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ABSTRACT: Transient absorption (TA) spectroscopy of solu-
tion-phase mixtures of colloidal CdS quantum dots (QDs) with
acid-derivatized viologen molecules, N-[1-heptyl],N’-[3-carboxy-
propyl]-4,4'-bipyridinium dihexafluorophosphate (V>"), in-
dicates electron transfer occurs from the conduction band of
the QD to the LUMO of V> after photoexcitation of a band-
edge exciton in the QD. Analysis of the magnitude of the
ground state bleach of the QD as a function of the molar ratio
QD:V*" yields the QD —ligand adsorption constant, K, (4.4 x
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10* M) for V> ligands adsorbed in geometries conducive to electron transfer. The value of K, together with the measured
rates of (i) formation of the V* electron transfer product and (ii) recovery of the ground state bleach of the QD, enables
determination of the intrinsic rate constant for charge separation, kcgine ~ 1.7 X 10" s, the rate for a single QD—V2+
donor—acceptor pair. This analysis confirms previous reports that the number of ligands adsorbed to each QD is well-described
by a Poisson distribution. This is the first report where the QD —ligand charge transfer and binding equilibria are quantitatively

investigated simultaneously with a single technique.

B INTRODUCTION

This paper describes a transient absorption (TA) study of
photoinduced electron transfer (PET) within colloidal CdS
quantum dot—viologen (QD—V*") complexes. We outline a
method to use a single TA experiment to (i) quantitatively
determine the average number of ligands adsorbed in geometries
that permit electron transfer (“PET-active geometries”) per QD
at equilibrium (we denote this quantity 1) and (ii) identify the
intrinsic rate constant for PET, kcg ;,, the charge separation (Cs)
rate constant for a single QD-V** donor—acceptor pair. We
determine A and kcg i by simultaneously measuring the rate of
formation of the V** radical cation and the magnitude of the
recovery of the ground state bleach in the TA spectrum of the
QDs upon PET from the conduction band of photoexcited CdS
QDs (radii = 1.9—2.3 nm) to the viologen derivative N-[1-
heptyl],N'-[3-carboxypropyl]-4,4’-bipyridinium  dihexafluoro-
phosphate (Chart 1). Other groups have observed PET between
QDs and various organic molecules," ! organometallic
complexes,"” and TiO, nanoparticles,”> ™" but little progress
has been made in mapping the structural and chemical parameters
of the QD —surfactant interface to the PET rate, or in developing a
mechanistic understanding of this heterogeneous PET process.
One difficulty in studying PET dynamics in QD—ligand systems
is that the PET rate constant observed when multiple redox-active
ligands are bound to each QD includes a statistical factor due to
the presence of multiple PET pathways."” It is therefore necessary
to isolate the influence of interfacial structure on kcg nc from its
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influence on this statistical factor in order to interpret the
observed PET rate, kcsobs: Knowing the average number of
ligands adsorbed per QD in PET-active geometries permits the
measurement of kcgiy and thus enables the study of PET
dynamics as a function of various interfacial properties.

In addition to facilitating the determination of kcg i, measure-
ment of A through analysis of the ground state bleach of the QD
allows us to calculate an adsorption constant, K, for the QD—V2+
system; this analysis is therefore a means to compare the adsorp-
tion strengths of ligand headgroups, when the headgroups are
bound to redox-active moieties that act as a probe of the adsorption
event. Not every adsorption event necessarily produces a PET-
active QD—ligand configuration, so the value of K, we derive from
this analysis may not equal the value obtained from, for example,
NMR, in which chemical shifts of the ligands may be sensitive to
formation of non-PET-active QD—ligand complexes.”® Our TA-
based method is therefore complementary to other methods for
measuring K,; however, because the signal we use to measure K,
with TA arises directly and only from electron transfer, this signal
will always be present in exactly the systems one wants to study for
PET, and is the only value of K, that allows us to calculate kcg in
(methods not specifically sensitive to PET-active configurations
would yield artificially high values of K, for this purpose).
Furthermore, the method we present for measuring K, has several
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Chart 1. N-[1-Heptyl],N'-[3-carboxypropyl]-4,4'-bipyridi-
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distinct advantages over other types of measurements of equilib-
rium adsorption constants for QD—ligand systems: (i) Unlike
NMR*'**and IR, our method uses spectroscopic signals from the
QD, not the ligand, to determine the number of bound ligands; we
can therefore use low concentrations of ligands (as few as one
ligand per QD, a 2 uM solution of ligands in this study) to measure
K.. (ii) Also distinct from NMR and IR, our method for measuring
K, does not rely on small changes in signals from ligands upon
association with the QDs; often signals from bound ligands are
obscured by much larger, overlapping signals from free ligands.
(iii) Unlike ICP and XPS,** 7 our method does not disrupt the
equilibrium between QD and ligand upon measurement of bound
ligands, so we get a true measurement of K,.

One strategy for estimating kcg ine without measuring K, for a
particular QD-ligand system is to prepare samples of QD —ligand
complexes in a solvent in which the QD is soluble but the ligand
is insoluble, and assume that all ligands in the dispersion are
bound to the QDs." This strategy, however, severely restricts the
solvent systems and the QD/ligand combinations available to
study. Our method not only circumvents the independent
measurement of K, but also accommodates any solvent system
in which the QD and ligand can achieve equilibrium.

Previous analyses of electron transfer” and energy transfer”®
dynamics in colloidal QD —ligand systems as a function of ligand
concentration rely upon variations of the kinetic model devel-
oped by Tachiya.”” In this model, the electron transfer dynamics
are described by a sum of exponential functions, where each
exponential component corresponds to a population of QDs
with a certain number of bound ligands, n. The amplitude of a
given component corresponds to the fraction of QDs in the
sample with n bound ligands, and the decay rate of that
component is a factor of n times the intrinsic rate of electron
transfer. Assuming the number of ligands per QD follows a Poisson
distribution, the infinite sum of exponentials converges and the
resulting function is used to fit the kinetic data. Some variations of
this method include terms for relaxation of the excited state of the
QD through pathways that compete with the electron transfer
process or terms that allow for diffusion of the quenching ligands
on or off of the surface of the QD during the lifetime of the excited
state. Ultimately, the purpose of this model is to extract both
the mean number of adsorbed ligands, A, and the intrinsic
(independent of ligand concentration) rates of relaxation of the
excited state of the QD from the relaxation dynamics. Here, we
employ the Tachiya model to find the concentration-independent
rate of QD-to-ligand PET (kcs,int). We find that, for this particular
system (CdS—V>"), reducing the number of free parameters in
the kinetic fit function (by determining A from the amplitude of the
ground state bleach of the QD as a function of the concentration
of free V** ligand) is necessary to achieve robust and physically
meaningful values of kcgine.

Experimental Design. We chose N-[1-heptyl],N'-[3-
carboxypropyl]-4,4'-bipyridinium - dihexafluorophosphate (V>")
(Chart 1) as the electron-accepting ligand because the closely

related methyl viologen dichloride (MV*") molecule has a well
characterized reduction potential and radical cation (MV**)
spectrum, and has been shown to participate in ultrafast
(70—1000 fs) electron transfer with colloidal CdS and CdSe
QDs under a wide variety of experimental conditions.**” > Rapid
electron transfer is important in this experiment because we
require that PET outcompete relaxation pathways for the photo-
excited electron that would prevent ET, such as radiative recom-
bination with the hole, which occurs on the nanosecond time scale.
We used the hexafluorophosphate salt of V>* (Chart 1) instead of
the commercially available MV>* because we wanted the ligand to
be soluble in solvents compatible with the QDs, and because we
plan, in future studies, to explore the functional dependence of the
PET rate on the ligand’s coordination group, linker length, and
adsorption geometry. A quantitative analysis of these phenomena
requires a technique to measure A and kcg i, for a series of viologen
derivatives; this paper describes that technique.

B EXPERIMENTAL METHODS

Synthesis of N-[1-heptyl],N'-[3-carboxypropyl]-4,4 -bipyr-
idinium dihexafluorophosphate (V™). All reagents were pur-
chased from Sigma Aldrich and used as received. We synthesized V>*,
Chart 1, using a modified literature procedure.”” Adding 0420 g of
1-heptyl-4-(4-pyridyl) pyridinium bromide and 0.680 g of ethyl-3-bromo-
propionate to 10 mL of acetonitrile (ACN) and refluxing with stirring
under a nitrogen atmosphere for 3 days produced a yellow suspension.
We filtered and washed the suspension with three 10 mL portions of
diethylether (Et,0) and then dissolved it in 2 mL of 2 M HBr. After
3 days under open atmosphere, the HBr solution was evaporated leaving a
viscous brown liquid. Adding 10 mL of Et,O to the remaining brown liquid
produced a yellow suspension. We filtered the yellow precipitate, dissolved
it in $ mL of deionized water, and treated the solution dropwise with a
concentrated solution of ammonium hexafluorophosphate. The resulting
white precipitate was filtered and washed with 10 mL of deionized water
and dried under vacuum. "H NMR (methanol, 500 MHz, ppm): 9.22 (d,
2H, 6.83 Hz), 9.16 (d, 2H, 6.84 Hz), 8.54 (m, 4H), 4.92 (t, 2H, 6.2 Hz),
4.67 (t,2H,7.81 Hz), 3.13 (t, 2H, 6.1 Hz), 2.3 (m, 2H), 1.37 (m, 4H), 1.28
(m, 4H), 0.85 (t, 3 Hz, 6.83 Hz). MALDI: 327.8 m/z.

Synthesis and Purification of CdS Quantum Dots. We
synthesized CdS QDs by first adding 90% technical grade oleic acid
(1 mL, 3.2 mmol), 90% technical grade octadecene (4.9 mL, 15.3 mmol),
and cadmium oxide (0.0128 g, 0.1 mmol) to a dry, three-neck round-
bottom flask. We heated the reaction mixture to 300 °C under a N,
atmosphere and stirred vigorously. Once the solution became clear, we
injected elemental sulfur (0.0016 g, 0.0S mmol) dissolved in 1 mL of
octadecene and allowed the QDs to grow at 300 °C. In order to extract the
unused cadmium precursor, an equal volume of 1:1 CH;OH/CHCI; was
added to the QD colloidal suspension. This mixture was centrifuged
at 3500 rpm for 5 min. The cadmium precursor separated into the
bottom CH3;OH/CHCI; layer, while the QDs remained in the top
layer of octadecene. We decanted this top layer and precipitated the
QDs by the addition of acetone and centrifugation. We then discarded
the supernatant, redispersed the QDs in CH,Cl, (DCM), and filtered
this final solution using 0.45 m syringe filters to remove any remaining
aggregates.

Preparation of Samples for Transient Absorption (TA). To
ensure that the TA results were reproducible and general from batch to
batch, we repeated the TA measurements on three different batches of
CdS QDs synthesized on three different days, each with a series of V>*/
QD molar ratios: 0, 1, 2, 4, 8, 10, (12 or 16), (20 or 24), 30, 40, 50, 60,
and 70 V** molecules added per QD. We prepared the TA samples by
adding a stock solution of V** in ACN at the appropriate concentration
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Figure 1. (A) Ground state absorption spectrum of V> (black) and of QDs (radius = 2.3 nm) without added V> (blue) and with V> added in a molar
ratio of 20:1 V**/QD (red). The arrow indicates the wavelength of the excitation pump in the TA experiment. (B) TA spectra, 100 ps after
photoexcitation, of 2.3-nm, 2.3 X 10~° M CdS QDs in CH,Cl,/ACN without (black) and with (red) 60 V>" added per QD, and comparison with the
spectral signature of V™* in steady state spectroelectrochemistry (inset, blue). The Bl feature is quantitatively quenched by PET. The sample without
V>* has a flat, but nonzero amplitude from 500 to 700 nm that we term the “shelf”. (C) Representative TA kinetic trace at 620 nm, the peak of the V**
absorption, from the TA spectrum of the sample with 60 V> /QD (shown in (B)). The black line is the experimental data and the red line is a best fit to
the data using an IRF convoluted with the sum of four exponential functions, two of which fit the rise of the signal and two of which fit the decay (inset).
(D) Normalized kinetic traces of B1 at 442 nm inverted about the x-axis (black) and V** at 620 nm (red) from the same QDs as in (C).

to a stock solution of QDs in CH,Cl,. Samples with between 1 and 24
V** added per QD were in 3% ACN/97% DCM, while samples with
between 30 and 70 V> added per QD were prepared in concentrations
of ACN up to 10%. Using different amounts of ACN for the samples
with 1—24 V> ligands per QD and the samples with 30—70 V>* per
QD was necessary due to the relative solubilities of V>* and the QDs.
The Supporting Information contains data from control experiments
that show that changing the amount of ACN in the samples at these
concentrations does not change the PET dynamics. We allowed all
mixtures to equilibrate for 1—3 days before acquiring their TA spectra.

Transient Absorption Spectroscopy. Our TA setup is des-
cribed in the Supporting Information and elsewhere.*® All TA samples
had an optical density of 0.3 at the band edge absorption of the QDs. We
performed TA measurements on the three batches of QDs on three
different days, and for each set of TA experiments we carefully controlled
the power, spot size, and sample geometry to ensure that the pump beam
created, on average, 0.3 excitons per QD.

Electrochemistry and Spectroelectrochemistry. Cyclic vol-
tammetry (CV) experiments were performed using a Princeton Applied
Research VersaSTAT 3 potentiostat, a 3 M Ag/AgCl reference electrode, a
Pt counter electrode, and a glassy carbon (apparent area of 28 mm?”)
working electrode. The glassy carbon electrode was polished with 0.05 #m
alumina powder immediately before use. Spectroelectrochemistry experi-
ments were performed in a 1 mm cuvette with a Pt wire mesh working
electrode, Ag/AgCl reference electrode, and Ag counter electrode. All
samples were analyzed in ACN degassed with N, and kept under an N,
atmosphere for the duration of the experiment. The supporting electrolyte
was 50 mM tetrabutylammonium hexafluorophosphate (TBAPF).

B RESULTS AND DISCUSSION

Characterization of the CdS QDs. Steady state absorption
spectra of the three batches of CdS QDs used in this study show a
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maximum of the band-edge absorbance of 433, 420, and 416 nm
corresponding to radii of 2.3, 2.0, and 1.9 nm,*” respectively.
Photoluminescence emission spectra of the samples show an
intense, sharp peak Stokes-shifted from the band-edge absor-
bance by ~11 nm and a broad, weaker peak centered at 600 nm
corresponding to deep trap emission. The Supporting Informa-
tion contains representative absorption and photoluminescence
spectra, a transmission electron micrograph, and results from
elemental analysis of the CdS QDs.

Transient Absorption Spectra and Dynamics. The Visible
TA Spectra of CdS QDs. The TA spectra of CdS QDs with their
native ligands have three main features (Figure 1): (i) an intense
ground state bleach of the band-edge absorption (B1), (ii) a
photoinduced absorption (Al) at ~20 nm longer wavelength
than B1, and (jii) a broad, low-amplitude photoinduced absorp-
tion from 500 to 700 nm that we refer to as the “shelf”. The
ground state bleach, B, results from filling the 1S, state with
electrons upon photoexcitation of the QDs. The intensity of this
signal only reflects the population of electrons in this state; it is
not sensitive to the presence of holes in the valence band.**'
The Al feature results from the band-edge absorbance of probe
light by QDs that already contain one exciton due to excitation by
the pump; the absorbance of the second exciton is shifted to
lower energy from the ground state band gap by the exciton—
exciton stabilization energy.*” The shelf has been observed
previously in CdSe QDs and assigned to intraband transitions
of the excitonic hole because it disappears in the presence of hole
scavenging ligands.” In our TA spectra of the QDs without added
V>, the shelf consistently forms within 2—6 ps of photoexcita-
tion and has no detectable decay on the time scale of our
measurement (3 ns, see Supporting Information).
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Figure 2. Schematic diagram illustrating the charge separation (CS)
and charge recombination (CR) processes that occur after generating a
band-edge exciton in the CdS QD. The conduction band (CB) and
(valence band, VB) energy levels of the QD are estimated as the CB and
(VB) energy levels of bulk CdS plus (minus) half of the difference in
optical bandgap between bulk CdS and the QD. The LUMO of V*" is
calculated from the reduction wave in the cyclic voltammogram (see the
Supporting Information). In this work, we measured the rate of CS as a
function of the concentration of V>" adsorbed to the surface of the QD.

Photoexcitation of the QD—V°" Complexes Produces V™.
An absorbance centered at 620 nm appears within ~50 ps of
photoexcitation of the QD—V>" system at the band-edge absorp-
tion of the QD. At this excitation wavelength, only the QDs have
measurable absorbance, so we do not create a photoexcited state
of V** (Figure 1A). The TA feature at 620 nm indicates the
presence of the V** radical cation and matches the spectrum we
obtain by electrochemically reducing V>* in solution (Figure 1B).
Figure 1C shows a representative kinetic trace at 620 nm, plotted
over 100 ps to show the rise of the signal and over 3000 ps (the
entire time window we monitored) to show the decay of the
signal. Concurrent with the appearance of the V'™* feature is
the recovery of B1 (Figure 1D); the anticorrelation between the
amplitude of B1 and the amplitude of V' suggests that electrons
are emptying from the conduction band of the QD into the
LUMO of V** (Figure 2). We can accurately measure the
reduction potential of V>¥, but we can only estimate the
potentials for the QDs (and therefore the driving force, AG, for
the charge separation reaction) because solution phase CV
experiments yield irreversible reduction and oxidation of the
QDs (see the Supporting Information for details).*

As we will discuss in detail below, both kcgens and the
magnitude of recovery of Bl depends on the number of V**
molecules, 4, associated with each QD in a PET-active geometry.
The charge recombination (CR) process, as detected by the
decay of the signal from V™ (Figure 1C, inset), occurs on a time
scale longer than we can accurately measure with our optical
delay track; we will explore CR dynamics in a separate study.

Global Analysis of the V™ TA Spectrum to Obtain the
Observed Charge Separation Rate Constant. The dynamics of
the V** feature centered at 620 nm fit to an instrument response
function (IRF) convoluted with a sum of four exponential func-
tions, two that describe the rise of the signal and two that describe
the decay (eq 1). In eq 1, AA(2) is the signal intensity at time ¢

AA(t) = erf (i A; ek"t> (1)
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Figure 3. Amplitudes from multiexponential global analysis of the
region of the TA spectrum from 520—700 nm; the signal decomposes
into a rise (negative amplitude, green) due to formation of V' arise
(negative amplitude, red) due to formation of the “shelf”, and a decay
(positive amplitude, blue) due to decay of V", Not shown is a second
component of the decay that was too long to fit accurately, but was
required to obtain an adequate fit.

in the TA spectrum, erf is an error function accounting for the
instrument response, and the sum of exponentials describes the
rise and decay dynamics of the signal with rates k; = 1/7;. Four was
the minimum number of exponential functions required to
adequately fit the data, that is, to yield a symmetric, random
distribution of residuals around the zero line.

For samples with V>, the faster component of the rise at
620 nm has a time constant of ~3 ps, which is similar to that for the
rise of the shelf feature apparent in spectra of QD samples without
V>* (2—6 ps, see the Supporting Information). The observed
dynamics of the rise at 620 nm therefore result from both the
formation of V** after PET and the formation of the shelf feature.
We used a global regression algorithm to decompose the spectrum
and dynamics of the feature centered at 620 nm into the
contribution of the QD shelf and the contribution of the V**
signal. The general global analysis procedure is described
elsewhere.*® We fit kinetic traces every 20 nm from 520 to
700 nm, a range that roughly spans the V" absorbance, to eq 1.
We constrained these fits such that the fit functions for all
wavelengths have the same four time constants, but the amplitudes
are allowed to vary from wavelength to wavelength. Figure 3 shows
a plot of the amplitudes of each component as a function of
wavelength for a sample with two added V>* per QD. Compo-
nents describing the rise of the signal have negative amplitudes
(green, red), and components describing the decay of the signal
have positive amplitudes (blue). We do not show amplitudes from
the second (longer) component of the decay because it is well
beyond our measurable time window. The amplitudes of the
slower rise process (“Rise 2”, green) and the faster decay process
(“Decay 17, blue) reconstruct the spectral shape of the V" * feature
shown in Figure 1B, while the amplitudes of the faster rise process
(“Rise 17, red) reconstruct the shape of the shelf feature. This
analysis strongly implies that Rise 1 (with time constants over the
series of samples of ~3 ps) is due to the formation of the shelf and
that Rise 2 is due to formation of the V** cation feature after PET:
kiisez, = kcsobs: We note that, as the concentration of V2" on the
surface of the QD increases and the value of k., approaches the
value of kyq.1, the global analysis no longer effectively separates
the two signals (see the Supporting Information). Based, however,
on the deconvolution of the signals at low V> concentration, and
the similarity of k1 to kyge with no added V2", we believe that
kyisea still corresponds to the PET process even at higher concen-
tration of V>,
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Figure 4. Kinetic traces of the GS bleach of the QDs (B1) at 421 nm,
recorded after band-edge excitation of 3.5 x 10~°M CdS QDs (radius =
1.9 nm) in CH,Cl,/ACN, for a series of concentrations of added V>,
from 0 to 7S ps (A), to highlight the dependence of the short-time B1
dynamics on [V**], and from 0 to 3000 ps (B), to highlight that the
long-time (post-PET) B1 dynamics depend only on the decay of the
exciton in the free QDs and not on V>". The Supporting Information
contains a plot of the long-time kinetics traces overlaid. The concentra-
tion of QDs and pump fluence were kept constant for all of the
measurements to enable direct comparison of the amplitudes between
traces without normalization.

The value of kcgopbs increases as the concentration of vt
added to the QD dispersions increases (see Supporting Informa-
tion for a plot of kcg obs vs added V2T per QD). This result is
expected because others have shown that the observed CS rate is
proportional to the number of redox-active ligands bound to each
QD, "% oq 2,

kcs,obs = tkcs jnt (2)

where kcgine (the “intrinsic” PET rate) is the rate of charge
separation when each QD has only one redox active ligand
adsorbed to its surface and # is the number of ligands adsorbed to
the QD. To determine kg i, we need to find the average value of
n in the ensemble; we denote that average value A (4 = (n)).
Determination of 4 by Analysis of the Amplitude of B1. As
the concentration of added V*™ increases, the degree to which B1
recovers after completion of the PET process increases
(Figure 4). We use the degree of recovery of Bl to calculate 4.
In order to relate B1 to A, we assume that (i) any QD with at least
one adsorbed V> will undergo PET, (ii) the Bl feature of any
single QD that participates in PET (and therefore no longer has
an electron in its conduction band) will recover completely due
to the PET, and (iii) the long-time (post-PET) dynamics of the
Bl feature are independent of [V>"]. Assumption (i) is justified
when the PET rate is much greater than the rates of other
processes available for electron relaxation. In this system, the
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Figure 5. Ratio of the amplitude of the GS bleach of the CdS QDs with
added V" (By) to that of the sample with no added V>* (By), calculated
as described in the text, for all three samples of QDs. The ratio By/By is
the probability of finding a QD within the ensemble that has zero V>
molecules adsorbed to its surface. Inset: Kinetic traces of B1 at 442 nm
recorded after excitation of 2.3 x 10~° M CdS QDs (radius = 2.3 nm) in
DCM/ACN for QDs with 0 added V>*/QD (black) and 4 added V*/
QD (blue). The arrows at 205 ps show one of the delay times at which
the amplitudes of By and B, were monitored to calculate By//Bo.

PET lifetime is 10—50 ps and the radiative recombination
lifetime is on the order of 10 ns. Electron trapping can also
remove electrons from the conduction band; however, in the B1
dynamics of the QD-only sample (no V>"), B1 does not recover
on the time scale of the PET reaction.***® Assumption (ii) has
been experimentally verified by others>*>*' who have shown
that the magnitude of B1 depends only on the population of
electrons in the lowest-energy conduction band state. We know
that assumption (jii) is valid because the kinetic traces of the B1
feature are identical when plotted from 200 to 3000 ns (see the
Supporting Information). We can therefore isolate these long-
time dynamics from the portion of the dynamics due to the
concentration-dependent PET process (i, the distributed
dynamics) and, as described previously,” use the long-time
dynamics to assess the total contribution of the concentration-
dependent process to the overall recovery of the bleach.

Given these assumptions, the long-time (post-PET) ampli-
tude of B1 decreases because, as more V> molecules are added
to the solution, more QDs within the ensemble have at least one
vt ligand adsorbed to their surface (Figure 4) and undergo
PET. Conversely, the more QDs with zero adsorbed vt ligands,
the bigger the amplitude of B1. The ratio of the amplitude of Bl
in a sample of QDs with added V>* (By) to the amplitude of B1
in a sample of QDs with no added V>* (By) at a time when the
PET process is complete is equal to the probability of finding a
QD in the ensemble with zero adsorbed V> ligands (Figure S,
inset). We average By/B for each sample over a set of times after
the completion of the PET process through a procedure that we
describe in detail in the Supporting Information. Figure 5 shows
By/B, as a function of the number of V** added to the QD
dispersion for all three samples. We define the detection limit for
this technique to be the value of added V**/QD at which By
becomes positive, that is, at which the magnitude of By is less
than the magnitude of the noise in the B1 signal. The data in
Figure S only include values of By/B, that lie within this
detection limit.

We then assume that the probability of a V> ligand adsorbing
to a QD does not depend on the number of V>* ligands already
adsorbed to that QD; this assumption is valid here because the
number of ligands (1—70 per QD) is small relative to the number
of available surface sites (~350—473 per QD). In the case of
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Figure 6. Black: The mean surface coverage, 0 (occupied surface sites/
total surface sites), of V> on CdS QDs as a function of the number of
unbound V¥, calculated using eq 4 for all three samples of QDs. The
Langmuir fit (eq 5) to this data yields the QD—V>* adsorption constant
K, =44 x 10* M~ " and a saturated surface coverage, Op,ax, of 1.1%. Red:
The Langmuir isotherm for a subset (only QDs with radius of 2.0 nm) of
the same set of samples, obtained by measuring the magnitude of PL of
the QDs as a function of added V>7, as described in the text. The fit of
this data to eq S yields K, = 2.6 x 10* M ™" and 0,,,,, = 1.1%.

noninteracting ligands, the number of adsorbed ligands per QD
follows a Poisson distribution,”**** and the probability of finding
a QD with n adsorbed ligands, p(n,4), is given by eq 3, where 1 is
the mean number of ligands adsorbed to the QDs.

A"

pnd) = 2 )

n!
We have already defined By/Bj as p(n,A) when n = 0, so we can
solve eq 3 (with n = 0) for A to yield eq 4.

i = —ln(Bv/Bo) (4)

Equation 4 defines the mean number of adsorbed ligands per QD
as a function of the number of added ligands, because By/By is a
function of the number of added ligands (Figure S).

Calculation of K, for CdS—V?". We can convert A to 6, the
mean fractional surface coverage of the QDs by V**, using the
estimated number of available binding sites per QD, ng. (see the
Supporting Information). Figure 6 shows an adsorption iso-
therm: € versus the concentration of free V> in the mixture
([V2+]free = [V2+]added - [V2+:|adsorbed, where [V2+]adsorbed =
A[QD]). The scatter in this plot results from variation between
the three batches of QDs we included in this data set, primarily
because these batches are not exactly the same size (Table S1 in
the Supporting Information).

We fit the solid symbols to a Langmuir isotherm, eq 5.*’

A K [V*]

=0 = emax free 3
sites 1+Ka[V2+]free ( )

This fit yields K, the adsorption constant for the CdS QD—V>*
complex, and 0,,,,, the maximum fractional surface coverage of
the V> molecules on the surface of the QD; we find that K, = 4.4 x
10*M 'and 6,,,, = 1.1%. This value of K, is within the range of
previously measured values of binding constants (1 x 10*—1 x
10° M) for colloidal QD—organic-ligand systems measured
using NMR*'~>* and PL.*® The low value of 6,,,, probably
results from high initial coverage of the surfaces of the QDs
with their native oleic acid ligands. This result possibly indicates
that, as we have suggested previously for weak-binding aniline

ligands,21 the V>* does not displace the native ligands, but
rather adsorbs only on patches of the QD surface that are revealed
when van der Waals interactions among the alkyl tails of the native
ligands cause them to form bundles on the surface of the QDs.

To obtain an independent measurement of K, and validate our
analysis of Bl, we measured the photoluminescence (PL)
quenchin§ of the QDs as a function of added V> Systems like
CdS—V>7, in which PET quenches PL faster than any other
nonradiative mechanism, are amenable to determination of K, by
PL measurements because we can apply the same logic to the PL
response to added V> as we applied to the B1 response to added
V*>": we consider V> to be a quantitative quencher and define
PL/PL, (the fraction of PL that remains after addition of V> ata
given QD V" ratio) as the fraction of QDs that have zero
adsorbed V>, The fit to the isotherm (6 vs [V*"Jge.) to eq S
yields K, = 2.6 x 10* M~ and 6, = 1.1%. The PL and TA
methods for determining K, therefore agree within a factor of 2.
We note that, for reasons we detail in the Supporting Information,
K, measured by PL (and probably by TA) is dependent on the
absolute concentration of the QD V¥t sample; therefore, in order
to use the value of K, measured by PL to facilitate the analysis of the
electron transfer rate, one needs to do the PL and TA measure-
ments at the same absolute concentration. This requirement is
trivial when using the TA measurement itself to determine K, but it
is problematic when using PL to determine K, because TA
measurements are normally performed at concentrations 10—50
times higher than used for PL. Here, we used a front-face collection
geometry to minimize the contribution of filtering effects associated
with measuring PL of samples with optical densities higher than
~0.05, but there is probably error in our PL-determined value of K,
due to reabsorption that we could not eliminate.

Certain assumptions of the Langmuir model (most notably,
the assumption of a single physical and electronic structure of the
binding sites on the QD surface) in principle decrease the
accuracy of this model. Our plot of 6 vs [V*" .. fits well to
the Langmuir equation, however, so we are not justified in
invoking a more complicated model in this case. Our estimation
of nes and our calculation of the concentration of QDs from the
published molar absorptivity** are potential sources of error in
the calculation of K, and the Supporting Information contains
plots illustrating how these uncertainties propagate into uncer-
tainty in K,. We attempted to confirm our TA- and PL-derived
value of K, with a 'H NMR-based method that we had used
successfully for QD —aniline systems,”" but we did not observe
any signal from V** (bound or unbound) at the concentrations
of QDs and V> relevant to the TA experiment.

It is difficult to make meaningful comparisons between our
value of K, for V** and CdS QDs (4.4 x 10* M~ ") and those
measured for other QD —ligand systems because we do not have
any chemical details on how the V** adsorbs onto the surface of
the QD. Taking into consideration the ultrafast CS times
between MV>" and CdSe QDs reported by other groupsso*36
the fact that, unlike V>*, MV>" does not contain any functional
groups capable of coordinating to the surface of the QD, and
the low saturation coverage of V> on the surface of the QDs,
it is possible that the primary driving force for adsorption is the
affinity of V" for the polar surface of the QD and its poor
solubility for the primary solvent, CH,Cl,. We are currently
comparing V>* to other viologen derivatives with various func-
tional groups that should affect the strength of the QD—V>*
interaction, so that we can gain a deeper understanding of the
nature of the adsorption.
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Figure 7. (A) Representative TA kinetic traces at 620 nm, the peak of
the V'* absorption, and at 442 nm, the B1 feature (inset), from the TA
spectrum of the of 2.3 nm, 2.3 X 10°° M CdS QDs in CH,Cl,/ACN
with 60 V> added per QD. The trace at 620 nm is fit withthe Poisson
derived fit function from eq 6 plus three three simple exponential
functions to describe the formation of the shelf feature and the decays of
V' and the shelf. The trace at 442 nm is fit with the Poisson-derived
function plus four exponential functions (with constraints described in
the text). (B) The intrinsic rate of PET, kcg i extracted from the
Poisson-derived fits of the B1 (red) and V' (black) features, for all of
the QD samples as a function of A. The intrinsic rate of electron transfer,
ks iny averaged over these data, is 1.7 & 0.7 X 10071,

Determination of the Intrinsic Rate of PET from the QD to
V27, kcs int- Before finding kcg ine by fitting the dynamics of the
V' radical cation feature and the ground state bleach, we first
calculated A for all samples (including those outside the detection
limit of the By/B, analysis) by solving eq S for A and using our
derived value of K, = 4.4 x 10* M~ " and [V* " gee = [V* T Jadded
— A[QDs]. We use these values of 4 to determine kg ;¢ by fitting
the kinetic trace for each QD—V>" sample at 620 nm and at the
peak of the Bl feature with the model developed by Tachiya;*
this model assumes that the number of V>* per QD follows
Poisson statistics and that the CS rate for a population of QDs
with n adsorbed V>* molecules is nkcs ine (eq 2). We replace the
simple exponential function describing Rise 2 for the 620 nm
feature (which we determined through global analysis to be the
component describing the formation of V'*) with the sum of an
infinite number of exponential functions, each of which describes
the observed CS rate, nkcg e, for a particular population of QDs,

eq 6.
oo oo n A
—nkcsimt | T —nkcs,intt
ngoAn ¢ B n§0 (?’l' ¢ ) (e )

_ efafectosm 1) ©

In eq 6, the parameter A, is the fraction of the ensemble that have
n adsorbed V>*. When A, is substituted with p(nA) from eq 3,

the infinite sum of exponentials converges to the expression on
the right-hand side of eq 6.7*** We fit the kinetic traces at
620 nm with eq 1, but replaced the simple exponential function
for Rise 2 with the Poisson-derived expression in eq 6
(Figure 7A). In the Poisson-derived function, we fixed the value
of A to that which we calculated using eq S. Using this procedure,
we obtained a value of (1.6  0.3) x 10'°s™" for kcs inw averaged
over all values of 4. Figure 7B shows that the value for kcg i is
constant with 4 for all samples when using the Poisson-derived fit
function, as we expect because the increase in observed PET
dynamics for samples with higher concentrations of V** is
accounted for entirely by 4.

The time dependence of the Bl feature includes the PET
dynamics and the multie;;ponential decays of the “free” QDs
(those without adsorbed V> ) and is therefore more complicated
than the 620 nm feature. We first fit the kinetic trace for B1 for
free QDs with a sum of four simple exponential terms. Four
exponential components are required to yield a symmetric
scattering of residuals around the zero line for QDs with their
native ligands (see the Supporting Information). When fitting
the kinetic traces for samples with added V>, we assumed that
the distributed dynamics of PET would be present in addition to
the dynamics of the free QDs. We therefore used a sum of
five terms, four simple exponentials and the Poisson-derived
function in eq 6, and fixed the time constants for the four expo-
nentials to those extracted from the fit of the free QD sample (we
allowed the amplitudes of those components to float). As with
our fits of the 620 nm feature, we fixed the value of A in the
Poisson-derived term (eq 6) of the fit function to the value we
calculate from K,. We find ki to be 1.8 £ 0.9 10" s ! when
fitting the B1 feature; this rate constant agrees with that we
determined by fitting the V™ feature at 620 nm. The Supporting
Information contains comparisons of the kinetics of B1 and those
of V™,

For the CdS QD—V** system, determining A using the analysis
of the bleach amplitude is critical for fitting the kinetic traces for B1
and V""" If we do not fix A in eq 6 when fitting our kinetic traces, we
obtain unstable and unphysical values of 4 and kg i from the fits
of the 620-nm feature and the B1 feature; that is, we cannot extract
statistically significant solutions for both A and kcgj; from the
kinetic data alone. In this case, therefore, analysis of the bleach
amplitude facilitates determination of kcg i

The Poisson-Derived Fit Function Is Well-Approximated
by a Single Exponential Function for This System. We
mentioned previously that the PET dynamics are adequately fit
by a Poisson-derived function and a simple exponential (see the
Supporting Information for a comparison). This simple expo-
nential is a good approximation for the Poisson-derived fit
function at short times;* for instance, given our estimated value
of kcsjine the product kcgint at t = 10 ps is ~0.2, and the
difference between the simple exponential ePkesnt) and the
Poisson-derived function in eq 6 is ~7% for A = 3.

B CONCLUSION

We have presented a method to determine A, the mean
number of redox-active ligands adsorbed to a QD in PET-active
configurations, within an ensemble of QD—ligand complexes.
Knowing the value of A enables determination of the intrinsic rate
of photoinduced electron transfer, kcginy for a single CdS
QD—V** donor—acceptor pair, and the CdS QD—V>" adsorp-
tion constant, K,. By simultaneously analyzing the magnitude of
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the ground state bleach of the QD and the dynamics of the V'
and B1 features as a function of added V>, we determined a
value of kcgine ~ 1.7 £ 0.7 x 10" s~ " (Figure 7) and a value of
K,=44x 10*M™! (Figure 6). This work demonstrates the use
of transient absorption to simultaneously investigate the PET
process of a single QD —ligand couple and quantify the affinity of
the ligand for the QD surface under the conditions of the PET
experiment.

Our method does not directly provide information about the
structure of the QD—V>™ interface; in calculating A and K,, we
define an “adsorbed” V> as one that is in proper proximity and
orientation to participate in the electron transfer process. Using
this methodology, however, we can use the redox-active moiety
as a probe of the binding process and determine the effects of the
structure and composition of the ligand headgroup, the length of
the linker between donor (QD) and acceptor (ligand), the size of
the QD, and the presence of competing ligands on K, and kcg .
Our method allows us to deconvolute the contributions of the
adsorption constant and intrinsic charge transfer rate to the
observed rate constant, and this capability will be extremely
powerful in understanding the heterogeneous charge transfer
process.

B ASSOCIATED CONTENT

© Supporting Information. Experimental details, charac-
terization of CdS QDs, acetonitrile control experiments, dy-
namics of QD shelf formation, CV of V>*, calculation of QD
conduction and valence band edges, global analysis of 620 nm
photoinduced absorption for high concentrations of V>,
changes in kcgops per V2T added, calculation of number of
surface sites per QD, comparisons of data fit with Poisson-
derived fit functions and basic-exponential fit functions, compar-
ison of kinetics obtained at the B1 feature to those obtained at the
V'™ feature, description of sources of error in calculating K,
concentration dependence of K,, and Figures S1—S1S. This
material is available free of charge via the Internet at http://pubs.
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