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Abstract: Light-induced charge separation is at the very
heart of many solar harvesting technologies. The reduc-
tion of energetic barriers to charge separation and
transfer increases the rate of separation and the overall
efficiency of these technologies. Here we report that the
internal reorganization energy of the redox acceptor, the
movement of the atoms with changing charge, has a
profound effect on the charge transfer rates from donor
quantum dots. We experimentally studied and modelled
with Marcus Theory charge transfer to cobalt complexes
that have similar redox potentials covering 350 mV, but
vastly different reorganization energies spanning 2 eV.
While the driving force does influence the electron
transfer rates, the reorganization energies had a far
more profound effect, increasing charge transfer rates
by several orders of magnitude. Our studies suggest that
careful design of redox mediators to minimize reorgan-
ization energy is an untapped route to drastically
increase the efficiency of quantum dot applications that
feature charge transfer.

Introduction

Quantum confined semiconductor nanocrystals, also known
as quantum dots (QDs), are widely used in photovoltaics,
hydrogen generation, light emission, and probes for bio-
logical samples.[1–5] Their highly tunable band gaps, large
Stokes shift, greater ability for surface functionalization, and
high degree of photostability make quantum dots ideal
subjects for experimentation.[6–8] QDs are ubiquitous across
many fields of study, however, there are still many
fundamental questions about their behavior which have yet
to be answered.

Many applications of QDs require the separation and
extraction of charge.[9] Increasing the rate of charge transfer
is key to improving the efficiency and sensitivity of several
of the aforementioned applications. QD fluorescence
quenching in the presence of an electron acceptor is an
indirect way to observe charge transfer kinetics. While
observing a change in fluorescence intensity of the QDs is
almost trivial, the determination of what mode caused that
change and what factors contributed is challenging.[10,11] Not
only are there a large number of possible charge and energy
transfer pathways, including non-radiative recombination,
radiative energy transfer, charge transfer, and radiative
recombination, but there is significant evidence that, due to
the intermediate density of states between that of the bulk
and a molecule, hole and electron transfer from quantum
dots does not necessarily follow bulk transfer or molecular
transfer models.[12,13]

For nanocrystals, molecular charge transfer models are
often applied despite limitations. In molecular charge trans-
fer, the Marcus Electron Transfer Theory has been shown to
describe the relationship between driving force and transfer
rates.[14] The high accuracy of the predictions is, in large
part, due to the inclusion of the reorganization energy (λ) to
the model. Reorganization energy is the shift in nuclear
coordinates upon the transfer of charge and includes (inner
sphere) vibrational shifts (such as changing bond lengths) in
both the donor and acceptor species as well as (outer
sphere) movements in the surrounding solvent.[15]

In the Marcus model, there are three regions dictated by
the relationship between driving force (ΔG) and reorganiza-
tion energy. Where � ΔG<λ, the system is in the normal
region and an increase in driving force leads to higher
charge transfer rates. Where � ΔG�λ, the system is at the
peak transfer rate, called the barrierless region. Lastly, when
� ΔG>λ, the system is in the inverted region and further
increases in driving force should lower the transfer rate.
With this heavy dependence of transfer rates on the
relationship of the reorganization energy to driving force, it
is odd that so little attention has been given to using reduced
reorganization energy to improve charge transfer rates from
quantum dots and in other photoelectrochemical systems.
Understanding the precise nature of this relationship for
electron transfer (ET) mechanisms can lead to greater
efficiencies in solution redox mediated processes, especially
in dye and quantum dot-sensitized solar cells, and photo-
electrochemical water splitting.
Chelated cobalt complexes as acceptors provide an

opportunity to examine charge transfer from quantum dots
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in a technologically relevant way. Cobalt complexes have
been studied as efficient redox mediators for a variety of
charge transfer applications including protein electron trans-
fer, Dye Sensitized Solar Cells (DSSCs), and H2
generation.[16—22]

In one example, a tethered cobalt complex accepted
photogenerated electrons from CdTe QDs on the pico-
second timescale, and also acted as an active catalyst center
for reducing water to H2.

[23]

In dye-sensitized solar cells, cobalt complexes are less
corrosive redox mediators than the traditional tri-iodide/
iodide couple and the electrochemical potentials are better
placed energetically to provide a larger open circuit voltage
in the device.[24] Cobalt complexes were used with porphyrin
sensitized solar cells to produce an efficiency of 12% and
outperformed the iodide couple.[25] Various attempts have
been made to improve upon the 12% efficiency, and
researchers have identified high reorganization energies of
the dyes and the cobalt redox complexes as limiting
factors.[17,26—28] It is thought that a large component of this
high reorganization energy comes from the transition from
low-spin CoIII to high-spin CoII prompting the search for and
use of complexes which do not undergo this transition.[26]

Here, we demonstrate the power of carefully designed
ligand cage environments around the cobalt center to
minimize reorganization energy, and increase charge trans-
fer rates by several orders of magnitude.
In this work, cadmium chalcogenide quantum dots were

used as charge donors because their optical properties are
well studied. Since they are much larger than a molecule,
the reorganization energy of QDs can be assumed to be
negligible, allowing the influence of the reorganization of
the acceptor to be isolated.[29] While it would seem that
Marcus theory would already dictate the precise effect,
many studies ignore or simply estimate the internal reorgan-
ization energy of the charge acceptor. Often, only the
reorganization energy due to the solvent is considered
significant when calculating the transfer rates. Studies have
shown that solvent reorganization energy of molecular
acceptors can be modestly manipulated by using less polar
solvents to improve charge transfer, yet many applications
will dictate that aqueous conditions be used.[30] For this
reason, we chose to only study aqueous conditions here.
Internal reorganization of a charge acceptor can be very

consequential, and even larger than the solvent reorganiza-
tion energy. It is unexplored whether minimization of the
internal (inner sphere) reorganization energy can be
employed as an effective strategy to improve function in
applications that require charge transfer from quantum dots.
Here we study photoinduced charge transfer from QDs

to three cobalt complex ions: tris(ethylenediamine)cobalt-
(III/II) abbreviated as [Co(en)3]

3/2+ (1), and the caged
complexes (sepulchrate)cobalt(III/II) abbreviated as [Co-
(sep)]3/2+ (2), and (1-chloro-8-methyl-3,13,16-trithia-6,10,19-
triazabicyclo[6.6.6]icosane)cobalt(III/II) abbreviated as [Co-
(ClMeN3S3sar)]

3/2+ (3) (Figure 1, Table 1).[16,35] These three
cobalt complexes were chosen because they have similar
electrochemical reduction potentials that are within 350 mV,
but have very different reorganization energies spanning

nearly 2 eV. These structurally similar amine-chelated com-
plexes are also less prone to ligand exchange than mono-
dentate ligated complexes. Marcus theory is employed to
predict the electron transfer rates from green and red
fluorescent cadmium chalcogenide quantum dots, to include
both effects of reorganization energy and driving force. The
predicted trends are shown experimentally though steady-
state and time-resolved photoluminescence. The results
highlight the dominant role of the complexes’ different
reorganization energies on altering the charge transfer rates
by 3—4 orders of magnitude, over the role of driving force.
The experimental results suggest that Auger-Assisted charge
transfer, is potentially an active charge transfer mechanism
that is not commonly included in Marcus predictions.

Figure 1. Internal reorganization energies and reduction potentials of
the studied cobalt complexes and estimated band positions for
idealized CdSe QDs.

Table 1: Properties of cobalt redox mediators.

KAA is the self-exchange rate constant of the cobalt complexes from
[a] Reference [31], [b] Refence [32,33], [c] Reference [34]. λi is the
calculated internal reorganization energy. λ includes the solvent
(aqueous) reorganization energy which was estimated to be 0.45 eV.
E° is the reduction potential (vs NHE) measured through cyclic
voltammetry (Supporting Information).
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Results and Discussion

The electrochemical properties and the reduction potentials
of the three Co3/2+ complexes were measured by cyclic
voltammetry (Table 1). When plotted against the approx-
imate band edges of red and green fluorescing CdSe QDs,
the reduction potentials of the three cobalt complexes,
[Co(ClMeN3S3sar)]

3/2+
, [Co(en)3]

3/2+ and [Co(sep)]3/2+ sit
within the band gap of the QDs (Figure 1) and span about
350 mV. The driving force for electron transfer from the
conduction band of a QD to one of these complexes
therefore follows as:

½CoðsepÞ�3þ < ½CoðenÞ3�
3þ < ½CoðClMeN3S3sarÞ�

3þ

The trend is reversed for the driving force for hole
transfers from the QD valence band to Co2+ ions.
The three chosen cobalt complexes have massively

different reported self-exchange rates covering nine orders
of magnitude (Table 1). The more rigid cage structure of
[Co(sep)]3/2+ limits movement of the ligand shell and has a
much faster self-exchange rate (5.1 M� 1 s� 1) than [Co(en)3]

3/

2+(2.0×10� 5 M� 1 s� 1). While most CoII hexaamine complexes
are high spin, the CoII and CoIII forms of [Co-
(ClMeN3S3sar)]

3/2+ are both low spin, which further limits
the demand for structural changes in the ligand sphere upon
changing oxidation state. The self-exchange rate constant
for [Co(ClMeN3S3sar)]

3/2+ has not been reported but the
rate constant for the closely related N-capped analog (where
N� replaces C� Cl) has been determined to fall in the range
4.5×103 to 2.2×104 M� 1 s� 1.[28,36]

The reorganization energies of the three Co3/2+ com-
plexes were estimated from their previously reported self-
exchange rates kf (Table 1). Based on the Marcus Micro-
scopic Model:

kf ¼ KP;Onnkelexp � DGf=RT
� �

(1)

Where DGf is the activation energy for the reduction of
species O, KP;O is the equilibrium constant between
precursor P and species O (which we assume here to be 1),
nn is the nuclear frequency factor (s

� 1), and kel is the
electronic transmission coefficient. To calculate the reorgan-
ization energy, several assumptions were made; kel is
considered adiabatic and to be unity as the reacting species
are close together and there is strong coupling. nn is assumed
to be 1011 M� 1 s� 1.[37] Taking this into account, we can solve
for DGf , and further approximate a relationship to the
reorganization energy (λ):

DGf ¼ � RTlog kf=nn

� �
�

l

4
(2)

The reorganization energy is made of both the inner
sphere reorganization of the bonds of the molecule, λi, and
the surrounding solvent, λs.

ðl ¼ li þ lsÞ (3)

The solvent reorganization energy was approximated to
be 0.45 eV consistent with previous literature[38] to give
approximate internal reorganization energies (Table 1).
Solvent reorganization energy can be calculated according
to:

ls ¼
Dq2

4peo

1
n2
�
1
e

� �
1
dD
þ
1
dA
�
2
R

� �

(4)

In this expression, Δq is the change in overall charge, in
this case the charge of one electron, n is the refractive index
of the solvent, 1.333 for water, ɛ is the dielectric constant,
78.4 for water at 25 °C, dD is the diameter of the donor, dA is
the diameter of the acceptor and R is the distance over
which electron transfer occurs. The second bracketed term
is essentially the thickness of the solvent layer between the
donor and acceptor. Moving forward we assume that this
thickness is approximately the same during self-exchange as
with exchange between QDs and the cobalt complexes.
The nine orders of magnitude variation in self-exchange

rate for the three complexes equates to a variation in
internal reorganization energy spanning approximately two
electron volts. While [Co(en)3]

3/2+ was calculated to have an
internal reorganization energy of 2.79 eV, the internal
reorganization energy for caged [Co(sep)]3/2+ was 1.82 eV
and even smaller for the mixed donor cage [Co-
(ClMeN3S3sar)]

3/2+ at 0.83 eV. The above method of calcu-
lating reorganization energy and values given the self-
exchange rates gives results that are in good agreement with
literature.[38] It can be imagined that the internal reorganiza-
tion energy is caused by the expansion and contraction of
the ligand environment upon changing the d-orbital occu-
pancy of the cobalt center.
With these reorganization energies and driving forces

(ΔG) now in hand, the rates of photoinduced electron
transfer from the quantum dots to the cobalt complexes
were predicted using the Marcus model (Figure 2).

k0ET ¼
2p
�h

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkBT

p exp �
lþ DGð Þ2

4lkBT

� �

(5)

This simplified version includes two important assump-
tions that preclude direct quantitative comparison with the
experiments that follow; the barrier for tunnelling and the
electronic coupling (HDA) is assumed to be similar for all
three of the complexes to each of the QDs. Variations in
shelling between batches of QDs cause these factors to
differ from the assumptions due to differences in barrier
height. While additional scaling from these factors is likely,
much can be learned from the modeled trends, and from
experimental comparison within single batches of dots.
In the Marcus model, the reorganization energy presents

a barrier to electron transfer, causing the rate of ET to
increase with driving force. A remarkable aspect of the
model is that when the driving force exceeds the reorganiza-
tion energy, the rate should decrease in what is known as
the Marcus inverted region. This behavior is not always seen
in quantum dots, likely due to Auger-Assisted electron
transfer.[12,39]
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The prediction is that the electron transfer rates from
the conduction band of QDs to [Co(ClMeN3S3sar)]

3/2+

should vastly outstrip the rates for [Co(sep)]3/2+ and [Co-
(en)3]

3/2+ by at least two orders of magnitude when the
driving force is smaller (red QDs) and up to six orders of

magnitude when the driving force is larger (green QDs).
While charge transfer from the conduction band of green
and red emitting QDs to [Co(ClMeN3S3sar)]

3/2+ has the
largest driving force of the three complexes, the reason for
the high rates is more because of the very low internal
reorganization energy which completely changes the shape
of the curve (Figure 2). In turn, the [Co(sep)]3/2+ should be
faster than the [Co(en)3]

3/2+ again, not due to the driving
force, which is smaller for the [Co(sep)]3/2+, but rather
because of the smaller reorganization energy of the caged
[Co(sep)]3/2+ compared to [Co(en)3]

3/2+.
Charge transfer from the conduction band of idealized

red and green emitting CdSe QDs to [Co(sep)]3/2+ and
[Co(en)3]

3/2+ are in the Marcus normal regime. In contrast,
because [Co(ClMeN3S3sar)]

3/2+ has such a low reorganiza-
tion energy, the driving force is comparable in energy. As a
consequence, electron transfer from red QDs to [Co-
(ClMeN3S3sar)]

3+ is in the normal regime, but is very close
to the barrierless, and even slightly into the inverted regime
for the green.
The effects of the reorganization energy of the acceptor

on the kinetics of charge or electron transfer were charac-
terized by titrating solutions of red and green emitting
cadmium chalcogenide QDs with these different cobalt
complexes. The quantum dot fluorescence and subsequent
quenches were monitored (Figure 3).
For both colors of dots, the [Co(ClMeN3S3sar)]

3/2+

caused the most intense quenching of the three complexes.
It is favored to have the fastest charge transfer of the three
complexes due to its largest electrochemical driving force
and minimal reorganization energy. Stern–Volmer plots
were generated and their linear trends suggest either
dynamic or static quenching, but not a transition between

Figure 2. Predictions of the electron transfer rates against driving force
according to standard Marcus ET theory for each of the cobalt
complexes (lines) and with the specific green and red emitting
cadmium chalcogenide QDs employed (colored markers). The bottom
graph is on a log scale for clarity.

Figure 3. Steady-state fluorescence measurements of green 545 nm (a)–(c) and red 655 nm (d)–(f) emitting fluorescent QDs in the presence of
cobalt complex ions a) [Co(en)3]

3/2+ (0–26.0 μM) b) [Co(sep)]3/2+ (0–26.0 μM) c) [Co(ClMeN3S3sar)]
3/2+ (0–6.68 μM) d) [Co(en)3]

3/2+ (0–26.9 μM)
e) [Co(sep)]3/2+(0–26.4 μM) f) [Co(ClMeN3S3sar)]

3/2+ (0–6.85 μM)
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the two (Figure 4). We assume all three complexes undergo
the same type of quenching. The slopes provide a more
quantitative analysis of the fluorescence quench. [Co-
(ClMeN3S3sar)]

3/2+ quenched the green emitting CdSe QDs
�10 times more strongly than [Co(sep)]3/2+ and �60 times
more than [Co(en)3]

3/2+ (Figure 4a inset). [Co-
(ClMeN3S3sar)]

3/2+ quenched the red emitting CdSe@CdS
QDs �260 times more strongly than [Co(sep)]3/2+ and
�338 times more than [Co(en)3]

3/2+ (Figure 4b inset).
The comparison of [Co(sep)]3/2+ vs. [Co(en)3]

3/2+ high-
lights the importance of reorganization energy in electron
transfer rates and how it can actually dominate over other
trends. The driving force for charge transfer favors the
[Co(en)3]

3/2+ by 0.24 V to be faster, and yet [Co(sep)]3/2+ has
a much higher quench rate than [Co(en)3]

3/2+ by a factor of
�6.3 for the green dots (Figure 4a) and by �1.3 for the red
dots. [Co(sep)]3/2+ has a much smaller reorganization energy
barrier than [Co(en)3]

3/2+ by 1.95 V. It is the reorganization
energy barrier that explains the quenching rates rather than
driving force in this experiment.

The experimental quenching trends (Figure 4) match the
trends seen in the calculated rates (Figure 2), yet closer
inspection shows the experiments the [Co(en)3]

3/2+ out-
performing prediction when comparing complexes in sheer
orders of magnitude. Parasitic absorption by the cobalt
complexes was ruled out, as it was minimal (ɛ (400 nm,
M� 1 cm� 1) [Co(en)3]

3/2+ =25.5 [Co(sep)]3/2+ =14.1, [Co-
(ClMeN3S3sar)]

3/2+ =391, QDs�105)23(Supporting Informa-
tion). The most likely source of error is the assumption that
the orbital overlap HDA with the QD and all three complex
ions is the same. Secondly, the experiments also capture any
other non-Marcus quenching processes and intermediate
steps (such as charge transfer to a surface state) that may
complicate direct comparison to the Marcus predictions.
We considered the possibility that Förster Resonant

Energy Transfer (FRET) was a secondary non-radiative
route for energy transfer that could complicate the inter-
pretation for charge transfer. FRET and other resonant
transfer mechanisms are dependent upon the degree of
spectral overlap between the donor (QD) and the acceptor
(Co3+) as well as the distance between them. Using the
experimental fluorescence spectra of the QDs and the
absorbance spectra of the cobalt complexes, the overlap was
calculated to be minimal, with the largest value of �1×
1012 Jmol� 1 cm� 1nm4 for the green dots with the cobalt
complexes. The spectral overlap is then used in calculating
the distance under which FRET is likely, Ro. This calcu-
lation takes into account the quantum yield of the donor
QDs (�85%) and the (1/d)6 distance dependance of the
FRET process. It was determined that the Ro for this system
between 1.6 and 2.6 nm. Since the green 545 nm emitting
QDs have the highest amount of overlap but also an organic
shell greater than 2.5 nm (Supporting Information), FRET
processes are likely very minimal in these experiments.
Nanosecond lifetime fluorescence measurements were

taken of the QDs with increasing concentrations of the
cobalt complexes (Figure 5) and were each fit with a tri-
exponential decay function (Supporting Information). For
both of the QDs measured without cobalt, each of the three
decay components were matched to likely excitonic path-
ways according to previous literature precedent. The fastest
component, �3 ns, is typically attributed to exciton carrier
trapping at defects in the core of the material. The slowest
component, �60 ns, is attributed to carrier trapping at
nanocrystal surface defects. The intermediate-length compo-
nent is attributed to direct, band edge, radiative recombina-
tion of the exciton. The green dots have a faster band edge
radiative lifetime of �20 ns than that of the red dots at
�27 ns, which is due tothe greater overlap between the hole
and electron wave functions for the smaller, green emitting
QDs. Overall, the average lifetime for the green QDs was
faster than the red QDs, with 19.8 ns and 36.8 ns, respec-
tively.
The addition of the cobalt complexes in all cases

decreased the average lifetimes, suggesting that the charge
transfer is comparable or faster than the average lifetimes of
the QDs (Figure 6). The trends in the change in average
lifetime follow the predicted trends from Marcus theory
when reorganization energy is considered. The effect of the

Figure 4. Stern–Volmer plots of fluorescence where Fo is the initial
summed fluorescence and F is the fluorescence in the presence of the
indicated concentration of Co. a) QDs emitting at 545 nm; b) QDs
emitting at 655 nm. Insets are on a higher scale and include
[Co(ClMeN3S3sar)]

3+.
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reorganization energy is far more pronounced for the green
QDs over the red QDs due to the larger driving force for
electron transfer from the raised QD conduction band to the
cobalt complexes. For both red and green emitting QDs, the
addition of [Co(en)3]

3/2+ decreased the average lifetime, but
the effect was greater for [Co(sep)]3/2+ and even more so for
[Co(ClMeN3S3sar)]

3/2+. The near vertical decays seen at
short times for the [Co(ClMeN3S3sar)]

3/2+ with the green
and red dots and the [Co(sep)]3/2+ with the green dots
suggests that the lifetimes were so short that they exceeded
the capabilities of the instrumentation. These observations
match the calculated prediction that [Co(en)3]

3/2+ should
have the slowest charge transfer.

Once the time-resolved fluorescence curves were fitted
with tri-exponentials (Supporting Information), some more
information about approximate charge transfer rates could
be identified that matched the predicted trends. In the
combinations where the charge transfer rates were expected
to be the highest—[Co(ClMeN3S3sar)]

3/2+ with red or green
QDs, and [Co(sep)]3/2+ with green dots—the time-resolved
fluorescence saw the emergence of a new, extremely short
component, that was fitted to be sub-nanosecond. For the
combinations with the slowest predicted rates,—[Co(en)3]

3/

2+ with green or red QDs and [Co(sep)]3/2+ with red QDs—
the fittings showed increased contributions from compo-
nents between 1–5 ns. One interpretation of this result is
that charge transfer occurs at this time scale for these
combinations. Due to limitations of the detector, it is not
possible to fit these the sub-nanosecond lifetimes with any
greater detail, however the results agree with the predicted
trends by Marcus theory. Spectroscopies that have pico-
second resolution such as transient absorption are planned
to achieve exact values of kET.
The ratio of the rates for electron transfer for the green

vs the red dots illustrates that Marcus theory, while useful, is
yet incomplete in describing this system. In general, once
normalized for the difference in tunnelling barriers between
the red and green QDs (approximated in Supporting
Information), we expect that of the three complexes, charge
transfer rates to [Co(ClMeN3S3sar)]

3/2+ to show the smallest
improvement upon increasing driving force from red to
green QDs; while charge transfer from green QDs to
[Co(ClMeN3S3sar)]

3/2+ is in the Marcus inverted regime and
should be moderated. However, experimentally, we ob-
served that the improvement upon increasing the driving

Figure 5. Time-resolved photoluminescence analysis of (top) green emitting (545 nm) and (bottom) red emitting (655 nm) CdSe QDs in the
presence of a) [Co(en)3]

2/3+ (0–45 μM) b) [Co(sep)]2/3+ (0–45 μM) c) [Co(ClMeN3S3sar)]
2/3+ (0–9.0 μM) d) [Co(en)3]

2/3+ (0–45 μM) e) [Co(sep)]2/
3+(0–45 μM) f) [Co(ClMeN3S3sar)]

2/3+ (0–98 μM).

Figure 6. Average fluorescence lifetimes of green and red emitting CdSe
QDs (markers colored accordingly) in the presence of three cobalt
complex ions at varying concentrations.
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force for charge transfer to [Co(ClMeN3S3sar)]
3/2+ greatly

outpaced the other two complexes. We attribute this differ-
ence to Auger-Assisted Charge transfer, which is most
impactful at the barrierless and inverted regimes, and
therefore is most effective in charge transfer from green
dots to [Co(ClMeN3S3sar)]

3/2+ (Figure 2). As the other
combinations of QDs and complexes are far below the
barrierless or inverted regimes, the effects of Auger-
Assisted Charge transfer are modest.

Conclusion

A series of Co-based redox mediators with varying reorgan-
ization energies and similar electrochemical potentials were
studied for their charge transfer from QDs. Marcus theory
predicts that both driving force to the acceptor and the
reorganization energy effect charge transfer rates. In this
case, the theory predicted that the effect of minimizing
reorganization energy would far outweigh the subtler effect
of varying driving force on maximizing the charge transfer
rates.
The N/S mixed donor redox mediator [Co-

(ClMeN3S3sar)]
3/2+

, has the smallest internal reorganization
energy of the three cobalt complexes at only 0.83 eV. This
compound has a cage structure that prevents ligand move-
ment, and belongs to a select family of ions where both the
CoII and CoIII species are low spin due to the influence of
the S-donor atoms, which requires very little movement in
the ligand shell to support changing oxidation state. These
features allow it to have a smaller reorganization energy
than the rigidly caged [Co(sep)]3/2+ (λ=1.82 eV) and the
relatively floppy [Co(en)3]

3/2+ (λ=2.79 eV).
In steady-state quenching experiments low reorganiza-

tion energy [Co(ClMeN3S3sar)]
3/2+ was able to quench green

and red QDs 140 and 180 times more effectively than
[Co(en)]3/2+, respectively. Time-resolved photoluminescence
experiments suggests that the charge transfer to [Co(en)]3/2+

was 1–5 ns, but transfer to [Co(sep)]3/2+ (with a large driving
force) or [Co(ClMeN3S3sar)]

3/2+ was even faster than the
instrument could measure and could only been deemed as
sub-nanosecond.
Comparison of the predicted rates and the average rates

observed by TRPL suggest that Auger-Assisted electron
transfer is an active mechanism for charge transfer that was
not predicted by the Marcus Model employed.
Previous studies of charge transfer from QDs to charge

acceptors, are often performed in organic solvents, which
serendipitously lower solvent reorganization energy. How-
ever, many applications of QDs, such as photocatalytic
water splitting and biological applications require solvation
in water. Here, we chose to study charge transfer kinetics
under these more stringent conditions, to ensure that the
results were relevant to applications.
The results here suggest that careful design of the ligand

environment of redox mediators to reduce reorganization
energy is an important route forward in improving technol-
ogies were charge transfer from QDs is featured.
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Choosing a redox-mediator with low
reorganization energy vastly improves
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