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ABSTRACT: Artificial photosynthetic systems consisted of
nanocrystal light absorbers, molecular redox mediators, and
catalysts are one of the most promising and flexible
approaches for solar fuel generation because their constituents
can be independently tuned. In this work, we investigate the
photoreduction of three viologen derivatives, one of the most
widely investigated molecular redox mediators, of different
redox potentials, 7,8-dihydro-6H-dipyrido[1,2-a:2',1'-c][1,4]-
diazepinediium (PDQ?*), methyl viologen (MV?**), and
benzyl viologen (BV**), using CdS quantum dots (QDs) as
the light absorber and mercaptopropionic acid as a sacrificial
electron donor in aqueous (pH = 7) solution. Under
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continuous 405 nm light-emitting diode illumination, the steady-state radical generation quantum yield (QY) follows the
order of PDQ®* (15.99%) > MV** (12.61%) > BV** (6.56%). Transient absorption spectroscopy studies show that while the
rates of initial electron transfer (ET) from the excited QD conduction band to the mediators, following the order of BV** >
MV?*" > PDQ?', decrease for mediators with more negative redox potentials (and lower ET driving force), the initial transient
charge separation QYs are unity in all samples because these ET rates are much faster than the intrinsic exciton decay within the
QD. The steady-state QYs are much smaller than unity because of charge recombination (CR), whose rates, following the order
of BV** > MV** > PDQ>, decrease for mediators with more negative redox potentials (and higher ET driving force in the
Marcus’ inverted regime). In these systems, there exists a long-lived component in the radial decay kinetics, whose amplitudes
determine the steady-state radical generation QYs. We speculate that the desorption of the radical from the QD surface is
essential for the suppression of CR and is responsible for the steady-state generation of radicals. This work provides new insight
for rational design and improvement of efficient QD/redox mediator-based photoreduction systems.

B INTRODUCTION

Converting renewable and abundant solar energy into clean
chemical fuels through artificial photosynthesis has attracted
intensive attentions in recent years.l_4 Quantum confined
semiconductor nanocrystals have shown great potentials as
light-harvesting materials in many photosynthetic systems
because their optical properties and redox potentials can be
tuned by their sizes through the quantum confinement effect
and charge recombination (CR) times can be controlled by
their morphologies.””'* One of the most promising
approaches is to use redox mediators to deliver electrons or
holes from the light-harvesting component to catalysts to drive
the overall photodriven catalytic transformation. Viologens are
frequently used as mediators in many light-driven hydrogen
generation and CO, reduction systems because their redox
potentials conveniently fall between the conduction band (CB)
edge of the semiconductor materials and the reduction
potential of these important fuel-forming reactions.'’™"*'>'¢
Moreover, viologen radicals are relatively stable in anaerobic
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conditions and have distinct spectral signatures that enable
unambiguous in situ spectroscopic studies.'*~*
Photoreduction of methyl viologens, one of the most
common viologen derivatives, by quantum confined nano-
crystals has been extensively studied.'>'”~"? This process was
shown to depend sensitively on the morphology and
composition of the nanocrystals, and a near unity photo-
reduction quantum yield (QY) has been reported using
CdSe@CdS dot-in-rod nanorods. However, it has also been
reported that the redox potential of methyl viologens is not
sufficiently negative to drive H, reduction reaction effectively
at pH 7 or higher and the use of viologen derivatives with more
negative potentials can significantly improve the overall
QY.">'® In such artificial photosynthetic systems, the overall
reaction is complex and its QY depends on both the QYs of
initial radical generation and the subsequent catalytic
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conversion driven by the radical, both of which can be
influenced by the redox potentials of the mediators. Therefore,
a detailed understanding of both processes is essential for the
rational design of such mediator-based photocatalytic systems.

In this paper, we report a study of the photoreduction of
viologen derivatives of different redox potentials, 7,8-dihydro-
6H-dipyrido[1,2-a:2,1’-c][1,4]diazepinediium dibromide
[PDQ?, —550 mV vs normal hydrogen electrode (NHE)],
methyl viologen (MV*, —448 mV), and benzyl viologen
(BV**, =370 mV),*° using CdS quantum dots (QDs) as a
photosensitizer and 3-mercaptopropionic acid (MPA) as a
sacrificial donor (Figure 1A,B). We show that the steady-state
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Figure 1. Photodriven processes in QD—viologen complexes. (A)
Schematic description of CS and CR processes between CdS QDs
and mediators. (B) Redox potentials (vs vacuum) of CdS QD CB and
valence band (VB), mediators, and MPA, and schematic molecular
structures of PDQ*", MV?*, and BV**. AG(g and AGcy are the driving
forces for CS and CR, respectively.

radical generation QY of these radical generation systems
increases from BV**, MV**, to PDQ?*". To understand how the
photoreduction QY depends on their redox potential, we
carried out a detailed transient absorption (TA) spectroscopic
study of the charge separation (CS) and CR processes. We

discuss how the rates and the efficiencies of these processes
depend on the redox potentials of the mediator and how these
dependences affect the overall steady-state radical generation
efficiencies.

B RESULTS AND DISCUSSION

Sample Characterization and Viologen Radical
Generation QY. CdS QDs were synthesized following the
reported procedures.”’ Their first exciton absorption peak is at
449 nm (Figure S1), which corresponds to an estimated radius
of about 2.6 nm.”” These QDs were rendered water soluble by
replacing their native ligands with MPA molecules.">”
Synthesis and ligand exchange details are described in the
Supporting Information (SI1). We measured the steady-state
radical generation QYs of PDQ"", MV**, and BV** using CdS
QDs as a sensitizer at room temperature in a pH = 7 aqueous
solution with a phosphate buffer and excess MPA as a
sacrificial electron donor under the illumination of 405 nm
light-emitting diode (LED) (2.3 mW). All samples were
adjusted to the same absorbance at 405 nm [optical density
(OD) = 0.3 at 405 nm in 2 mm thick cuvettes] and purged
under nitrogen flow for 20 min prior to measurement. Figure
2a shows the absorption spectra of a CdS QD—PDQ_sample
after different durations of 405 nm illumination. These spectra
show a constant first exciton absorption peak of CdS QDs and
increased viologen radical absorptions at longer illumination
times. To better observe the spectral evolution of the radical,
we subtract the spectrum at t = 0 s (containing only QD
absorption) from the spectra at later times to produce
difference spectra (Figure 2a inset). These difference spectra
show both the sharp peak from 320 to 420 nm and broad band
from 450 to 580 nm of PDQ®, consistent with literature
reports.”* Similar absorption spectra of other QD—viologen
complexes are shown in Figure S3. The amount of generated
viologen radicals (N, in moles) is determined from the
measured OD of radicals according to the Beer’s law: OD =
&(N/V)L, where ¢ is the extinction coefficients at indicated
wavelengths (15000 M~ cm™ at 383 nm for PDQ"*; 13 700
M~ em™! at 606 nm for MV**; and 17200 M~! cm™" at 604
nm for BV**),”™*” V is the sample volume (625 uL), and L is
the thickness of the cuvette (2 mm). As shown in Figure 2b,
the amount of generated radicals increases with illumination
time for all three viologens and is the highest for PDQ®* and
lowest for BV®*. The radical generation rate for all samples
decreases with time. This is likely due to the consumption of
MPA and the interference of viologen radicals at the
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Figure 2. Radical generation in CdS QD—viologen systems. (a) UV—vis absorbance spectra of CdS QDs with PDQ?" after different illumination
times (0—60 s in 10 s intervals). Inset: UV—vis difference absorbance spectra (spectrum at time t—spectrum at ¢ = 0) showing the contribution of
PDQ*". (b) Amount of generated PDQ®*, MV**, and BV** radicals as a function of illumination time in pH 7 buffer. (c) Viologen radical
generation QYs within first S s. Experimental conditions: excitation by 405 nm LED light at 2.3 mW; sample OD of 0.3 at 405 nm and in pH 7
aqueous solution with phosphate buffer; and S mM mediator concentration.
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Figure 3. TA spectra and kinetics of CdS QDs with and without PDQ?" in pH = 7 buffer solution with MPA as a sacrificial donor. TA spectra of
(a) free CdS QDs and (b) CdS QDs with PDQ_(5 mM). Insets: Expanded view of the TA spectra of PDQ radicals at 500—650 nm. (c)
Comparison of XB and PDQ radical kinetics. (d) PDQ** XB kinetics (circles) as a function of PDQ** concentration (from 0 to 100 mM), and fits

(solid lines) according to a model described in the main text.

illumination wavelength. To avoid these effects, the first three
points in the radical generation kinetics (0, 2, and S s) are used
to obtain the initial radical generation rates, from which the
radical generation QYs are calculated and shown in Figure
lc."” The calculation details are shown in the Supporting
Information (SI4).

Ultrafast Electron Transfer from CdS QDs to
Viologens. At the excitation wavelength used for steady-
state QY measurements (405 nm), the viologen molecules
have negligible absorption and their photoreduction occurs by
electron transfer (ET) from the excited CdS QDs to viologen
lowest unoccupied molecular orbital. As shown in Figure 1B,
driving forces for CS, i.e., ET from the QD CB edge (at —3.40
eV vs vacuum) to PDQ?*, MV?*, and BV*" are ~0.55, ~0.65,
and ~0.73 eV, respectively.””**™** Details of energy level
calculation are shown in the Supporting Information (SI2).
The photogenerated radical can undergo CR with the holes in
the QD (VB or trapped below the band edge) or oxidized
MPA molecules.”>™*” Thus, effective suppression of the CR
process is essential for achieving steady-state radical gen-
eration.

To understand the observed trend of steady-state radical
generation yield, we carried out TA spectroscopy measure-
ments to directly follow the CS and CR processes. We first
compare the TA spectra of CdS QDs with and without
viologens in pH = 7 buffer with 400 nm excitation (Figure
3a,b). The TA spectra of free CdS QDs (Figure 3a) show a 1S
exciton bleach (XB), the negative peak at ~451 nm. According
to our previous studies, XB results from CB edge electron state
filling, probing the electron population on 1S CB level.**~*
Hole state filling contributes negligibly to XB because of the
strong degeneracy and mixing between dense hole levels in
VB.">*%*% The TA spectra of CdS QD—PDQ*" complexes
(Figure 3b) show that in the presence of PDQ (S mM), the 1S

17138

XB recovers faster than that of free CdS QDs, and the broad
PDQ radical (PDQ®*) absorption signal appears at S00—575
nm (inset of Figure 3b). As shown in Figure 3c, the decay of
XB and the growth of PDQ radical signal agree well with each
other, confirming that both can be attributed to ET from
excited CdS QDs to viologens. A comparison of the XB
kinetics of CdS QD—PDQ_complexes with different PDQ
concentrations (Figure 3d) shows that XB recovers faster at
higher PDQ*" concentrations. The TA spectra, kinetics
comparisons, and viologen concentration-dependent XB
kinetics of other samples are shown in the Supporting
Information (SIS).

To quantify ET rates from CdS QDs to different viologens,
we fit the viologen concentration-dependent XB kinetics to a
model that is described in the Supporting Information (SI6).
This model assumes a Poisson distribution of the number of
acceptors on QDs (see eq S4),*" whose average (m) is related
to the solution concentration by the Langmuir adsorption
isotherm (SI).** It is also assumed that the ET rate increases
linearly with the number of acceptors (1) on the QD. The best
fits (solid lines in Figure 3d) give the intrinsic ET rates, k,, the
ET rate per adsorbed viologen, of 0.21 + 0.01, 0.13 + 0.01,
and 0.03 + 0.01 ps™" for BV**, MV**, and PDQ**, respectively
(Figure 4a). This reveals that ET from the QD to BV
molecules is the fastest, followed by MV**, and then PDQ*".
The transient ET yields are calculated by considering the
competition between ET (kgr) and exciton recombination (k)
(eq S9) as 97.40 + 0.0, 95.87 + 0.06, and 84.27 + 0.16% for
BV**, MV*, and PDQ?, respectively (see SI). As shown in
Figure 1, the reduction potential becomes less negative from
BV?**, MV*', and PDQ?', which corresponds to a decreasing
driving force for ET from the QD CB edge. Our result suggests
that the ET rate from QDs to these viologens increases at
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Figure 4. ET rate from QDs to viologens. (a) Intrinsic ET rate (ps™")
as a function of the mediators’ reduction potentials (vs NHE); (b)
average number of adsorbed mediator molecules on CdS QDs as a
function of free mediator concentration in solution; solid lines are fits
according to the Langmuir isotherm.

larger driving force, consistent with previously observed trends
from similar QDs to methyl viologen and other adsorbates.”>**

The best fit also reveals the average number of adsorbed
viologens on the QD surface, m, as a function of viologen
concentration (Figure 4b). With increasing total concentration,
the number of viologens adsorbed on QD surfaces first grows
at low concentration (<10 mM) and then saturates after 20
mM. The average numbers of adsorbed viologen per QD at
saturation (at 100 mM) are 7.81 + 0.14, 6.54 + 0.13, and 5.68
+ 0.01 for BV**, MV**, and PDQ?", respectively. At a viologen
concentration of 5 mM, which is used in steady-state radical
generation measurements, the average number of BV?*, MV?,
and PDQ?*" per QD is 6.93 + 0.14, 4.32 + 0.09, and 3.00 +
0.01, respectively (see Table S2). The average number of
adsorbates as a function of total viologen concentration can be
fit by Langmuir adsorption isotherm (Figure 4b), which yields
binding constants, K, of 1.12 + 0.12, 0.65 + 0.14, and 0.39 +
0.15 mM™ for BV**, MV?*, and PDQ?", respectively (see SI).
Because these viologens have the same charge, the difference of
their binding constants on the QD surface can likely be
attributed to their size and shape, which can affect the strength
of their electrostatic interaction with the QD surface ligands.46

CR in CdS QD—Viologen Complexes. As shown above,
the initial yield for CS is nearly unity for all QD/mediator
samples. Thus, the observed steady-state photoreduction yield
must be determined by the CR, that is, back transfer of the
electron from viologen radicals to the hole in CdS QDs and/or
the oxidized hole acceptors (MPA).***°

TA kinetics of the three viologen radical signals are
compared in Figure 5, where the initial amplitudes of viologen
radical signals (490—520 nm for PDQ, 590—610 nm for MV,

= PDQ
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Figure S. Radical (PDQ, MV, and BV) decay kinetics in pH = 7
phosphate buffer. Dots: raw data; solid lines: fits to triple exponential
decay functions.

and 500—550 nm for BV) have been normalized to 1 for
comparison. All viologen radical signals show highly nonsingle
exponential decay processes: a rapid initial decay (<1 ps) and
then much slower change after 20 ps. From the average
lifetime (7cg) of radical decay kinetics calculated by triple-
exponential fits (see SI), we calculate the average CR rates
(kg = 1/7¢p) to be 0.29 + 0.02, 0.19 + 0.01, and 0.16 + 0.02
us ! for PDQ®*, MV**, and BV**, respectively (Table 1). Hole
transfer from the QD VB to the adsorbed MPA can be
measured by time-resolved QD photoluminescence decay,
which has been shown to occur on the sub-nanosecond (0.15
ns) time scale in previous studies of similar MPA-capped
QDs."® Thus, for these QD-—viologen complexes, CR is
dominated by back ET to the holes localized in the oxidized
MPA with CR driving force of 1.91, 1.81, and 1.73 eV for
PDQ*", MV*, and BV*, respectively (Figure 1B). The
reorganization energy A for CR consists both inner (4;) and
outer (4,) contributions. On the basis of previous reports, 4; is
estimated to be ~0.7—1.1 eV for organic molecules of
comparable structures””*® and A, is estimated to be 0.1—0.2
eV for nonpolar solvents.”” Thus, the total reorganization
energy A is estimated to be ~0.8—1.3 eV, which is smaller than
the CR driving force (AGgg in Table 1), indicating that CR
falls in the Marcus inverted regime. The measured CR rates
increase at smaller driving force, which is consistent with the
expected trend of ET in the Marcus inverted regime. The
average amplitudes of radical signals at 30—50 ys are ~15.14 +
2.81, 11.03 + 1.52, and 5.13 + 2.21% for PDQ"*, MV**, and
BV**, respectively (Table 1), which increases in systems with
slower average CR rates. The trend of these transient radical
generation QYs at 30—S0 us (QYr) is consistent with the
steady-state QYs (QYg, Table 1), suggesting that the long-lived
radicals are responsible for the steady-state radical yields.
Model for Radical Generation QY. The TA study shows
that the rate of the initial CS increases with the driving forces,
following the order of BV** > MV** > PDQ**. However, these
rates are much faster than the intrinsic electron—hole
recombination time within the QDs. As a result, the initial
CS yield is near unity for all QD/mediator complexes. The CR
rate increases at smaller driving force, following the trend of
BV** > MV** > PDQ?, consistent with ET in the Marcus’
inverted regime. Although this trend indicates that slower CR
correlates with a larger steady-state QY, these average
recombination times (on the sub-microsecond time scale)
would still suggest a negligible steady-state QY. However, the
radical decay kinetics are highly nonsingle exponential,
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Table 1. Summary of Results in CS and CR Processes and Radical Generation QYs

E," (mV NHE) AGes” (eV)  knt (ps™)  CS yield (%)
BV —370 0.73 021 + 001  97.40 + 0.05
MV —448 0.65 013 + 001 9587 + 0.06
PDQ>* —550 0.55 003 + 001 8427 + 0.16

AG? (eV) ke (us™)  K(mM™) QYs (%)2 QYr (%)"
1.73 0.16 + 0.02 1.12 + 0.12 6.56 + 0.20 5.13 +2.21
1.81 0.19 + 0.01 0.65 + 0.14 12.61 + 1.55 11.03 + 1.52
191 0.29 + 0.02 0.39 + 0.15 1599 + 1.61 15.14 + 2.81

“E,: reduction potential. bAGCS: driving force of CS (from CdS QDs to viologens). “k;,: intrinsic CS rate. dAGCR: driving force of CR (ET from
viologen radicals to CdS QDs). *kcg: average CR rate./K: binding constants of viologens on the CdS QD surface. #Radical QY: steady-state radical

generation QY. hQ_YT: transient radical generation QY.

showing a long-lived component that decays negligibly on the
>1 ps time scale with an amplitude consistent with the steady-
state radical generation quantum efficiencies. This suggests
that the long-lived component is responsible for steady-state
production of viologen radicals in the continuous illumination
measurement shown in Figure 2. It is likely that the further
removal of the hole (oxidized MPA) and/or the electron
(viologen radicals) acceptors from the QD surface occurs on
the microsecond time scale. Because this process inhibits CR,
the amplitude of the remaining radicals at this time scale
(which is determined by the CR rate) determines the steady-
state QY. Previous studies have also shown that these radicals,
generated initially on the QD surface, can diffuse to Pt particles
or hydrogenase to drive H, generation.'>'® It is also important
to note that these positively charged viologens bind through
electrostatic interaction with negatively charged QD surface
(deprotonation of the MPA ligand with a reported pK, of ~7
on similar QDs) at pH ~ 7.°>" The reduction of the viologen
decreases their positive charge and reduces their binding
strength, which facilitates their desorption. Thus, the process
of further removal of the electron from the QD surface likely
occurs through the desorption of viologen radicals. Interest-
ingly, the observed trend of steady-state radical generation QYs
correlates with the binding constants of these viologens on the
QD surface, showing a larger steady-state QY in viologens with
weaker binding constant. Although these results suggest that
viologen radical desorption from the QD surface plays a critical
role in preventing CR and achieving steady-state radical
generation, further studies are needed to more firmly establish
this mechanism.

B CONCLUSIONS

We have studied the mechanism of photoreduction of three
viologens with increasingly negative reduction potentials
(BV*, MV?**, and PDQ*") using CdS QDs as the photo-
sensitizer and MPA as the electron donor in aqueous solution.
The steady-state measurement shows that the radical
generation QYs increase from 6.56 + 0.20 in BV** to 12.61
+ 1.55 in MV?* and 15.99 + 1.61 in PDQ*". To understand
the origin of the observed trend of steady-state QYs, we
directly probed the CS and CR processes in QD—viologen
complexes by TA spectroscopy. We show that although initial
CS rates increase with the ET driving force, following the trend
of BV** > MV** > PDQ?, the QYs for this process are near
unity for all viologens because the CS rates are much faster
than the intrinsic exciton decay rates within the QDs. The CR
process is highly none single exponential in these complexes,
and the average CR rates increase in complexes with the
smaller driving force, following the trend of BV > MV* >
PDQ?*, consistent with ET in the Marcus inverted regime. The
radical decay kinetics show a long-lived component with
negligible decay in the 1-50 ps time scale. The relative
amplitude of this component follows the steady QY, indicating

that this component is responsible for the steady-state
generation of radicals in these systems. This result suggests
that the amplitude of this long-lived component is determined
by the competition of CR with radical desorption from the QD
surface, which inhibits the CR. Our results offer new insight
into the rational design of QD/mediator-based systems with
improved photoreduction QYs.
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