so the measurement is
general regardless of the identity of the charge donor state.

While [QD*] stabilizes for a given light intensity after many
minutes, the stable CVs of a representative redox probe,
FcCOOH, are not the same when the light intensity is varied.
As the power of illumination is increased from 0.33 W to 1.14
W, the stable CV is distorted further from the dark CV, again
well matched to traversing to the right across the zone diagram
(Figure 2d). This observation indicates that although at any
given light intensity [QD*] reaches an equilibrium, a
maximum concentration of charge donors has not been
reached. It is expected that as light intensity is further
increased, the CV would eventually stop distorting, but this
light-saturated regime is not observed due to the limited power
output of the LED light source.

Electron Acceptors: Co(Cp)(dppe), FcNH,, Fc,
FcCOOH, and FcCOCH;. When QDs are added to solutions
of Co(Cp)(dppe) (Cp = cyclopentadienyl, dppe = 1,2-
bis(diphenylphosphino)ethane), aminoferrocene (FcNH,),
ferrocene (Fc), FcCOOH, or acetylferrocene (FcCOCHj),
the CV remains unchanged for traces without illumination.
This observation, alongside no observed change in the dark
open-circuit potential, demonstrates that none of these probes
exhibit charge-transfer reactions with the QDs in the dark.
Furthermore, the magnitude of the current does not change
upon addition of QDs to the probes in the dark, indicating no
adsorption to the QDs. If indeed there was adsorption, the
effective diffusion coefficient of the redox probes would
decrease due to the much larger QD, decreasing the current
measured in CV. Previously, FcCOOH was observed to bind
to oleate-capped CdSe QDs using CV through carboxylate—
carboxylate exchange with the native ligand shell.”® In contrast,
FcCOOH does not undergo similar exchange with MEEAA-
capped CdS QDs. The lack of exchange is rationalized by the
lower pK, of MEEAA (pK, = 3.61)*" compared to oleic acid
(pK, = 9.85)."

The CVs of solutions containing Co(Cp)(dppe), FcNH,,
Fc, FcCOOH, and FcCOCHj; together with QDs all distort
under illumination and stabilize after several minutes as
described in the photodoping discussion above. For all probes
at all light intensities and scan rates, there is an increase in
oxidative current and a decrease of reductive current as
compared to dark traces (Figure 3a). This implies that under
illumination the oxidized probe, M", is reduced to M through
photoinduced electron transfer from the QD. To elaborate,

during the oxidative segment of the CV, as the potential is
increased, M is oxidized to M* at the working electrode (E, in
Scheme 1). Then, some of this M* is reduced back to M by
QD* (C, in Scheme 1). This additional M can be oxidized at
the electrode and so on, increasing the measured oxidative
current as compared to the dark scan. On the reductive
segment, M* formed at the electrode has been depleted by
photoinduced charge transfer, so the magnitude of the
reductive current is decreased. At steady state, the rate of
M" depletion is equal to M' generation at the working
electrode. [M*] is zero at the electrode surface, so there is no
reductive current.

Mathematical Determination of E,C;’ Rate Constant
for Co(Cp)(dppe), FcNH,, Fc, FcCOOH, and FcCOCH,.
The rate constant for the photoinduced charge transfer
reaction (C/ in the E,C/ mechanism) can be determined
mathematically from voltammograms when in zone KD or KS,
which are the zones observed in this work. In these
experiments, the observed rate in the experiment (k) is
related to the scan-rate-independent plateau current (i)
observed in zone KS and zone KD by eq 1, where n is the
number of electrons transferred at the electrode, and i, and v
are the peak current and scan rate for a reversible, dark
experiment. Notably, this equation does not require any
knowledge of the diffusion coeflicient or concentration of the
redox probe because the currents are taken as a ratio.

i 1 [RT
T o\ nE
i . nFy (1)

P

A plot of i /i, against the inverse square root of scan rate for
several dark scans yielded a straight line with a slope related to
k.ys and constants only (Figure S4). The forward rate, kg, is a
direct reporter on the rate of effective charge extraction and is
distinct from values obtained spectroscopically. k, is plotted
against the redox potential of the charge-accepting probes in
Figure 3b. For a plot against the estimated driving force for
electron transfer, see Figure SS.

Uncertainty in [QD*] Results in Uncertain Intrinsic
Rate. The intrinsic rate constant, kpcr, is related to k,,, by eq
2.

kobs = kPCT[QD*] (2)

It is experimentally challenging to determine the concen-
tration of charge donors in the system, [QD*], especially given
that these charge donors may be electrons from excitons,
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Figure 4. Comparison of the experimental data (left) to the simulated data (right) with the redox probe FcNH, with varying scan rate. In the right

panel, the simulations with [QD*] = 10* X [QD], are plotted in dashed lines and the simulations with [QD*]

[QD], and regeneration of QD*

are plotted in solid lines; these nearly perfectly overlay. 0.1 M [TBA][B(C¢Fs),], benzonitrile, glassy carbon working, Pt counter, Ag wire
pseudoreference electrodes, scan rate was varied from 5 mV/s (red) to 250 mV/s (fuchsia).

conduction band electrons in photodoped QDs, or reduced
surface traps. The simplest starting hypothesis is that [QD*] is
approximately equal to the analytical concentration of QDs,
[QD]J,. In this assumption, each QD has one conduction band
electron that is available for charge transfer. Others have shown
that while multiexcitation is poss.ible,43 the maximum average
number of excess conduction band electrons is about one per
QD345 If we estimate that each QD has exactly one
conduction band electron ready for electron transfer, then
[QD*] = [QD], = 1.1 X 107 M and kpcry is on the order of
10* M~ 57!

Though estimating [QD*] = [QD], has solid conceptual
backing, this value cannot explain the data with a simple E,C/
mechanism. The CVs taken during illumination pass from zone
D to KD to KS (Figure 2a,b). In electrocatalysis, zones KS and
KD are observed when operating under conditions of no
substrate consumption due to large excess of substrate
compared to the concentration of catalyst. By analogy, this
implies that zones KS and KD should only be observed when
QD* is not consumed by the charge-transfer reaction. This
could occur either when QD* is in excess compared to the
molecular probe M or when QD* is regenerated once an
electron is transferred from QD* to M, effectively making
[QD*] constant despite being small. The [QD*] in excess
compared to M is quantified by the dimensionless parameter ¥,
defined in eq 3. With only the two reactions in the E,C/
mechanism, zone KS should only be observed when log(y) > 1.

[QD]

(M] (©)

If [QD*] = [QD], then log(y) &~ —2 and M is in excess, not
QD*. So, if we assume [QD*] = [QD],, then QD* must be
regenerated to explain the experimental data. This conclusion
is exemplified by electrochemical modeling of CVs in DigiElch.
When [QD*] = [QD], without an explicit regeneration step,
the modeled CVs show very little deviation from the ground
state dark CVs, regardless of the rate of charge transfer,
because there is so little QD* compared to the redox probe
and it is quickly depleted at the electrode (Figure S6). When a
third reaction allowing for the fast regeneration of QD* was
added to the model, we can capture the observed data even
with small values of y (Figure 4, modeling details in the SI).
The modeled values of kpcp when fast regeneration is added to

the model are on the order of 10* M™' s7, and inputting
[QD*] = [QD], into eq 2 gives observed rates on the order of
0.1 s™! (Figure S7).

During illuminated studies, regeneration of QD* makes
good sense; after electron transfer the QD can be re-excited.
However, when illumination is stopped, there cannot be any
photoinduced regeneration of QD* at the electrode, which is
inconsistent with our observation of CVs in zone KD (Figure
2c). This implies [QD*] at the electrode cannot be
approximately equal to [QD], because the CVs still show
deviation from the dark ground state CVs even without the
possibility of regeneration. To explain the experimental data
then, [QD*] could be several orders of magnitude larger than
[QD],, so that [QD*] is not greatly changed after charge is
transferred to M*. Furthermore, this concentration is not
immediately depleted in the absence of photoexcitation,
allowing observation of zone KD after illumination is stopped.
For example, if we let log(y) = 2 under illumination, [QD*]
near the working electrode increases to 10* X [QD],. The local
[QD*] at the electrode might be higher than the bulk [QD], if
the QDs adsorb to the working electrode. Alternatively, during
illumination many electrons per QD may accumulate as
reduced surface Cd° that act as charge donors, making the
concentration of donor states higher than the local
concentration of QDs. If we set [QD*] = 10* X [QD], =
0.11 M, the experimental CVs with different scan rates can be
modeled with only the two reactions corresponding to those in
the E,C,/ mechanism (Figure 4). In this method, the modeled
intrinsic rate constants are on the order of 1 Mt s7},
multiplying by [QD*] again gives observed rates on the order
of 0.1 s™. These observed rates are comparable to those
quantified by the direct mathematical calculation from the
plateau and peak currents (Figure 3b). The two methods of
modeling the data give nearly the same simulated CVs in
addition to well-matching the experiment (Figure 4). We are
pleased to report that electrochemical modeling was an
effective method of determination of the observed rate because
it adds generality to our method. In these experiments, only
zones D, KD, and KS were observed, but in other systems
reaching these zones may be experimentally constrained,
precluding the use of the direct mathematical determination of
the rate.

and
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Figure 5. (a) CVs of CoCp," taken after illumination is begun. (b) CVs of CoCp," monitored after illumination ends, demonstrating slow
depletion of hole donor states. 0.1 M [TBA][PF,], benzonitrile, glassy carbon working, Pt counter, Ag wire pseudoreference electrodes, 10 mV/s.

Discussion of Photoinduced Charge Transfer to
Co(Cp)(dppe), FcNH,, Fc, FcCOOH, and FcCOCHj;. Using
both mathematical determination of charge transfer and
electrochemical modeling, k,, was determined for the range
of electron-accepting probes. When comparing the mathemat-
ical determination and the modeling results (Figure 3), kqp
from the two methods was commensurate. Unsurprisingly,
with larger driving force, ky,, monotonically increases in both
methods of determination. This observation is well supported
by existing QD literature, wherein the Marcus inverted region
is never observed and photoinduced charge transfer from
quantum dots is better explained by other rationaliza-
tions.”'"**” While others have demonstrated a similar

relationship between driving force and rate of charge
transfer,”'"*** we were uniquely able to measure this
through CV.

We have demonstrated that the driving force for photo-
induced charge transfer is the critical factor controlling k.,
rather than chemical identity. FcCOOH and FcCOCHj; have
nearly the same E° but have different chemical interactions
with solvent, electrolyte, and the QD ligand shell. Despite
these differences, the k,, values for these two redox probes are
nearly identical. Therefore, the differences between these redox
probes are due to different rates of the pseudo-unimolecular
photoinduced charge-transfer elementary step (which is
directly controlled by the driving force) rather than chemical
interactions with the QD. This observation contrasts with
studies where the charge acceptor was bound to the quantum
dot through a headgroup, and the identity of this headgroup
controlled the rate of photoinduced charge transfer by
controlling the binding equilibrium to the QD surface.'’

The estimated kpcr values are on the order of 1 M~ s™* for
the model with high [QD*] and without regeneration and are
on the order of 10* M™! s7! for the model with low [QD*] and
regeneration. As a benchmark, the diffusion-controlled rate
constant (kg the rate assuming every collision results in a
charge transferred) is estimated by the Smoluchowski equation
(eq 4), where Rqp and Ry are the radii of the QD and
molecular charge acceptor, respectively, and Dp and Dy are
the diffusion coefficients (see the SI for details).” Importantly,
kg can be directly compared to the result from this work, as
both describe bimolecular processes with the same units. Then,
kg~ 10" M™" s7" is at least 6 orders of magnitude larger than
kpcr determined in this work. This implies that productive
photoinduced charge transfer is a rare event in these
experiments: for one million collisions, less than one charge

is effectively transferred to the charge acceptor. We believe the
low kpcr helps explain common observations that photo-
catalytic reactions suffer from extremely poor quantum yield."®
We attribute the small kpcp to the extremely weak electronic
coupling between the inorganic QD core and M in solution.
Either charges must tunnel through the ligand shell to reach M
in solution or M must bury itself in the ligand shell to get
better electronic overlap.’

47N
kye = ——(Rgop + Ry)(Dop + D
diff 1000( QD M) ( QD M)

2% 10" (Ms)™! (4)

Further, we can compare the observed rate constant (k) to
reported turnover frequencies (TOF) for homogeneous
catalysts.”” In this context, k,,, describes the moles of electrons
transferred from QD to redox probe, per unit time per mole of
the oxidized redox probe in the diffusion layer. Then, the
maximum TOF for the electron acceptors in this work is just
the observed rate and is on the order of 0.1 s™*. In comparison,
the well-known nitrogenase enzyme, which reduces N, to NH;,
was measured electrochemically to have an electron transfer
TOF of 14 s7.>* Similarly, we can compare to photocatalytic
systems. In an iridium photocatalytic system tuned for CO,
reduction, the highest observed TOF was 0.006 s1¥ Ina
CdSe QD photocatalytic system tuned for C—O bond
cleavage, the TOF was 1.7 s™.'” These benchmarks place
observed photoinduced electron transfer from QDs faster than
reductive photocatalysis in a molecular system, slower than an
enzymatic reduction, and about on par with a QD photo-
catalysis system.

Net Hole Transfer to CoCp,. To expand the utility of this
method, we considered a probe with lower E’: cobaltocenium
(CoCp,"). In illuminated CV experiments with this redox
probe, the oxidative current decreases and the reductive
current increases in a manner consistent with the E,C/
mechanism, indicating that there is effective photoinduced
hole extraction from the QD to the reduced form of the probe
(Figure S). We are particularly excited by this result because it
demonstrates that our method for measuring charge transfer
can be generalized to hole transfer as well as electron transfer.
This is in contrast with spectroscopic characterization, where
electron and hole dynamics are difficult to isolate.”

In the CoCp," solution with QDs, after illumination is
begun the CV distorts over several minutes as described above;
then the CVs stop changing (Figure Sa). Similarly, when
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illumination is stopped, the CVs take several minutes before
overlaying with the trace before illumination (Figure Sb). This
indicates that, as in the case of electron transfer, the hole-
donating species forms over several minutes under illumination
before equilibration, and some of these hole-donating species
are long-lived. We propose that this long-lived hole-donating
species is the hole trap that is populated during the n-type
photodoping process and that it is slowly depopulated when a
conduction band electron recombines with localized holes.
Trap-mediated hole transfer to molecules has previously been
demonstrated in similar QD systems.""**

In the same manner as the electron acceptor series, the rate
of photoinduced hole transfer to CoCp, was determined
mathematically and through electrochemical modeling. The
mathematical method gives a k,, of 0.15 s™', and the modeling
method with [QD*] = 0.11 M gives 0.12 s~". This is in good
agreement with prior observations that in reductive photo-
catalysis hole quenching rather than electron transfer to
cocatalyst is rate limiting.””>> Uniquely, we are able to easily
disentangle hole-transfer dynamics from electron transfer by
directly monitoring either oxidation or reduction of the
molecular probe.

B CONCLUSION

In this work, cyclic voltammetry has been used for the first
time to quantify the rate of photoinduced charge transfer in
solution. By carefully designing the photoelectrochemical cell
and solvent/electrolyte combination, we were able to
simultaneously irradiate and take CV data, generating
dynamics that could be readily described by a two-reaction
E.C{ mechanism. This technique is a powerful tool for
screening photocatalytic systems by directly measuring the
effective rate of charge extraction from a photosensitizer. By
varying the redox potential of molecular charge acceptors, both
net electron and hole transfer from photodoped colloidal
quantum dots were observed. Using this technique, we were
able to reproduce spectroscopic observation that the rate of
photoinduced electron transfer from QDs increases monotoni-
cally with driving force. This method is especially compelling
because it directly probes the changing oxidation state of the
charge acceptor, in contrast with many other techniques that
focus on the photophysics of the photosensitizer. The resulting
observed rates of charge transfer, on the order of 0.1 s7Y, are
distinct from the spectroscopically measured picosecond
dynamics and report on the rate of generation of charge-
separated states relevant to photocatalysis.
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