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ABSTRACT: Anchoring of molecules to the surfaces of semiconductor nanocrystals
(NCs) presents an opportunity to leverage the precise synthetic tunability of molecular
function and the remarkable light harvesting properties of NCs to drive photochemical
reactions. However, charge transfer between the two species depends not only on the
energy level alignments but also on the details of their binding interactions, which are
difficult to probe. Here, we characterize the binding between CdSe quantum dots
(QDs) and a new phosphonated derivative of the electron acceptor methyl viologen,
designed to attach to the QD surface via the phosphonate group. We use isothermal
titration calorimetry to probe the thermodynamics of the QD—molecule interaction and
use the parameters determined therein to analyze transient absorption spectroscopy measurements of forward and back electron
transfer from QDs to the viologen. We find that the ligand-like phosphonate binding leads to an electron-transfer rate constant that
is 3 orders of magnitude smaller than that for the face-on binding of the bipyridine ring of methyl viologen. Back electron transfer is
also significantly slower in the derivative. Interestingly, a minor fraction of the phosphonated derivative also binds in the face-on
configuration, with similar forward and back electron transfer kinetics as methyl viologen. Numerical simulations show that the
ligand-like binding will lead to significantly improved quantum yields of photocatalysis over a wide range of reaction rates. By
independently characterizing binding thermodynamics and charge transfer kinetics, this work reveals how the complexities
underlying electron transfer at the NC—molecule interface determine photocatalytic outcomes. This work also represents a step
toward controlling forward and back electron transfer kinetics via rational molecular design.
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B INTRODUCTION

Hybrid materials consisting of semiconductor nanocrystals
(NCs) with bound molecular species leverage the remarkable
light-harvesting properties of NCs with the atomically precise
control of molecules to tune their function.'™ In particular,
NCs have been functionalized with a variety of molecular
electron acceptors and reduction catalysts with the aim of

varying the chemical nature of the spacer between the binding
group and the electron accepting moiety. In practice, there are
fundamental obstacles to realizing the ideal scenarios for
specific photocatalytic reactions. The first obstacle is the
complexity of the NC surfaces, decorated with surface-capping
ligands that induce solubility in a limited range of solvents.
When combined with NCs, molecules designed to control

converting photon energy into reduced chemical prod-
L26=1 n these systems, electron transfer (ET) from
photoexcited NCs to the molecular species competes with
electron—hole recombination and electron trapping.” > Once
transferred, electrons may recombine with holes via back
electron transfer (BET) before they turn over in a catalytic
reaction. To spontaneously drive desired reactions with light,
ET and BET need to be optimized so that charge separation is
sufficiently efficient to generate the charge-separated state and
charge recombination is sufficiently slow to allow catalysis to
proceed.

In principle, the tools of synthetic chemistry can be used to
design electron acceptors with fine-tuned rates of ET and BET
by incorporating targeted binding groups for NC surfaces and

ucts.
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charge transfer kinetics do not always behave as designed. For
example, when a common electron acceptor methyl viologen
(MV?**) was functionalized with different aliphatic chain length
tails, ET rate constants (kgr) remained essentially the same
because MV?* adheres strongly to the NC surface, creating a
direct through-space ET channel.'” In other cases, acceptor
adsorption relies on the precipitation of insoluble molecules
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onto the NC surface with limited chemical control.*™'® A
second obstacle is the challenge of revealing the binding
geometries, identifying underlying adsorption modes, and
characterizing binding thermodynamics to determine the
number of acceptors bound per NC. NMR has been proven
useful in specific cases,’’~*' but it requires well-suited signals
with optimal bindin}g-induced peak broadening as well as high
sample volumes.”””” The binding challenge is compounded by
the fact that acceptor adsorption is inherently convoluted with
ET (i.e., more acceptors bound leads to faster ET rates for the
same kgp). Spectroscopic measurements of ET kinetics using
time-resolved spectroscopy detect ET as a shortening of the
kinetics of signals attributed to conduction-band elec-
trons.”'>**7* Kinetic models that extract kgy values and the
number of acceptors bound have been developed and
used™'>**?%333* byt they rely on assumptions about binding
that are not easily independently verified. Moreover, there is a
mathematical correlation of kgp values and the number of
acceptors bound, creating uncertainties in both values.”>**~
Finally, there is an obstacle in balancing the roles of ET and
BET in overall photocatalysis. This can be particularly difficult
as certain factors that facilitate faster ET, such as strong
electronic coupling, also facilitate fast BET.”” While unity
charge se7paration efficiency has been achieved in multiple
systems,””** it is not necessarily beneficial if the charge-
separated state is not long-lived enough to support turnover.
While it is generally accepted that both fast ET and slow BET
are desirable, little guidance has emerged on how to balance
these requirements to maximize the efficiencies of subsequent
reactions.

In this article, we address these obstacles with CdSe
quantum dots (QDs) functionalized with a new phosphonated
viologen derivative (MVPO;, illustrated in Figure 1), which we
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Figure 1. Energy level diagram and illustration of binding modes for
CdSe QDs functionalized with MV>* and MVPOs;.

compare to QDs functionalized with the familiar MV**. The
phosphonate terminal group on the derivative was introduced
to guide the anchoring to the CdSe QD surface so that the rate
constants for ET and BET could be governed by the moiety
bridging the anchoring group and the bipyridine group that
accepts the electron. We first characterized QD—acceptor
binding by using isothermal titration calorimetry (ITC), which
allowed us to determine thermodynamic parameters, including

the dissociation equilibrium constant (K3) and the maximum
number of acceptors that can bind (n,,,), for both MV** and
MVPO;. We validated our ITC approach with MV** and QDs,
characterizing the previously described “face-on” binding
mode. Remarkably, the ITC data on MVPOj; attachment to
the QDs resolved two distinct binding modes: a minor one
with thermodynamics similar to MV** binding, which we
attributed to analogous face-on binding, and a major mode,
which we assigned to the phosphonate binding (Figure 1). The
ITC measurements informed our subsequent transient
absorption (TA) spectroscopy measurements of charge
transfer kinetics. Specifically, we used the information from
the ITC measurements as inputs into the models for the TA
decay kinetics, allowing us to determine the values of kg
associated with each binding mode as the only adjustable
parameters in the data fitting. We revealed two distinct kgt
values for ET from QDs to MVPQ;, one similar to MV?* (1.5
X 10" s7!) associated with the face-on binding and another
much slower (3.0 X 107 s7') associated with phosphonate
binding. We also spectroscopically examined the BET reaction
and found that the phosphonated derivative had a >30-fold
increase in charge-separated-state lifetime as compared to
MV*". In other words, the new binding mode in MVPO;
slowed down both ET and BET when compared with MV?>*.
To assess the impact of this effect on photocatalysis, we used
kinetic Monte Carlo (kMC) simulations to determine the
quantum yield (QY) of a hypothetical downstream reaction
that uses the electrons transferred to the bipyridine moiety. We
identified a broad regime of downstream reaction rate
constants (10°—107 s™') where the ET/BET combination
achieved with MVPOj significantly outperforms MV**. This
work demonstrates how the complexities of binding of
molecules to semiconductor NCs and their impact on
photocatalysis can be revealed by independently characterizing
binding and interfacial charge transfer. Our work also
represents a step forward in controlling ET and BET kinetics
in NC—molecule systems via rational molecular design.

B METHODS

MVPO; Synthesis and Characterization. General
Experimental Procedures. All chemicals were purchased
from Sigma-Aldrich and used without further purification. All
solvents were degassed with N, and passed through activated
molecular sieves prior to use. Reactions involving air or
moisture sensitive reagents or intermediates were performed
under an inert N, atmosphere using glassware that had been
oven or flame-dried. The 'H and “C NMR spectra were
obtained on a Bruker Avance NEO-400 spectrometer,
operating at 400 and 100 MHz, respectively.

1-(2-(Diethoxyphosphoryl)ethyl)-[4,4'-bipyridin]-1-ium
Bromide (1)."" A solution of 4,4’-dipyridyl (2.0 g, 12.8 mmol)
and 2-bromoethyl diethylphosphonate (1.54 g, 1.14 mL, 6.2
mmol) in CH;CN (20 mL) was heated to 50 °C for 48 h. The
solution was concentrated under reduced pressure and
suspended in acetone (20 mL) and stirred for 1 h. The solid
was filtered washing with acetone (2 X 20 mL) to give 1.3 g
(66%) of a beige solid; "H NMR (400 MHz, D,0) 6 8.97 (d, |
= 6.4 Hz, 2 H), 8.71 (d, ] = 6.0 Hz, 2 H), 8.40 (d, ] = 6.4 Hz, 2
H), 7.86 (d, ] = 6.0 Hz, 2 H), 4.90 (dt, ] = 17.6, 6.8 Hz, 2 H),
4.04 (m, 4 H),2.72 (dt, ] = 18.4,6.8 Hz, 2 H), 1.16 (t, ] = 7.2
Hz, 6 H); *C NMR (100 MHz, D,0) § 154.6, 150.0, 145.3,
142.3, 126.1, 122.5, 63.9 (d, Joc = 6.0 Hz), 55.4 (d, Joc = 5.0
Hz), 26.0 (d, Jpc = 141 Hz) 15.5 (d, Jpc = 5.0 Hz); IR (neat)
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cm™! 3467, 2988, 1642, 1545, 1525, 1407, 1242, 1210, 1010,
972, 815, 689; HRMS (ESI-TOF) m/z 321.1373
[C¢H2,N,O5P* (M*) requires 321.1368].

1-(2-(Diethoxyphosphoryl)ethyl)-1'-methyl-[4,4’-bipyri-
dine]-1,1'-diium Dibromide (2). A mixture of diethyl
phosphonate 1 (478 mg, 1.2 mmol) and CH;l (341 mg,
0.15 mL, 2.4 mmol) in CH;CN (S mL) was heated to S0 °C
for 3 h, and additional CH;I (341 mg, 0.15 mL, 2.4 mmol) was
added. The mixture was stirred at 50 °C for 24 h and cooled to
room temperature. The solid was filtered washing with
CH;CN (2 X 10 mL) to give 354 mg (54%) of an orange
solid; "H NMR (400 MHz, D,0) § 9.13 (d, ] = 6.8 Hz, 2H),
9.00 (d, ] = 6.8 Hz, 2H), 8.55 (d, ] = 6.8 Hz, 2H), 8.47 (d, ] =
6.4 Hz, 2H), 497 (dt, ] = 16.8, 7.2 Hz, 2 H), 4.44 (s, 3 H),
4.07 (m, 4 H), 2.76 (dt, = 18.4, 7.2 Hz, 2 H), 1.19 (t, J = 7.2
Hz, 6 H); 3*C NMR (100 MHz, D,0) & 150.9, 149.5, 146.4,
146.0, 127.2, 1269, 64.1 (d, Jp.c = 7.0 Hz), 56.0 (d, Jpc = 4.0
Hz), 48.6, 26.1 (d, Jpc = 141 Hz), 15.6 (d, Jpc = 6.0 Hz); IR
(neat) cm™" 3412, 2986, 1639, 1558, 1448, 1204, 1010, 943,
812, 706, 504; HRMS (ESI-TOE) m/z 336.1598
[C;H,sN,O4P* (M*) requires 336.1603].

1-Methyl-1'-(2-phosphonoethyl)-[4,4'-bipyridine]-1,1'-
diium Dibromide (3, MVPO;). A solution of viologen 2 (250
mg, 0.46 mmol) in 1 M HBr (17 mL) was heated to reflux for
24 h. The volume was then reduced to ca. 1 mL by boiling in
the fume hood, and isopropyl alcohol (10 mL) was added. The
resulting solid was filtered and washed with isopropyl alcohol
(2 X S mL) to give 174 mg (86%) of an orange solid; '"H NMR
(400 MHz, D,0) 8 9.10 (d, ] = 6.8 Hz, 2H), 8.97 (d, ] = 6.8
Hz, 2H), 8.48 (d, ] = 6.8 Hz, 2H), 8.45 (d, ] = 6.8 Hz, 2H),
4.87 (dt, J = 12.4, 7.6 Hz, 2 H), 442 (s, 3 H), 2.42 (dt, ] =
18.0, 7.6 Hz, 2 H); '*C NMR (100 MHz, D,0) 6 150.4, 149.8,
146.3, 145.6, 127.0, 126.7, 57.5, 48.4, 29.2 (d, Jo = 133 Hz);
IR (neat) cm™ 3338, 3036, 2739, 1634, 1500, 1089, 935, 808,
486; HRMS (ESI-TOF) m/z 279.0898 [C,3H,(N,0,P* (M*)
requires 279.0898].

Spectroelectrochemical Methods. Electronic absorption
spectra were obtained on an Agilent Cary 60 ultraviolet—
visible (UV—vis) spectrophotometer inside the glovebox under
N, atmosphere using an Ocean Optics CUV 1.25 X 1.25 X 4.5
cm cuvette holder connected with an Agilent fiber optic
coupler. The same spectrophotometer was used for spec-
troelectrochemical measurements with a Pine Wavedriver 10
bipotentiostat in a 1 X 1 cm quartz cuvette. An Au screen-
printed honeycomb electrode on a ceramic substrate with a
thickness of 1.7 mm was used as the working and counter
electrodes, and saturated KCI Ag/AgCl was used as the
reference electrode. Spectroelectrochemical solutions con-
tained aqueous 0.125 mM MV** or MVPO, in 025 M
phosphate—NaOH buffer at pH 7.44.

Electrochemical Methods. Electrochemical measurements
were conducted using a Pine Wavedriver 10 bipotentiostat
under an inert N, atmosphere using standard glovebox or
Schlenk line techniques. Cyclic voltammetry measurements
were taken using a 3 mm carbon disk working electrode, a
glassy carbon rod counter electrode, and a saturated KCl Ag/
AgCl or SCE reference electrode, without correcting for IR
compensation. The Ag/AgCl reference electrode was made
according to published procedures.*” The working electrode
was polished between each scan using an alumina slurry (0.0S
mm) and a microcloth polishing pad, and washed with HPLC
grade water in between scans. The phosphate buffer was made
with HPLC grade water, monopotassium phosphate, and

NaOH. pH measurements were performed using a Thermo
Scientific Orion Star A216 Benchtop pH/RDO/DO meter and
a Thermo Scientific glass pH electrode 9142BN.

Synthesis and Purification of CdSe QDs. CdSe QDs
were synthesized based on a previously published hot-injection
synthesis.*> The Se precursor was prepared by dissolving 0.183
g of elemental Se shot (>99%, Sigma-Aldrich) in 1.10S g tri-n-
octylphosphine (TOP) (>97%, Strem Chemicals) under argon
atmosphere. 0.062 g CdO (>99.99%, Sigma-Aldrich), 0.2814 g
octadecylphosphonic acid (ODPA) (>99%, PCI Synthesis),
and 3.0057 g of trioctylphosphine oxide (TOPO) (>99%,
Sigma-Aldrich) were mixed in a round-bottom flask connected
to a Schlenk line under argon. The solution was heated to 150
°C to melt the TOPO and the solution was placed under
vacuum for 1 h. The solution was then put under Ar and
heated to 300 °C until clear. We injected 1.500 g of TOP to
the solution dropwise, which was then heated to 350 °C. Then,
0.4 mL of the Se:TOP precursor solution was injected and the
particles were grown for 2 min before quenching by cooling in
a room temperature oil bath. The particle solution was
transferred to a vial containing 10 mL of methanol (99.8%,
Sigma-Aldrich, anhydrous) under Ar atmosphere before
transfer to an Ar glovebox. The QDs were then precipitated
by centrifuging for 15 min at 3400 rpm and discarding the
supernatant. Particles were resuspended in toluene (99.8%,
Sigma-Aldrich, anhydrous), precipitated by methanol, and
centrifuged at 3400 rpm for 15 min. The supernatant was
discarded and the toluene/methanol wash was repeated. The
particles were then redispersed in a minimal (<1 mL) volume
of hexanes (99%, Sigma-Aldrich, anhydrous) and precipitated
by the addition of 2-propanol (99.5%, Sigma-Aldrich,
anhydrous) and centrifuged. The supernatant was discarded
and the purified particles were then dispersed in 500 uL
toluene.

CdSe QD Ligand Exchange. To suspend the CdSe QDs
in H,O, we carried out a ligand exchange from the native
ODPA ligands to 3-mercaptopropionic acid (MPA) by
modifying a previously described procedure.”* The ligand
exchange procedure was conducted in an Ar glovebox. A
solution was prepared by dissolving 134 mg MPA (>99%,
Sigma-Aldrich) and 316 mg of tetramethylammonium
hydroxide (TMAH) (>97%, Sigma-Aldrich) in 15.004 g
methanol. 2.00 mL of this solution was added to ca. 500 uL
of the purified ODPA-capped CdSe QD stock in toluene. The
solution turned optically clear within 2 min but was allowed to
sit for 1.5 h to allow ample time for the ligand exchange to
equilibrate. The ligand-exchanged particles were precipitated
by adding 40 mL of toluene and centrifuging for 15 min at
4400 rpm. The supernatant was discarded and the resulting
particles were resuspended in methanol, but the mixture was
not optically clear upon resuspension. It was precipitated again
with toluene and centrifuged for another 15 min at 4400 rpm.
The particles did not fully precipitate (supernatant was still
red). Thus, the supernatant solution was split into fourths,
each fourth precipitated with an additional 30 mL of toluene
and spun for 15 min at 4400 rpm. The resulting clear
supernatant was removed from all four tubes, and the solid
pellets were dried under vacuum for 30 min. The exchanged
particles were then combined and dissolved in Milli-Q water.

Characterization of CdSe QDs. UV—vis absorbance data
was collected using a Cary 60 UV—vis spectrophotometer
(Agilent). Samples were prepared under Ar and sealed in 1 X 1
cm air-free cuvettes. PL spectra were collected on a Fluorolog-
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3 spectrofluorometer (Horiba Jobin Yvon). The PL sample
was excited at 400 nm with a 3 nm slit width and PL was
detected at 415—780 nm with a 3 nm slit width. Transmission
electron microscopy (TEM) was performed with a FEI Tecnai
G2 20 S-Twin operated at 200 kV. Samples were prepared in a
glovebox by drop-casting MPA-capped CdSe QDs (diluted in
methanol) onto TEM grids (Ted Pella, Prod # 01824, ultrathin
carbon film on lacey carbon support film, 400 mesh, Cu).
Grids were dried under vacuum and transported to the
microscopy facility in an airtight container, sealed under the Ar
atmosphere of the glovebox. The size of the QDs was
measured using Image] (FIJI package) by manually fitting
ellipsoids to the particle boundaries and recording the short
axis of the ellipsoid as the diameter.*> Measurements were
performed on four different regions of the grid.*®

Isothermal Titration Calorimetry. Samples for ITC were
prepared and stored under an Ar atmosphere before the
experiment and were unavoidably exposed to air during the
collection of ITC data. Samples were syringe-filtered using
PTEE filters with 0.45 um pore size (Thermo Scientific). ITC
experiments were performed using a TA Instruments Affinity
ITC Low Volume calorimeter with gold cells. As is standard
procedure, the sample cell was overfilled past its 185 uL active
volume with 29 uM CdSe QD in Milli-Q pure water. The
reference cell was also filled with Milli-Q water. Viologen
samples were prepared at 3.5 mM in Milli-Q water. The
temperature was set to 25 °C and the samples were allowed to
autoequilibrate for 30 min or until the baseline reached a slope
of 0.1 yW/h and standard deviation of 0.01 yW. Samples were
stirred continuously at 150 rpm. Viologen samples were
injected in 2.50 + 0.01 uL increments. Twenty injections were
conducted, waiting until the peaks returned to baseline
between injections (determined automatically by ITCRun
software from TA Instruments with a minimum of 60 s
between samples). The peaks were numerically integrated
using the TA Instruments NanoAnalyze software to generate
the isotherms. All titrations were run in triplicate to ensure
reproducibility. All reported uncertainties of ITC fitting
parameters are 95% confidence intervals of the best fits.
Control titrations (solvent-into-solvent, viologen-into-solvent,
and solvent-into-QD) were conducted at the same conditions
as the relevant experimental titration. The integrated heat from
the viologen-into-solvent controls were subtracted from the
viologen-into-QD experimental data. The other controls had
negligible signal (all peaks <1 kJ mol™").

Transient Absorption Spectroscopy. The ultrafast
(~150 fs to 7 ns) TA spectrometer used an amplified
Ti:sapphire laser (Solstice-ACE, Spectra-Physics, 800 nm, 2
kHz, 150 fs, 1.8 mJ/pulse), an optical parametric amplifier
(TOPAS-C, Light Conversion), and a Helios spectrometer
(Ultrafast Systems, LLC). The Solstice output was split into a
pump path and a probe path. The pump path was directed into
the TOPAS-C to produce the 480 nm pump wavelength,
which was then directed to the Helios spectrometer. CdSe
QD-only data was taken at several powers and the pump power
was chosen to be in the regime where the normalized decay
kinetics were independent of power (i.e., negligible population
of multiexcitons). The pump pulses were chopped by a 1000
Hz synchronized chopper before reaching the sample. The
probe path was directed to a sapphire plate which converted
the 800 nm light into a white light continuum from 450 to 800
nm. The probe beam was focused into the sample where it
overlapped with the pump beam. The transmitted probe beam

was then passed through a polarization filter to remove residual
scattered light from the pump beam and then focused into
optical fibers coupled to multichannel spectrometers with
CMOS sensors with 2 kHz detection rates. The change in
absorbance signal (AA) was calculated from the intensities of
sequential probe pulses with and without the pump pulse
excitation. The 0.3 ns to 200 us TA spectrometer used the
amplified Ti:sapphire laser and optical parametric amplifier
described above coupled with an Eos spectrometer (Ultrafast
Systems, LLC). The pump—probe time delay was controlled
by a digital delay generator (CNT-90, Pendulum Instruments).
The white light continuum (400—900 nm) was generated for
the probe signal and reference beams by an external 2 kHz
laser focused into a photonic crystal fiber and split using a
beam splitter. The probe and reference beams were focused
into separate detectors. For all transient absorption measure-
ments, the samples were sealed under Ar in 2 mm path length
quartz cuvettes equipped with a Kontes valve and constantly
stirred with a magnetic Teflon coated stir bar. CdSe QDs
concentrations were kept constant at 10.6 M and the viologen
concentration was varied to achieve the desired ratios. All
experiments were conducted at room temperature. The
ultrafast and ns—us kinetic traces were stitched together by
normalizing the data between the two at a time point of
overlap then removing all Eos data before that point and all
Helios data after that point.

To analyze the kinetic traces from TA spectroscopy, we first
isolated both the reduced-viologen signal and the 570 nm
bleach signal similar to previously reported procedures.’’ We
extracted and averaged the AA signal over 660—690 nm for all
samples.”” The CdSe QD-only signal was then subtracted from
the QD + viologen signal to extract signals due to the reduced
viologen kinetics only.””*" The reduced viologen kinetics were
smoothed using a five-point moving average (The Supporting
Information shows the raw data). We then extracted the
kinetics at bleach maximum (570 nm) of the CdSe QD +
viologen samples. We normalized the bleach kinetics with the
pure reduced viologen kinetics at late times after the bleach
signal was fully decayed (>10 ns for the 1:1 viologen + QD
sample, and >1 ns for the higher ratios).”’ We then subtracted
the reduced viologen signal from the bleach signal to obtain
the pure CdSe QD bleach signal for the CdSe QD + viologen
samples. The pure CdSe QD bleach signal was then
normalized such that its maximum value was equal to one.
This procedure was performed for all four concentrations of
both viologens. The lower initial amplitudes of the 570 nm
bleach signal suggest that some ET occurs within the
instrument response for the samples with higher viologen
concentrations, but those early kinetics are convoluted with the
instrument response. For this reason, all of our fits of the
bleach kinetics start at 2 ps.

Kinetic Monte Carlo (kMC) Simulations. A kMC
simulation was constructed to predict the QY of electron
extraction by simulating the potential pathways of an excited
electron usin_g a previously established method for stochastic
simulations.”” The dependent variable of the simulation is the
quantum yield of electron extraction (QY yaction €9 1)-

#electrons reaching destination

QY extraction

#initially excited electrons (1)

A conduction band electron can either transfer with a rate
constant of kg or recombine with its hole with a rate constant
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ko. The probability of electron transfer to the viologen was
determined by the quantum efficiency of electron transfer
(QEgr), that is the fraction of electrons which are transferred,
calculated using eq 2 for MV** and eq 3 for MVPO,

QE _ N X kgp
FEMY g + N X kgp ()
Np X kgre + Ny X kgr

ko + Np X kgp e + Ny X kg, 3)

QEET,MVPO3 =

where N represents the number of viologens bound to the QD
and is drawn separately each iteration from a Poisson
distribution defined by the experimentally measured (N).
The kgy is determined by the experimental values obtained
from kinetic modeling of TA spectroscopy data. In the case of
MVPOQO; there is some fraction bound in both the face-on and
ligand-like mode, with the (N) for each being the ITC-
determined value and the kgy for each mode as the
experimental value from the kinetic fits. We approximate k,
as the amplitude-weighted average rate constant from the
multiexponential fit of the QD-only TA bleach kinetics (570
nm). If the electron is transferred to the viologen, it can either
transfer back to recombine with the photoexcited hole with a
rate constant of kggyp or be shuttled to the catalyst with a rate
constant of ky,.. The probability of shuttling to the catalyst
was determined by the quantum efficiency of electron shuttling
(QEqpyttie), which is described in eq 4.

kshuttle
kBET + kshuttle (4)

where kppr is the experimentally determined amplitude-
weighted average rate constant for BET and kg, is the
manually input independent variable. Each simulation was run
for 1,000,000 excitations of the QD at a 1:1 viologen/QD
molar ratio. The model assumes an excitation rate low enough
that each excited electron has decayed before the next
excitation occurs. A direct method was used for drawing
pathways in each excitation.***’

A different kMC simulation was used to compare Poisson
and binomial binding models and is described in the
Supporting Information.

QEshuttle =

B RESULTS AND DISCUSSION

With the aim of independently characterizing and controlling
the binding of a molecular electron acceptor to CdSe QDs and
the kinetics for ET and BET, we built on the established MV**
platform. Reduced MV** (MV') has a strong absorption
signal at energies below the CdSe QD band gap, allowing both
the forward ET and BET reactions to be monitored by TA
spectroscopy.’’ >> Therefore, there is extensive literature
precedent on characterizing charge transfer between CdSe
QDs and MV?**??13%3175% 1y addition, the binding of MV?*
to CdS and CdSe QDs has been previously investigated by PL
quenching combined with density functional theory.'”**
MV?** was found to bind in a “face-on” configuration attributed
to electrostatic adsorption of its positive bipyridine rings to
anions (e.g., Se*”, S*) on the QD surface (illustrated in Figure
1), at a distance of 2.9—3.3 A from the QD surface. This strong
interaction has made it difficult to tune ET behavior by
derivatizing MV*". In prior work with a carboxylic acid
functionalized viologen, varying the molecular linker length did

not significantly impact kpp because transfer via the face-on
interaction continued to dominate the ET."”

In an effort to enable both the surface attachment via a
targeted binding group and the control over ET and BET
behavior through tuning of molecular structure between the
binding group and the bipyridine electron accepting moiety,
we synthesized 1-methyl-1’-(2-phosphonoethyl)-[4,4'-bipyri-
dine]-1,1’-diilum dibromide (MVPO;). MVPO; is a novel
viologen derivative that shares the same ring structure as MV>*
but includes a phosphonic acid functional group (Figure 1).
The characterization of MVPO; by infrared and nuclear
magnetic resonance (NMR) spectroscopies and high-reso-
lution mass spectrometry (HRMS) is described in the
Methods section, and NMR spectra are shown in Figure SI.
We use the abbreviation MVPO; because we expect that the
phosphonic acid is deprotonated at neutral pH based on
comparable phosphonic acids attached to positively charged
groups.”® We chose a phosphonate anchoring group because
phosphonates are known to bind strongly to CdSe QD
surfaces, even more strongly than carboxylates.'”~'"""*% We
therefore hypothesized that MVPO; would allow the viologen
to bind through the phosphonate linker in a “ligand-like”
conformation (illustrated in Figure 1).

Spectroelectrochemistry measurements demonstrate that
functionalization of MV?* with a phosphonate does not
significantly impact the absorbance spectrum of its reduced
form, the radical cation (MVPO;™*) (Figure 2A), showing a
similar reduced-viologen feature as MV** (full spectra shown
in Figure S2). Cyclic voltammetry (CV) measurements also
reveal that MV>* and MVPO, both have reduction potentials
of —0.63 V vs SCE (Figure 2A inset). This comparison shows
that the phosphonate functionalization does not substantially
change the optical or electronic properties of the bipyridine
moiety on MVPO, as compared to MV?", likely because the
added phosphonate group is sufficiently separated from the
redox-active bipyridine as to not have a significant impact on
its energy levels.

The CdSe QDs used were synthesized using previously
published methods.” An exchange from the native octadecyl-
phosphonic acid to 3-mercaptopropionic acid (MPA) ligands
was conducted to solubilize the QDs in H,O and all
experiments described below were conducted in Milli-Q pure
water. The CdSe QDs were characterized by absorption and
PL spectroscopies (Figure 2B). The QD first exciton peak is
observed at 562 nm in the absorbance spectrum (Figure 2B),
corresponding to a diameter of 3.5 nm,>” which is
corroborated by the diameter (3.6 nm + 0.8 nm, N = 201)
determined by transmission electron microscopy (TEM)
(Figures 2B inset and S3).

Characterization of Binding Thermodynamics with
Isothermal Titration Calorimetry. To characterize the
binding thermodynamics between CdSe QDs and MV** and
MVPO;, we turned to ITC. ITC has recently been shown to be
a useful tool for examining nanocrystal-ligand bind-
ng23’58’60_69 and for qualitative assessment of interactions
between QDs and molecular electron acceptors.”’~"> ITC
directly measures the heat evolved when species bind in
solution and can be used to extract the dissociation equilibrium
constant (K;), which is the inverse of the binding equilibrium
constant, the maximum number of bound species (1,,,,), and
the enthalpy of binding (AH). The free energy (AG) and
entropy (AS) of binding can also be calculated from the
standard thermodynamic relationships.
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Figure 2. Characterization of viologens and CdSe QDs. (A)
Normalized absorbance spectra of MV*® (black) and MVPO;™*
(green) in 0.25 M phosphate—NaOH buffer at pH 7.44. MV** and
MVPO;™* were each electrochemically generated at —0.7 V vs Ag/
AgCL Inset A: CV of 2.5 mM MV?* (black) and MVPO; (green) at
100 mV/s in aqueous 0.25 M phosphate—NaOH buffer at pH 7.44.
(B) Normalized absorbance (red) and PL (yellow) spectra of aqueous
3.5 nm CdSe QDs. Inset B: Representative TEM of 3.5 nm CdSe
QDs at 400k X magnification.

ITC has several strengths: high sensitivity, generalizability to
different types of binding without reliance on spectroscopic
features, and the ability to deduce a full thermodynamic
description of binding from a single experiment.”> Compared
to NMR spectroscopy, it requires less sample, it is better at
distinguishing multiple bindin{g modes, and is more general in
what species can be probed.”” In fact, MV** binding to QDs
was found not to be amenable to NMR characterization
because its NMR peaks were so broadened upon binding that
they blended into the baseline.”” The sensitivity of ITC is a
double-edged sword, because ITC detects all sources of
enthalpy change upon injection, including solvent mixing and
side reactions, which may make it difficult to isolate only the
signals from the heat of binding. In the Methods section, we
describe the control experiments and precautions we under-
took to extract reliable ITC data.

Figure 3 shows the ITC binding characterization for MV**
and MVPO;. The positive peaks in the MV>" thermogram
(Figure 3A) indicate exothermic (enthalpically favorable)
binding. The sharp, single peaks suggest that the binding
reaches equilibrium fairly quickly after each injection and that
there is a single binding mechanism without side processes
releasing significant heat. Individual replicates for MV>*
binding were consistent (Figure S4). The thermogram for

MVPO, (Figure 3B) is more complex—while the peaks are
still predominantly exothermic they do contain an endothermic
component, which is most visible in the peaks between 1000
and 1300 s. This behavior is consistent with the presence of
two distinct binding modes between CdSe QDs and MVPO;,
one of which is exothermic and the other endothermic. The
negative (endothermic) peak consistently appears after the
positive one, suggesting that the endothermic binding process
is slower to reach equilibrium than the exothermic one. The
endothermic peaks are not observable at low titration ratios,
likely because the initial exothermic signal is so strong it
obscures the other mode. However, the exothermic mode also
appears to saturate at lower mole ratios than the endothermic
mode, allowing the endothermic signal to be revealed at higher
concentrations. Despite this complex shape, the data was
consistent across replicates (Figure SS) and had clean controls
(Figure S6).

Figure 3C shows the integrated isotherm for the MV**
titration. It fits well to the Langmuir—Wiseman isotherm
model, which assumes independent adsorption events to
identical sites until the binding sites are saturated. This model
is well established in the literature for the adsorption of organic
ligands to NC surfaces,”>*"% and yields values for Ky, n,.,
and AH (Table 1). The K; of 32 + 2 uM is comparable to that
estimated by PL quenching for other viologen—QD
systems.””’* Tt indicates relatively strong bonding and is in
the same order of magnitude as K4 values for many covalently
bound ligands, suggesting a strong attraction between CdSe
QDs and MV?**.°"°® We found n,, to be 22 + 2. The
extracted value of AH is —20 + 1 kJ mol™’, which is in the
same order of magnitude as many previously studied QD—
ligand systems.***>%”

The two binding modes of MVPO; that are observed in the
thermogram (Figure 3B) are more apparent in the integrated
isotherm (Figure 3D). The formation of the peak at 17:1
MVPO;/QD ratio requires the existence of both an
endothermic and an exothermic process.58 To fit the data,
we used a sum of two Langmuir—Wiseman isotherms, one
exothermic and one endothermic, each corresponding to a
different attachment mode. Figure 3D shows the overall
binding model as a solid line that passes through the data as
well as the two component isotherms. The exothermic
component is simulated as the dashed line “Fit 1” and the
endothermic component is simulated as the dotted line “Fit 2”.
For the exothermic component, we obtain fit constants of K4 =
99 + 2 uM, n,,. = 11 + 1, and AH = —47 + 6 k] mol™. For
the endothermic mode we get K4 = 10 + 8 uM, n,, = 18.1 +
0.7, and AH = 11 + 7 kJ mol™.

Given that MV** only experiences face-on binding and has a
negative AH, we hypothesize that the exothermic component
of the MVPOj; thermograms reflects a similar face-on mode.
We observe a higher K; (meaning weaker binding) and lower
flmex i the face-on binding of MVPO, than in MV** (Table 1).
This may be due to increased steric hindrance from the
presence of the relatively bulky phosphonate group. Electro-
static repulsions with the negative charges on the phosphonate
and MPA surface ligands may also play a role. The difference
in AH may also be attributable to these interactions.

We assign the endothermic component of the CdSe QD—
MVPO; ITC to a ligand-like binding mode shown in Figure 1.
For this component, we observe stronger binding (lower Ky)
than for the face-on binding in MVPO; or in MV**, This is
consistent with our expectation that the covalent bond of the
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Figure 3. ITC characterization of CdSe QD-viologen binding. (A, B) Representative thermogram of 29 uM aqueous solutions of QDs titrated with
(A) MV** and (B) MVPO;. (C) Integrated isotherm of MV*" titrated into QDs best fit to the Langmuir—Wiseman isotherm model, indicating one
set of identical independent binding sites. Data shown are the average of three replicates with error bars indicating one standard deviation
(individual trials are shown in Figure S4). (D) Integrated isotherm of MVPO; titrated into QDs with best fit to a sum of two Langmuir—Wiseman
isotherms (solid line). Each component of the two-component isotherm is shown as a dashed (exothermic) or dotted (endothermic) line. Data
shown are the average of three replicates with error bars indicating one standard deviation (individual trials in Figure SS).

Table 1. Thermodynamic Parameters from ITC Data Fitting”

sample and binding mode Ky (uM) fmax (# bound per QD) AH (J mol™) AG (K mol %) AS (J mol 7' K 1)
MV** (only face-on) 32+2 22 +2 20+ 1 —25.6 + 0.2 19+ 4
MVPO; face-on 9 +2 11+1 47 + 6 —22.86 + 0.04 —80 + 20
MVPO; ligand-like 10 £ 8 18.1 £ 0.7 11+7 -29+3 130 + 30

“Analysis was conducted on the average of three replicates. Uncertainties are 95% confidence intervals from fit. Ky, n1,,,,, and AH are fit directly,
whereas AG and AS are derived from the directly fit parameters using their thermodynamic relations.

ligand-like mode would be stronger than the face-on with the existing MPA ligands or with ligand-like binding for
electrostatic adsorption. We obtain a AH of 11 + 7 kJ sites.”> The ligand-like mode binds through Cd?*, which is also
mol™!, indicating the binding is weakly endothermic. where MPA is thought to bind,”” suggesting that this process
Endothermic binding has been observed in prior litera- could be a competitive ligand exchange. However, such a
ture®®”>7® and could occur here due to rearrangement of the mechanism is not consistent with the data. The relatively low
solvation shell upon binding,”’ reconstruction of the QD e SUggests that only a relatively small fraction of the surface
surface,””® disruption to the existing MPA ligand layer due to Cd atoms can be occupied by MVPOj,, despite the fact that the
interactions with the comparatively large viologen mole- K, indicates binding that is quite strong. Prior work has shown
cule,’"* or changes to the protonation state of MVPO, that exchanging a phosphonic acid for MPA is thermodynami-
upon binding to the QD. The endothermicity suggests that cally favorable.®” Thus, if MVPO, were replacing MPA ligands,
the spontaneous binding of MVPO; in its ligand-like the result would be a relatively high K4 but it would eventually
conformation is driven by the entropy of creating a mixed be able to displace most MPA at high concentrations. Instead,
ligand layer. Calculated entropy values (Table 1) are consistent our data shows a strong binding, which saturates abruptly at
with this, revealing the AS of the MVPO; ligand-like mode to ~18 ligands/QD; this is more consistent with a process where
be 130 J mol™" K, which is the only ITC component MVPO; is binding to Cd** sites that are already under-
measured to have a significant positive entropy. As we show in coordinated owing to incomplete MPA surface coverage.
the next section, the ITC data provides input parameters for Importantly, as described later in the text, TA data for the
analyzing the ET kinetics probed by TA spectroscopy, allowing QD—MVPO; system cannot be described well with a ligand
us to determine the ET rate constant for each binding mode. exchange model either.

We have considered modeling the phosphonate binding We additionally considered the possibility that MVPO,
mode as a ligand exchange,”®” rather than adsorption but binds through the phosphonate and bipyridine rings
multiple observations conflict with this interpretation so we simultaneously, facilitated by flexibility along the carbon linker,
decided against it. Face-on binding occurs primarily through as has been previously observed in perylenediimide accept-
Se’” ions, meaning we do not expect it to directly compete ors.”’ However, the difference in 7, between the face-on and

G https://doi.org/10.1021/acs.jpcc.5c00740

J. Phys. Chem. C XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c00740?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c00740?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c00740?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c00740/suppl_file/jp5c00740_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c00740/suppl_file/jp5c00740_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c00740?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c00740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
10 :
O oo . R IA 102 200 x10¢ C
To00f edpan iy i
g "k_,,n 3 ‘w.,,_\;,-: con o IR A x é
° 4 Wavelength (nm) 0 50;) o 7 70
600 0 00
<<E 04 | ’ﬁ | < _A ] I V;ivelength (nm) N
/e QD o1y 188 s
wun QD only 100 ps y — QD only 1 ps
= MV2*/ QD (10:1) 1 ps = QD only 100 ps
-102/ wun MV2+/ QD (10:1) 100 ps 102 —MVPO,/QD (10:1) 1 ps
----- MVPO,/ QD (10:1) 100 ps
) 1 1 1 I 1 1 1
550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm)
1.2 1.4
eaDONy [B : © QD Only
<104 .- MV2+/QD (1:1)|— < 12 MVPO,/QD (1:1)|Q
g e MV2/QD (10:1) | ® MVPO,/QD (10:1)
50817 TN © MV2+/QD (30:1) 1.01  omeges © MVPO,/QD (30:1)
806 % eMV=/QD (100:1)| B ggd ® MVPO,/QD (100:1)
N 0.6 % N
© T 0.6 4
£041 € 044
o J o
> 0.2 202
0.0 0.0 4
104 10° 102 10" 10° 10 10¢  10° 102 10" 10° 10
Time (ns) Time (ns)

Figure 4. TA spectroscopy data of aqueous CdSe QDs with MV** and MVPO;. (A) TA spectra of CdSe QDs alone (red) and CdSe QDs with
MV**/QD at a 10:1 ratio (black) at 1 ps (solid lines) and 100 ps (dotted lines) after 480 nm pump excitation. The inset shows a zoomed in region
to visualize the MV*® feature. (B) Kinetics of the bleach decay at 570 nm for CdSe QDs alone (red) and CdSe QDs with four different
concentrations of MV>" (gray—black) normalized at their maximum value. The data are shown as dots and best fits to eq 5 are shown as solid black
lines. (C) TA spectra of CdSe QDs alone (red) and CdSe QDs with MVPO,;/QD at a 10:1 ratio (green) at 1 ps (solid lines) and 100 ps (dotted
lines) after pulsed 480 nm laser excitation. The inset shows a zoomed in region to visualize the MVPO;* feature. (D) Kinetics of the bleach decay
at 570 nm for CdSe QDs alone (red) and CdSe QDs with four different concentrations of MVPOj; (light green—dark green) normalized at their
maximum. The data are shown as dots and best fits to eq 6 are shown as solid black lines.

ligand-like binding modes, as well as the different time scales of
their occurrence, indicates that they are not correlated. Given
that the model of two independent binding modes fits the ITC
data, and the TA data later in the text, our results do not justify
invoking a third binding mode that couples the two existing
modes, or other similarly complex scenarios. Additionally, we
do not see any evidence of aggregation-induced spectral
changes or ET slowing at high MVPO; concentrations, which
were observed in the perylenediimide system.*’

In summary, for MV>" binding we observe one binding
mode, consistent with the previously established face-on
binding. For MVPO; we observe two binding modes, which
we hypothesize are due to a face-on binding mode and a
ligand-like binding mode through the phosphonate group. The
fraction of molecules bound in each of the binding modes is
determined by their respective dissociation constants, which
are shown later for use in the analysis of the TA data.

Electron Transfer from CdSe QDs to MV?*. After using
ITC to examine the binding landscape, we set out to
understand how these binding phenomena impact ET to
MV* and MVPO; as detected by transient absorption (TA)
spectroscopy. Figure 4AB shows the results of the TA
measurements for ET from CdSe QDs to MV?*. UV—visible
absorbance spectra of the corresponding samples, before and
after TA spectroscopy experiments, are shown in Figure S7.
The samples were excited at 480 nm to minimize direct
excitation of MV?* (Figure S2). The pump power was chosen
to minimize the formation of multiexcitons and the samples
were stirred continuously under rigorously air-free conditions
(see Methods for details). Figure 4A shows AA spectra of
aqueous CdSe QDs with 0:1 (red) and 10:1 (black) MV**/QD
ratios at 1 ps (solid) and 100 ps (dotted) after excitation. We
observe three main features in the CdSe QD-only spectrum: a

bleach at 570 nm associated with electron occupancy of the
CdSe QD conduction band, a positive peak at 610 nm
associated with hot carrier cooling, and a weak, broad feature
from ~600 nm to the red edge of our detectable signal (%750
nm) associated with trapped holes.””*** In samples containing
MV?** (black lines) the MV'® feature appears as an induced
absorption at S00—700 nm (Figure 4A). The bleach feature is
by far the strongest. It provides information about the excited-
state lifetime of the CdSe QDs, and reports on electron
relaxation processes, such as electron—hole recombination and
electron trapping.”**”*" We therefore use it to quantitatively
analyze ET kinetics below. In the analysis of the kinetics, the
overlapping contributions of the QD and MV** signals were
accounted for as described in the Methods section.

In the CdSe QD-only sample in Figure 4A, the bleach decay
is slow compared to the samples where MV?* is present; after
100 ps the peak intensity is still above 80% of its original value.
The addition of MV?* introduces ET as another pathway by
which the electron can leave the conduction band which
competes with the intrinsic CdSe QD relaxation processes.>**
The transfer to MV>" is quite fast; at 1 ps the bleach peak for
the sample with MV?* is ca. 50% that of the CdSe QD alone,
and by 100 ps the bleach has completely decayed (Figure 4A).
The decay of the CdSe QD bleach and rise of the MV** feature
occur on the same time scale (Figure S8). This indicates that
the significant shortening of the QD electron decay time is due
to ET to MV?>*. This ultrafast ET from CdSe QDs to MV>" has
been observed previously and has been attributed to the
intimate binding in the face-on mode.****>**3%

In Figure 4B, we plot the intensity of the 570 nm bleach
signal as a function of pump—probe delay for CdSe QD
samples with § different MV**/QD molar ratios: 0:1 (CdSe
QD-only), 1:1, 10:1, 30:1, and 100:1, with the CdSe QD
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concentration held constant at 10.6 M. Some of the bleach
decay occurs within the instrument response function (IRF) as
shown in Figure S9. Hence, we normalized the bleach intensi
at the maximum value of each kinetic trace (=1 ps).”>>"*
Although the MV** signal is minuscule at 570 nm compared to
the strength of the QD bleach, its intensity increases as the QD
bleach decreases (both owing to ET), so we rigorously
removed the MV'® contribution to the 570 nm bleach
following previously established procedures’' as described in
the Methods section.

For quantitative analysis of the ET kinetics, we start with the
assumption that all changes to the CdSe QD electron decay are
due to ET and not other pathways, as justified above.’*
Therefore, the decay of the QD—MV?** samples can be
described as a product of QD-only decay (which includes
electron—hole recombination and electron trapping) and decay
owing to ET to MV*".** We only seek to analyze this second
factor in the product, thus the QD-only decay was best fit with
a sum of four exponentials, as described previously,”” and was
not interpreted further (eq S1 and Table S1). This factor
accounts for all electron decay processes internal to the QD,
including electron—hole recombination and electron trapping,
and was then held constant for all the samples containing
MV?****” To model the decay component due to ET, we
multiply the QD-only factor by a model that has been well
established for ET from QDs to molecules, including
\riologens.22’28’37’85 The model assumes a Poisson distribution
of bound MV** and is expressed as

S(H)er vy = exp [(N) X (e7tf — 1)) (5)

where Sgr\py is the TA decay component due to ET, (N) is the
average number of MV** molecules bound to each QD, and t is
the time since excitation. The Poisson distribution of acceptors
arises because the probability of an acceptor being bound is
independent of whether one is already bound.”*** The choice
of this model is discussed further in Section S10 and compared
to a binomial distribution in Figure S10.

The Poisson-distribution model for ET has two variable
parameters, the average number of viologens bound ({(N)) and
kgr. Allowing both parameters to freely vary can lead to
difficulties deconvoluting the impact of each parameter on the
observed rate and they can be correlated.”” Instead, we
calculate (N) at every concentration based on the information
derived from ITC (eqs S2—S5) and fix this parameter (Table
2). This leaves kg as the only adjustable parameter. As shown
in Figure 4B, this constrained Poisson model fits the data quite
well and the best fit gives an intrinsic kgy of (2.4 + 0.7) X 10'°
s™". This value is the average of kyy obtained at the four MV**
concentrations, which are shown in Table S2. It is comparable
to those observed in prior literature.””*>*"* Incidentally,
letting both kgp and (N) float gives similar best-fit values for all

Table 2. (N) Predicted by ITC Data for Each Viologen
Mode

(N)
viologen/QD MV?** (only face-  MVPOj; face-  MVPO, ligand-
ratio on) on like
1:1 0.87 0.057 0.89
10:1 8.2 0.86 8.3
30:1 17 5.2 16
100:1 21 9.6 18

parameters (Figure S11 and Table S3). Overall, our analysis of
ET in CdSe QD—MV?*', constrained by the binding
parameters from ITC, yields results that are similar to the
literature precedent. This validates our methodology and
provides a jumping-off point for understanding the impact of
the more complex binding landscape for MVPO; on its ET
profile.

Electron Transfer from CdSe QDs to MVPO;. To
characterize ET kinetics from CdSe QDs to MVPO; and
compare them with those for MV**, we carried out analogous
TA measurements at the same concentrations. Figure 4C
shows the AA spectra for aqueous CdSe QDs with MVPOj; at
0:1 and 10:1 MVPO; to CdSe QD molar ratios. The spectra
contain the same features as observed for the MV** + CdSe
QD data shown in Figure 4A. Even before kinetic analysis, it is
clear that the impact of MVPOj; on the CdSe QD kinetics is
smaller than that of MV?*. The 570 nm bleach is not quenched
as strongly for MVPO;; unlike with MV**, there is still some
bleach signal remaining at 100 ps. Similarly, the MVPO;™*
feature is slower to grow in and of smaller magnitude for
MVPO, than for MV** (Figures 4C and 5). Both these
observations suggest that ET from CdSe QDs is slower to
MVPO, than to MV?**,

MV2+/ QD (30:1)
MVPO,/ QD (30:1)

=}
1

Normalized AA
¢

©
=

I | T T | | | [ [
103 102 10" 10° 10' 102 10°® 10* 10°
Time (ns)

Figure S. Kinetics of the reduced-viologen feature (averaged over
660—690 nm). MV**/QD (30:1) data is shown as light gray and
double exponential fit is shown as black. MVPO;*/QD (30:1) data is
shown as light green and triple exponential fit is shown as dark green.
All fitting was done on the raw data shown in Figure S16. The kinetic
traces shown here were smoothed using a five-point moving average
to reduce noise in the visualization.

The ET kinetics from CdSe QDs to MVPO; were obtained
in the same fashion as for MV*". The TA signal was extracted
at 570 nm and the CdSe QD-only decay was fit to four
exponentials (Figure 4D). For our kinetic analysis we again
assume that the binding of MVPO; does not impact the
intrinsic QD kinetics and only adds an ET pathway. To justify
this assumption, we show that the decay of the 570 nm bleach
and the rise of the MVPO;™* occur together, confirming that
ET to MVPO; is the primary process by which the conduction
band electron decays (Figure S12). Given that ITC reveals two
distinct modes by which MVPO; can bind to the CdSe QDs
and that the data in Figure 4D cannot be fit with the model in
eq 5 (Figure S13 and Table S4), we model the data with two
distinct ET pathways, one for each binding mode. We assume
that the population of QD—acceptor species, in each binding
mode, can be described with a Poisson distribution. This
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scenario has been considered previously, resulting in the
derivation of eq 6, which has been used when there were two
different, independent, pathways of electron decay, each with a
Poisson distribution of acceptors.”**”**

S(t)ET,MVPO3 = exp[(NN}) X (e7keret _ 1))
X exp [(Np) X (™o — 1)] ©)

where (Np) and (N) refer to the average number of MVPO,
bound in the face-on and ligand-like conformation respectively,
and kgy¢ and kg, are the rate constants for ET to MVPO,
bound in the face-on and ligand-like mode, respectively. We
determine (N) for each mode from the ITC data (Table 2 and
eqs S6—S12) and keep these values fixed in data fitting.

This model fits the TA data remarkably well (Figure 4D),
leading us to conclude that adding more complex scenarios
with additional adjustable parameters is not justified. Our
analysis reveals that kgre= (1.5  1.0) X 10" s™" and kgry = (3
+ 4) X 107 s'. Consistent with observations from ITC, the
value of kg is within the error of the value obtained for the
CdSe QD—MV?*" complex. This supports the assignment of
the minor binding mode in ITC as the face-on mode and
suggests that functionalization of MV>" does not significantly
impact ET through the face-on binding conformation. More
interestingly, kgr) is 3 orders of magnitude slower than kgr
observed for the face-on binding mode. We hypothesize that
the much slower rate constant for ligand-like binding is caused
by the increased distance between the surface of the CdSe QD
and the bipyridine ring, which is the electron accepting part of
the molecule, when compared to the intimate contact in the
face-on mode.”'>****77% Density functional theory has
estimated that face-on adsorption binding results in 2.9—3.3
A between the QD surface and MV?*" molecule, which is
shorter than the length of the linker in MVPO; which we
estimate to be around 6 A.°*>> Ultimately, the reason that
overall ET to MVPO; is slower than to MV?*' is that a
significant fraction of molecules are bound in the ligand-like
conformation, which exhibits a slower rate constant for ET. It
is unlikely that this slow component of ET would be
attributable to collisional ET with unbound MVPO,, as
MV?*" has a greater unbound fraction based on ITC (Table
2), but does not show this slower component of ET.

As an additional control, we collected TA data in the
presence of ethylphosphonic acid, which may bind through the
phosphonate similar to MVPO; but cannot accept electrons.
This molecule did not significantly change the dynamics of the
CdSe QD bleach decay at early times that are most relevant to
ET (Figure S14). Phosphonate adsorption may contribute
some lifetime lengthening owing to electron trap passivation at
later times (after ET), as seen in Figure S14, which would
make kpr; somewhat of an underestimate of the true value.
However, the data does not justify adding more parameters to
the model so we use the value from the fit to eq 6 as our best
estimate of the kgr).

We also tested a model for ET to MVPOj; that assumes that
the ligand-like binding requires a ligand exchange instead of
adsorption. In this method, Kj; is not a true dissociation
constant, but instead is an effective constant (K_p...eq) that can
be used to approximate a ligand exchange equilibrium constant
(K.,) by the relation: K, = n,,,, X [QD]../ Kopeerveq->>%7 This
model fails to fit trends in the TA data, offering further
evidence that our model of MVPO; binding to exposed surface

sites is a more accurate picture of this system than an exchange
of MPA for MVPO; (Figure S15 and Table SS).

Overall, the success of using binding information from ITC
as fixed parameters to analyze the TA in concert with the
reasonable values of kgp obtained for the different binding
modes lend confidence to our approach to revealing how
synthetic modification of the electron acceptor impacts ET
kinetics.

Charge Recombination in CdSe QD-Viologen Com-
plexes. While the efficiency of forward ET is important for
potential photochemical applications, so is the lifetime of the
resulting charge-separated state(s). The time scale for BET—
the time it takes for the electron to transfer from the reduced
acceptor molecule back to the oxidized CdSe QD—needs to
be long enough to accumulate the stoichiometric charge
required for fuel formation, which may be difficult under
conditions such as low light intensity, poor absorptance per
NC, and large number of electron-accepting catalysts.”**"*~%¢
Even for single electron-accepting molecules like viologens,
which have been used as electron shuttles,*®®’ increasing
charge-separated state lifetime is critical to achieving the
desired reactivity. Given that MVPO; exhibits a slower rate of
ET than MV?>* due to the increased distance of the bipyridine
from the CdSe QD surface, we expect that BET will also be
slowed.

To study the kinetics of BET, we examined the TA signal for
the reduced-viologen feature of MV*"® and MVPO,~". Figure 5
shows the extracted kinetics for the aqueous 30:1 viologen/QD
samples. The decay of the reduced-viologen feature for MV**
was best fit to a double exponential (eq S17) from which we
extracted an amplitude-weighted average lifetime, (z.) (eq
S$18), of 0.51 =+ 0.02 us (full fit values in Table S6).>” Due to
its short duration, the early (<S50 ps) decay does not contribute
meaningfully to the average lifetime—if we include this fast
component in the data fit, we still get () = 0.51 + 0.02 pus.
To facilitate comparison with the MVPO;™* signal, we start the
fit when its rise is complete, at 45 ps. The MVPO;™* sample
appears to decay similarly to MV*® at earlier times (<10 ns)
but has a component that extends out to longer times. We
hypothesize that, similar to ET, the BET process has two
components associated with the two binding modes. The
kinetics associated with the face-on mode are similar for the
two molecules while the ligand-like mode potentially has
different kinetics. We therefore fit the decay of the QD—
MVPO;™* sample to a triple exponential. The first two time
constants were held at values extracted from the data for MV**,
while the third was allowed to float. By allowing all three
amplitudes to float, a time constant for the slow component
was best fit to a value of 19.4 + 1.0 us, resulting in () = 19.0
+ 0.2 ps. This is a 37-fold increase in charge-separation-state
lifetime as compared to conventional MV?*, This result shows
that alteration of the binding geometry can be used to tune
both ET and BET. The slowing of both forward and reverse
ET rate constants is consistent with our hypothesis that the
separation distance between CdSe QD and the bipyridine
group is a key driver of the rate of interfacial electron transfer
in this system, and that by increasing that separation distance,
both directions of charge transfer are slowed.

Interplay of ET and BET Kinetics in Light-Driven
Chemistry. With both ET and BET slowed down in the
ligand-like binding mode of MVPO;, it is not immediately
obvious whether this is better or worse for reactions that use
the electrons transferred to viologens than the face-on-binding
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of MV?" and the associated relatively fast ET and BET. MV**
has been demonstrated as an efficient redox shuttle to move
electrons from a photoabsorber, such as NCs, to another
destination, such as a catalyst,”®”” and here we consider such a
reaction. To address the interplay of the ET and BET rates in
these systems, we built a kinetic Monte Carlo (kMC)
simulation that simulated the quantum yield (QY) of electron
extraction—that is the fraction of excited electrons in the QD
that are shuttled to the intended destination—for QDs
combined with MV** and MVPO;,. Figure 6A shows a scheme
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Figure 6. Kinetic Monte Carlo (kMC) simulation of a hypothetical
electron shuttling process. (A) Schematic of kinetic processes studied
by the simulation. (B) Results of a kMC simulation studying QY of
electron extraction (left axis) vs kg for a 1:1 ratio of viologen/QD
for both MV** (black) and MVPO, (green). To better visualize the
fractional improvement, we also plot the ratio of QYs obtained with
MVPO; and MV** (dark blue trace, right axis). We observe three
regions in the kg, . dependence: k. is too slow for either viologen
to get a significant QY (red), kg is competitive with kggr and thus
a slower BET rate constant improves QY (yellow), and ke is
sufficiently large to outcompete BET in both molecules and thus the
ET efficiency is the driver for QY (blue).

of the processes simulated. The simulation inputs draw from
our experimental results wherever possible: MV** is bound in a
Poisson distribution with an (N) described in Table 2 and a
kg from TA modeling, MVPO; has fractions bound as both
face-on and ligand-like where the (N) and kgy for each mode
are similarly derived from the experimental data. The
electron—hole recombination rate constant (k,) and kppy are
modeled as single rate constants using the amplitude weighted
average of their respective multiexponential fits, and kg, is
an independent variable. The simulation assumes a sufficiently
low excitation rate that only one electron is excited at a time
and recombines with a hole before the next excitation.

Figure 6B shows the results of the simulation over a range of
potential rate constants for the process of shuttling the electron
from the viologen to its next destination (k) for a 1:1 ratio
of viologen/QD. The simulation reveals that MVPO; has a
significantly higher QY of electron extraction when kg, is
relatively competitive with kgpr, approximately 10°—107 s
The extension of the charge separated lifetimes significantly
improves its ability to shuttle electrons to a catalyst before BET
occurs, and this effect is strong enough to outweigh the impact
of receiving electrons less efficiently. In fact, the difference in
the forward ET efliciency between the two viologens is quite

minimal. For samples with QDs and MV?*, we calculate that
58.2% of electrons are transferred (although for each MV**
bound, ET is 100% efficient, many QDs do not have any MV**
bound at this mixing ratio). For MVPO; this forward efficiency
is only slightly worse: 56.3% of electrons are transferred in the
overall ensemble (92.4% in the QDs with MVPO; bound)
because even this slower ET is competitive with other electron
relaxation pathways. For very small values of k. (<1000
s™") the QY is ~0 for both viologens as neither reduced form
lives long enough to shuttle the electron before BET occurs.
However, for kg .. in the moderate range, MVPO; has a
significantly higher QY of extraction than MV**, over 30 times
improvement at the slower end of the moderate range and
approaching 1 as kg, increases. For very high values of kg,
(>10°) the BET rate also ceases to matter, as nearly all
electrons that reach the viologen will be shuttled; in this
regime, MV?* does act as a minimally more efficient electron
shuttle than MVPOj; because it accepts electrons from the QD
just slightly more efficiently. Note that the simulation accounts
for the small fraction of MVPO; that is bound in the face-on
configuration, showing that perfect selectivity for one binding
mode is not necessary to achieve significant performance
improvements. To better visualize performance improvements
we plot the ratio of the QY of electron extraction for MVPO;/
MV?** (Figure 6, dark blue trace, right axis). These results show
that the balance of ET and BET kinetics obtained with MVPO,
is beneficial over a wide range of reaction scenarios. Overall,
the BET contributes more strongly to the difference observed
between the two viologens, as the forward ET efliciencies are
not as significantly different.

B CONCLUSIONS

We synthesized a novel viologen derivative containing a
phosphonic acid for binding to CdSe QDs with similar
electrochemical properties as MV**. A ligand-like binding
mode via the phosphonate group was identified using ITC and
found to be stronger than the face-on binding of the bipyridine
group, but not sufficiently selective to be the exclusive binding
mode. Ultrafast TA spectroscopy data, analyzed using binding
information from ITC, showed that the rate constants for
photoinduced interfacial ET from CdSe QDs to surface-
anchored MV** or MVPO, bound via the face-on mode were
similar, while the ET rate constant for surface-anchored
MVPO; bound via the ligand-like mode was 3 orders of
magnitude slower. Recombination via BET to the oxidized
CdSe QD was also slower from MVPO; * as compared to
MV™*, extending the lifetime of the charge-separated state by
more than 30-fold. Using numerical simulations, we showed
that the ET and BET kinetics with MVPO; increase the
quantum yield of reactions that use the electron on the
bipyridine group when their rate constants are in the ranges of
10°-107 s™'. Our work contributes to the development of
NC—molecule donor—acceptor systems with controlled charge
transfer kinetics by revealing detailed binding information that
allows for the determination of ET rate constants for distinct
attachment geometries and by predicting the impacts of those
kinetics on downstream reactions that use the photogenerated
electrons.
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