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ABSTRACT: Transient absorption measurements on both the picosecond and Uea

microsecond time scales reveal that the efficiencies with which a series of alkyl-
substituted p-benzoquinone (s-BQ) molecules participate in static and collisional
photoinduced electron transfer (PET) with colloidal PbS quantum dots (QDs) in
dichloromethane solution depend on both the size and shape of the s-BQ molecule.
The efficiencies of both static and collisional PET are limited by the presence of the
oleate ligand shell on the surface of the QDs and decrease with an increase in
molecular volume, Vo, of the s-BQ, in general; however, the substitution patterns
on the BQ ring that facilitate static PET are not the same patterns that facilitate

collisional PET. A model for the dependence of the collisional quenching efficiency
on V;, allows quantitative characterization of both the permeability and average thickness of the oleate ligand shell of the QDs in

a dichloromethane solution.

B INTRODUCTION

This paper describes the influence of the size and shape of
alkyl-substituted benzoquinone (s-BQ) acceptors on the
efficiency with which they participate in static and collisional
photoinduced electron transfer (PET) with oleate-coated PbS
quantum dots (QDs) in a dichloromethane solution. Efficient
extraction of photogenerated charge carriers from colloidal
semiconductor QDs is essential to their application as
photovoltaically and photocatalytically active materials.' The
organic ligand shell that electronically passivates® * and
solubilizes” colloidal QDs also presents a physical barrier that
impedes a molecular redox partner’s approach to the QD
surface and limits the number of available sites per QD for its
adsorption.’® The ligand shell therefore acts as a semi-
permeable self-assembled monolayer (SAM), the properties of
which are traditionally investigated through the voltammetric
behavior of SAM-coated planar or nanoparticulate metal
substrates in the presence of electroactive molecular
species."®'® Many careful studies, most often on SAMs of
alkylthiols or disulfides on planar gold, have mapped the
electrical current produced through heterogeneous charge
transfer from the conductive substrate to a molecular probe
to intra- and intermolecular structural characteristics of the
SAM, including the length and saturation of alkyl chains, the
charge of the chain’s terminal group, and the density of
pinholes, “thin” regions, and adventitious adsorbates. !4~
Cooperative effects among alkyl ligands that dictate the
degree of structural ordering in planar monolayers play a
qualitatively similar role for SAMs on nanoparticles,>' ~>* but
the high curvature of nanoparticle surfaces, and the presence of
facets, edges, and vertices, also influence the organization and
density of molecules on these surfaces.”’”**~>’ The relation-
ship between the structure of an organic adlayer on a
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nanoparticle and the nanoparticle’s redox activity therefore is
not directly analogous to that relationship for a planar surface.
Furthermore, it is necessary to characterize this relationship for
each type of nanoparticle—ligand system: the intermolecular
order of an organic adlayer on a metal nanoparticle is inhibited
primarily by the curvature of the nanoparticle surface, while the
disorder of an adlayer on a semiconductor QD is amg)liﬁed by
structural disorder of the underlying inorganic core.”

Murray and co-workers studied thiolate layers on gold
nanoparticles by cyclic voltammetry (CV) measurements in
which they observed double-layer charging behavior analogous
to the charging of a capacitor.”® Semiconductor QDs (at least
those with the most common organic adlayers), however, tend
to undergo irreversible surface redox reactions, and often
precipitate from solution, under applied potentials; this
behavior makes it extremely difficult to obtain reproducible
CV measurements of QDs in solution-phase equilibrium with
their native ligands. Here we show that time-resolved optical
studies of photoinduced charge transfer between colloidal QDs
and molecules, during which the QDs are stable to flocculation
and show reproducible behavior over hours or days, are useful
for defining the pathways by which molecules permeate the
ligand shell of the particle.

We have shown that the ability of a molecular redox partner
to adsorb to the inorganic surface of a QD, where it can
participate in photoinduced charge transfer on the single-
picosecond time scale, depends on the density and permeability
of the native ligand shell,®” and that these properties are
sensitive to the absolute concentration of the QDs® and the
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binding headgroup of the native ligands.” For example, we
observed that diluting solutions containing oleate-coated CdS
QDs and viologen electron acceptors shifts the QD—oleate
adsorption equilibrium toward more free native ligands and
increases the number of available adsorption sites for the redox-
active viologens by a factor of up to 30.° In another case,
exchanging oleate surface ligands for decanethiolate ligands on
PbS QDs decreased the average number of available adsorption
sites per QD for aminoferrocene, a hole acceptor, from five to
zero.” Once the “empty” sites on a QD surface are occupied by
adsorbed redox-active molecules, some QD—molecule systems,
specifically those for which the rate of excitonic decay in the
QD is slower than the average rate of collisions between QDs
and freely diffusing redox-active molecules, also participate in
collisionally gated photoinduced charge transfer processes on
the microsecond time scale.® The diffusion-controlled bimo-
lecular rate constants for these processes reflect the efliciency of
the collisional quenching process, which depends on the ability
of the redox-active molecule to approach the QD core with a
donor—acceptor distance and geometry that permits charge
transfer.

This previous work established that the organic adlayer of the
QD affects the redox activity of the QD. Here, we take the first
step toward purposefully designing organic adlayers to control
this redox activity in specific ways by examining the rates of
both static and collisionally gated photoinduced electron
transfer processes as a function of the size and shape of the
molecular acceptor. For this study, we used mixtures of oleate-
coated PbS QDs and alkyl-substituted BQs in dichloromethane.
We have shown previously that the long (1—3 ps)**~>* excited
state lifetime of PbS QDs and the small (~10> M™')
equilibrium constant for adsorption of p-benzoquinone (BQ)
to oleate-coated PbS QDs allow this donor—acceptor pair to
participate in both static and collisional PET.® As expected, the
presence of oleate ligands on the surface of the QDs limits the
overall efficiency of PET by impeding the approach of BQ _to
the inorganic core of the QD. We find here, as in previous
electrochemical studies of planar SAMs,'”"® that the ligand
shell acts as a medium for molecular recognition, in that the
ability of an electroactive probe to permeate the ligand shell is
sensitive to both the size and shape of the probe. We describe
the trend in collisional quenching efficiency with molecular
volume, Vi, with a model for the effect of V; on the change in
free energy associated with transfer of s-BQ_from a dichloro-
methane solution into the oleate ligand shell. This model yields
parameters that provide a quantitative measure of the average
thickness and permeability of the organic adlayer of the QDs.

B EXPERIMENTAL METHODS

Synthesis of PbS QDs. We adapted our procedure for
synthesizing PbS QDs from that of Hines and Scholes.>® We
deaerated a mixture of 2.0 mL of oleic acid (OA) and 18.0 mL
of 1-octadecene (ODE) in a S0 mL three-neck round-bottom
flask at room temperature by bubbling the mixture with
nitrogen for 30 min. Addition of PbO (0.36 g) followed by
heating to 150 °C with stirring under a N, flow for 30 min
produced a clear and colorless solution that was then cooled to
110 °C. Injection of 0.17 mL of hexamethyldisilathiane
dissolved in 8 mL of ODE caused the solution to change
from colorless to orange to brown within 3 s. After 10 min, we
cooled the reaction mixture to room temperature in an ice bath
and washed the reaction mixture twice with 50 mL of methanol.
Addition of acetone (3:1 by volume) followed by centrifugation

at 5000 rpm for S min produced dark brown pellets that we
redispersed in 10 mL of hexanes, and precipitated a second
time by adding methanol (1:1 by volume). Centrifugation
produced dark brown pellets that we washed three times with
acetone, dried, and redispersed in a minimal amount of hexanes
to form the stock solution of PbS QDs. This synthesis
produced PbS QDs with a band-edge absorption maximum at
937 nm, which corresponds to a radius of 1.6 nm based on the
size calibration curve of Cademartiri et al.***

Preparation of Solutions of PbS QDs and s-BQ for
Transient Absorption Measurements. We purchased all of
the s-BQ molecules shown in Figure 1A from Sigma-Aldrich
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Figure 1. (A) Chemical structures of the s-BQ molecules used in this
study. (B) Plot of the molecular volumes, V{, (red circles), and the
values of the driving force, —AGcg (blue squares), for PET from the
LUMO of a 1.6 nm PbS QD to the LUMO of each s-BQ. The dotted
lines are guides for the eye.

and used them as received. We removed the solvent from a
stock solution of PbS QDs in hexane by evaporation under
reduced pressure, washed the resulting solid three times with
methanol and three times with acetone, and then redispersed
the QDs in CH,Cl, to a concentration of 1.7 X 107> M, as
determined by the ground state absorption spectrum.** We
produced a series of PbS/s-BQ_solutions by adding 2 mL of the
stock PbS solution (in CH,Cl,) to appropriate volumes of a
stock solution of s-BQ in CH,Cl, and adding CH,Cl, such that
the final volume of each solution was 4 mL, the final
concentration of QDs in each solution was 8.6 X 107° M,
and the final concentration of s-BQ ranged from 1 to 12 mM.
Transient absorption measurements on the solutions were
performed within 6 h of their preparation. We did not observe
any degradation of any of the solutions after exposure to laser
excitation for up to 1 h, and both the ultrafast and microsecond
TA measurements were reproducible over multiple scans.
Ultrafast Transient Absorption Spectroscopy. We split
the 2.5 mJ output of a commercial amplified Ti-sapphire laser
(Solstice, 1 kHz, 100 fs, Spectra Physics) and guided 95% to an
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Figure 2. Kinetic traces at the ground state bleach feature on the picosecond (A) and microsecond (B) time scales of mixtures of 8.6 X 107° M PbS
QDs with no added s-BQ molecules (black circles) and with concentrations of added s-BQ of 1, 2, 4, 8, and 12 mM (colored circles) in
dichloromethane. (A) The black arrows on the picosecond plots for BQ, MeBQ, and BuBQ indicate increasing concentrations of added s-BQ, and
the solid lines in these plots are global fits of the picosecond traces to eq 1. The picosecond traces for Me,BQ, Me,BQ, p-Bu,BQ, and m-Bu,BQ are
offset vertically for the sake of clarity and show negligible changes in bleach dynamics with an increasing concentration of added s-BQ. (B) The solid
lines represent fits of the microsecond traces to a single-exponential decay convoluted with an instrument response function. The microsecond
kinetics for BQ and Me,BQ shown here are representative of the microsecond kinetics obtained for the rest of the s-BQs, which are contained in the
Supporting Information. Tables S3 and S4 of the Supporting Information contain values and uncertainties for all of the parameters used to fit the

picosecond and microsecond time scale kinetic traces.

optical parametric amplifier (TOPAS-C, Light Conversion)
used to produce the pump wavelength (915 nm) for sample
excitation, and 5% to a commercial transient absorption (TA)
spectrometer (HELIOS, Ultrafast Systems) for use as the probe
for TA experiments with pump—probe delay times of up to
3200 ps. Within the spectrometer, a single filament broadband
continuum of probe wavelengths from 900 to 1400 nm was
generated in a 1.2 cm thick sapphire plate and then passed
through a long-wave pass filter to isolate near-infrared
wavelengths above 850 nm. The pump and probe were
recombined at the sample, which was contained in a 2 mm
quartz cuvette. The pump spot size was expanded to at least
twice the size of the probe spot to compensate for any
imperfections in translation stage alignment. The transmitted
probe signal was collected into an optical fiber and dispersed
onto an array detector. The output differential absorption
spectrum (AA) was obtained through active background
subtraction of the ground state spectrum by chopping the
pump at 500 Hz. The pump light was depolarized to avoid the

contribution of polarization dynamics in the collected data.
Incident pump fluence was adjusted such that the ground state
(GS) bleach dynamic for a solution of PbS QDs with no s-BQ
exhibited no picosecond decay components associated with
decay of multiexciton states. The solution was stirred with a
magnetic stir bar to minimize local heating.

Microsecond Transient Absorption Spectroscopy. We
used a commercial spectrometer (EOS, Ultrafast Systems) to
collect TA spectra for pump—probe delay times from 0.5 ns to
25 ps. The excitation beam was generated by the same method
and followed the same beam path as the excitation used for the
ultrafast TA experiment described above. The proprietary EOS
light source generates a supercontinuum (400-1700 nm)
probe pulse by focusing a diode laser into a photonic crystal
fiber. The repetition rate of the probe pulse is 2 kHz, which is
twice the repetition rate of the pump pulse, and it is triggered in
sync with the pump pulse. The pump—probe delay is
electronically generated and measured by an electronic timer-
counter-analyzer (Pendulum). After the probe pulse passes
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through an 850 nm long pass filter, a beam splitter sends half
the probe pulse onto the sample, which was contained in a 2
mm quartz cuvette, and the other half of the probe pulse to a
detector to act as a reference. The reference and sample beams
are collected in optical fibers and dispersed onto array
detectors. Dividing the signal from the sample beam by the
reference signal allows us to divide out any fluctuations in the
probe beam intensity during the experiment. The probe pulse
was focused to a spot size of ~200 ym at the sample. To
achieve a reasonable signal-to-noise ratio, the incident pump
fluence was adjusted to generate an expectation value®> ((N))
of 1.0 in the first excitonic state of the QDs. The solution was
stirred with a magnetic stir bar to minimize local heating.

Bl RESULTS AND DISCUSSION

Photoinduced Electron Transfer from PbS QDs to s-
BQ Molecules Occurs on the Picosecond and Micro-
second Time Scales. Figure 1A shows the chemical structures
of the s-BQ molecules studied here. Figure 1B shows a plot of
the molecular volumes, V, of the s-BQ series and the driving
force, —AGgg, for electron transfer from the lowest unoccupied
molecular orbital (LUMO) of a PbS QD with a radius of 1.6
nm to the LUMO of each s-BQ. We calculated —AGg from
the reduction potentials of the s-BQ molecules, measured in
CH,Cl, with respect to ferrocene, and a literature value of the
energy of the LUMO of 1.6 nm PbS QDs, measured by
photoelectron emission spectroscopy in air (see the Supporting
Information).*® We define Vq as the volume of the isosurface
enclosing 99.7% of the total electron density of the s-BQ
molecule and calculated it using density functional theory
(DFT). The Supporting Information contains the details of this
calculation, a discussion of two alternative methods for defining
molecular volume, error bars for the molecular volume, and
why we chose to use the total electron density to define
molecular volume. Inspection of Figure 1B shows that
photoinduced electron transfer from 1.6 nm PbS QDs to s-
BQ_is thermodynamically favorable for each s-BQ, by between
0.0S and 0.4 eV.

Figure 2 shows kinetic traces extracted from the ground state
(GS) bleach feature in the transient absorption spectra of
CH,Cl, solutions of PbS QDs photoexcited into the lowest-
energy excitonic state with and without added s-BQ. The
Supporting Information contains a representative transient
absorption spectrum of the PbS QDs used in this study. In the
absence of added s-BQ molecules, the amplitude of the GS
bleach feature does not decay detectably on the picosecond
time scale (black traces in Figure 2A). Addition of BQ, MeBQ,
or BuBQ to solutions of PbS QDs results in decay of the
excitonic state of the PbS QDs on the picosecond time scale
(Figure 2A), where the fraction of the excited state that decays
increases with an increasing concentration of added s-BQ_(each
color in Figure 2 corresponds to a concentration of s-BQ
between 1 and 12 mM). For a given concentration of added s-
BQ, addition of BQ results in the greatest magnitude of
excitonic decay on the picosecond time scale, followed by
MeBQ_ and then BuBQ. Addition of any of the s-BQs with
more than one substituent (Me,BQ, Me,BQ, p-Bu,BQ, or m-
Bu,BQ) to solutions of PbS QDs does not accelerate excitonic
decay in PbS QDs on the picosecond time scale (Figure 2A);
that is, there is no discernible trend in the magnitude of the
decay of the GS bleach with an increasing concentration of
added s-BQ_(see the Supporting Information).

Addition of any of the s-BQ molecules to the PbS QDs also
increases the rate of excitonic decay on the microsecond time
scale. Figure 2B shows two representative sets of kinetic traces
of the recovery of the GS bleach feature on the microsecond
time scale for mixtures of PbS QDs with and without added BQ_
and Me,BQ. The Supporting Information contains kinetic
traces for all of the s-BQs.

As in our previous work,® we attribute the acceleration of
excitonic decay upon addition of s-BQ on both the picosecond
and microsecond time scales to electron transfer from the
lowest-energy state in the conduction band of photoexcited
PbS QDs to the LUMO of a s-BQ_molecule.

Only s-BQ Molecules with One or Fewer Substituents
Participate in Static PET with PbS QDs. The rate of the
PET process that occurs on the picosecond time scale is faster
than the diffusion-limited rate of collisions between PbS QDs
and s-BQ molecules (k. < 10° s7'), given by the product of
the diffusion-limited bimolecular rate constant, k;, and the
concentration of added s-BQ _(see the Supporting Information).
We therefore conclude that acceleration of excitonic decay on
the picosecond time scale is due to static PET to s-BQ
molecules that are already adsorbed to the surface of PbS QDs
upon photoexcitation.

We use global fits of the sets of picosecond kinetic traces
obtained for BQ, MeBQ, and BuBQ_to eq 1 to determine the
rate constants for charge separation, kcg;,, and charge
recombination, kcg, associated with PET from PbS QDs to
adsorbed BQ, MeBQ, and BuBQ.

- —k
AOD(t) = —{Acse (NBQads>[exp(<NBQads>e CS,mtt) 1]
+ ACR(l — e_<NBQnds))e—kCRt + o~ Noquad g =t/ 7

——
+ Appe } (1)

Equation 1 contains four components: (i) a Poisson-distributed
charge separation component, with single donor—single
acceptor rate constant kcg;,, to account for the multiple
charge separation pathways available to PbS QDs with more
than one adsorbed s-BQ_acceptor,””® (ii) a single-exponential
charge recombination component, with rate constant k¢y, (iii) a
component with time constant 7, to account for the fraction
of the GS bleach amplitude that decays on the microsecond
time scale, and (iv) a component with rate constant ky, and
amplitude A, to account for the small (~10% overall)
contribution of a subpicosecond exciton decay process that
likely originates from a phonon-mediated relaxation mecha-
nism.* Parameters Acg and Acy account for the relative
contributions of the electron and hole, respectively, to the total
amplitude of the GS bleach, and (Npq,4) is the average
number of s-BQ molecules adsorbed per QD, given by the
Poisson distribution. The derivation of eq 1 is described in
detail elsewhere.”®

In the global fit for each QD/s-BQ_pair, the parameters A,
Acy) Acns kcs) kep and ky, are shared among all the kinetic
traces corresponding to the set of added concentrations of s-
BQ, 7, is fixed to the time constant obtained from a single-
exponential fit to the corresponding kinetic trace for excitonic
decay on the microsecond time scale, and (Npq,4,) is fixed to
—In(B/B,), an expression derived from the Poisson distribu-
tion, where B/B,, is the fraction of QDs with zero adsorbed s-
BQ molecules.>” We define B/B, as the ratio of the average
bleach amplitude at delay times of 2500—3000 ps (after charge
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recombination) for samples of PbS QDs with (B) and without
(B) added s-BQ.

Columns 1 and 2 of Table 1 contain the values of k¢, and
kcg obtained from globally fitting the traces in Figure 2A to eq

Table 1. Rate Constants and Numbers of Available
Adsorption Sites for Static Charge Separation and
Recombination between PbS QDs and Substituted BQs

s-BQ kesine (s71) ke (s71) (Niiees)
BQ (1.40 + 0.04) x 10" (6.7 £0.3) x 10° 14 +0.1
MeBQ (7.5 + 0.2) x 10" (29 +02) x 10° 1.7 £ 0.7
BuBQ (1.8 + 0.2) x 10 (L1 £0.1) x 10° 0.34 + 0.05

“(Niites) = Omax X 170 is the average number of available adsorption
sites per QD, as described in the text. The reported error in (N,) is
propagated from the fit error in 6,

max*

1. The Supporting Information contains plots of the residuals
for these fits. The rate constants of both charge separation and
charge recombination between the QD and an adsorbed s-BQ
decrease on going from BQ to MeBQ to BuBQ. Given the
values of —AGcg shown in Figure 1B and an estimated value of
the reorganization energy associated with charge transfer from
PbS QDs to s-BQ (1) of 0.6 eV for all s-BQ molecules,* which
is comparable to previously reported values of the reorganiza-
tion energy associated with charge trapping processes in QDs,*!
the trends in k¢g i, and kcg are consistent with small (a factor of
<2) differences in the magnitude of the electronic coupling
between the donor (PbS QD) and acceptor (s-BQ) for BQ,
MeBQ, and BuBQ, as calculated using the Marcus equation
(see the Supporting Information).*

We used the values of (Npq ) = —In(B/B,) for mixtures of
PbS QDs with various concentrations of added BQ, MeBQ, and
BuBQ to construct adsorption isotherms for these systems. We
calculated the fractional surface coverage of s-BQ, 6, by dividing
(Npquds) by the total number of adsorption sites on a PbS QD
with a radius of 1.6 nm, which we estimate to be 170 (see the
Supporting Information). Because (Npq,q4,) < 1 for all of the s-
BQ/PbS QD mixtures studied here, we approximate the
concentration of free s-BQ_ in solution to be the total
concentration of added s-BQ, ie., [s-BQlgee ® [s-BQliwr
Figure 3 shows plots of & versus [s-BQ]j,.. for BQ, MeBQ, and
BuBQ, and fits of these plots to the modified Langmuir
isotherm given by eq 2,

_ emaxKads[S_BQ]free

1+ Kads [S_BQ]free (2)

where K4 is the adsorption equilibrium constant and 6,,,,, is
the maximal fractional surface coverage that a s-BQ molecule
can achieve, as limited by the oleate surface ligands. While we
do not have enough data points to measure K4 precisely
enough to quantitatively distinguish the values of K 4, for BQ,
MeBQ, and BuBQ from each other, we can estimate that the
values of K4 for all three of these s-BQ molecules are on the
same order of magnitude (~10> M™") as that for adsorption of
ligands containing aromatic amine binding groups to the
surfaces of PbS’ or CdSe” QDs.

The three s-BQ_molecules that participate in PET with PbS
QDs on the ultrafast time scale, BQ, MeBQ, and BuBQ, have
the three largest values of driving force for charge separation
(—AGcg) among the series of s-BQ molecules shown in Figure
1. Therefore, one possible explanation for why Me,BQ,
Me,BQ, p-Bu,BQ, and m-Bu,BQ_do not participate in PET
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Figure 3. (A) Plots of fractional surface coverage of adsorbed s-BQ, 6,
vs free s-BQ concentration in solution, [s-BQ] .., for BQ, MeBQ, and
BuBQ. The solid lines represent fits of these plots to the Langmuir
equation (eq 2). The error bars are propagated from the standard
deviation of the amplitudes of the GS bleach from 2500 to 3000 ps
averaged to yield B/By. (B) Structures of s-BQ molecules with vertical
dotted lines dividing the BQ ring in half along the axes of the carbonyl
groups to illustrate the difference in the distribution of substituents
between those s-BQs that participate in static PET (outlined by the
black rectangle) and those s-BQs that do not participate in static PET.

with PbS QDs on the ultrafast time scale is that, even when
they are adsorbed to the surface of the QD, PET from PbS to
these BQs is too slow to observe on the ultrafast time scale
because of their smaller values of —AGgg. A decrease in the
driving force cannot, however, be responsible for the lack of
observed dynamics for these molecules because, given the
estimated reorganization energy of 0.6 eV, kcg , for static PET
from PbS to Me,BQ (the s-BQ with the smallest driving force)
is at least 4 X 10° s™' (7cge = 2.5 ns), which is readily
detectable in our experimental window for ultrafast TA. We
therefore conclude that Me,BQ, Me,BQ, p-Bu,BQ, and m-
Bu,BQ do not participate in static PET at all, which implies that
they do not adsorb to the surfaces of the PbS QDs.

Figure 3A shows that BuBQ has a smaller 8, than BQ or
MeBQ for the same QDs. A smaller 0,,,, for BuBQ, the BQ_
with the bulkiest substituent of these three s-BQ_ molecules,
indicates that there are fewer available adsorption sites per QD
((Nges) = Orax X 170) for BuBQ_than there are for BQ or
MeBQ_(Table 1). Simple size exclusion by the native ligand
shell also explains why the two largest s-BQ_ molecules, p-
Bu,BQ and m-Bu,BQ_(Figure 1B), do not find adsorption sites
on the QD surface. Consideration of only the molecular volume
of the s-BQ in determining whether it will adsorb to the surface
of a QD in a PET-active configuration does not explain,
however, the absence of ultrafast PET in the QD/Me,BQ and
QD/Me,BQ systems; these two molecules are smaller than or
equal in size to BuBQ, which does participate in ultrafast PET.
The one structural feature that consistently differentiates the s-
BQs that adsorb to the QDs from those that do not is the
number and distribution of the alkyl substituents on the BQ
ring. Those s-BQs that have more than one alkyl substituent
and, specifically, are substituted on both sides of an imaginary
line dividing the BQ ring in half along the axes of the carbonyl
groups do not participate in ultrafast PET (Figure 3B).

The Efficiency of Collisional PET from PbS QDs to s-
BQ Depends on the Size and Shape of the s-BQ
Molecule. Unlike the case for static PET, all of the s-BQs
shown in Figure 1A participate in PET on the microsecond
time scale. All of the microsecond kinetic traces fit to a single
exponential multiplied by an instrument response function
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(IRF = 500 ps). Without added s-BQ_(black traces in Figure
2B), the excited state of the PbS QD decays with a single time
constant 7, of 2.8 us, which is consistent with previous
measurements on PbS QDs.S’zg’30

Figure 4A shows plots of the ratio of the microsecond time

constant for GS bleach recovery for a solution of PbS QDs with
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Figure 4. (A) Plots of the ratio of the microsecond time constant for
ground state bleach recovery for a solution of PbS QDs with no added
s-BQ (7,50) to that for samples with added s-BQ (z,,) vs the
concentration of added s-BQ, [s-BQ], for each s-BQ. The error bars
are propagated from the uncertainty in the values of 7,,, and 7,
obtained from single-exponential fits of the microsecond kinetics (see
the Supporting Information). The solid lines are fits of each data set to
eq 3. (B) Plot of the collisional quenching efficiency, @, calculated
from eq 4 vs the molecular volume of s-BQ, V. The vertical error bars
are propagated from uncertainties in k; and k, and the horizontal error
bars are estimates of the uncertainty in the DFT calculation of V, (see
the Supporting Information). The solid line is a fit of these data to eq
6.

no added s-BQ.(T}lS,O) to that for samples with added s-BQ_(TI,S)
versus the concentration of added s-BQ, [s-BQ], for each s-BQ.
These plots are all linear and fit well to the linear Stern—
Volmer equation (eq 3)," where k, is the bimolecular
quenching constant.

T
H2 = 1+ k7,,0[s-BQ]
Tus (3)

We assign the acceleration of excitonic decay on the
microsecond time scale upon addition of s-BQ to collisional
PET from photoexcited PbS QDs (with no adsorbed s-BQ) to
freely diffusing s-BQ based on two observations: (i) the plots in
Figure 4A fit well to the Stern—Volmer equation (eq 3), and
(ii) the GS bleach decays to zero on the microsecond time scale
with one decay component in all cases, that is, we do not
observe a separate (concentration-independent) charge re-
combination component on the microsecond time scale.®
These observations indicate that the rate of collisional PET
from a PbS QD to a s-BQ molecule is limited by the ability of
the s-BQ_molecule to diffuse to a location near the inorganic
core of the QD, where both the rates of charge separation and
charge recombination are faster than the exciton recombination
rate and the rate at which the s-BQ molecule diffuses away from
this location.®

Table 2 contains the values of the slopes, k7,0, obtained
from linear fits of the plots in Figure 4A to eq 3 and the values
of k, for each s-BQ_(calculated by dividing these slopes by a
7,50 0f 2.8 pis). Table 2 also contains the values of the collisional
quenching efficiency, @, for each s-BQ_calculated from eq 4,
wheriak0 is the diffusion-limited quenching constant given by
eq S,

k
Q= =
% (4)
o= 47N,
" 000 ©°° ()

where R is the radius for a collision between an oleate-coated
PbS QD and a freely diffusing s-BQ molecule, which we define
to be the radius of the inorganic core of the PbS QD (1.6 nm),
and Dy is the diffusion coefficient of the s-BQ molecule in
dichloromethane. We measured D for each s-BQ by diffusion
ordered (DOSY) 'H NMR spectroscopy (see the Supporting
Information). The Supporting Information describes the origin
of the errors listed in Table 2.

Figure 4B contains a plot of @ versus the volume of the s-
BQ molecules, V. Inspection of Figure 4B and Table 2 reveals
that the value of @ is <0.02 for all of the s-BQ molecules.
The fact that the collisional quenching efficiencies are all much
smaller than unity indicates that the ligand shell impedes the
ability of the s-BQ molecules to approach the inorganic core of
the QD.

The value of @, generally decreases with an increase in Vi,
and generally increases with an increase in |AGggl (see the
Supporting Information). We do not consider the correlation
between ®@_; and —AGgg to be causal, however, because the

Table 2. Kinetic Parameters Describing Collisional PET from PbS QDs to Substituted BQs

s-BQ kqTuso (M) kg (M7's7h)
BQ 1820 + 40 (6.5 +0.2) x 10°
MeBQ 1330 + 40 (47 £03) x 10
Me,BQ 850 + 20 (3.0 +02) x 10®
Me,BQ 300 + 7 (106 + 0.03) x 10°
BuBQ 790 + 10 (27 £02) x 10
m-Bu,BQ 200 + 14 (7.0 £ 0.7) x 107
p-Bu,BQ 80+ 6 (3.0 + 03) x 107

F

ke M7's7Y) Dy
(32 +02) x 10" 0.020 + 0.001
(3.0 + 02) x 10" 0.016 + 0.001
(29 +02) x 10" 0.010S + 0.0009
(2.6 + 02) x 10" 0.0041 + 0.0003
(2.5 +£02) x 10"° 0.011 =+ 0.001
(2.1 +0.1) x 10" 0.0033 + 0.0004
(2.1 + 0.1) x 10" 0.0014 + 0.0002
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rate-limiting step for collisional PET is not charge separation at
the QD surface, which depends on —AGcg, but rather diffusion
of the s-BQ_ acceptor through the ligand shell to the surface of
the QD, which does not depend on —AGgg. The observation
that @ decreases with an increase in V{, indicates that, again,
the ligand shell is acting as a size-exclusion layer for
approaching s-BQs. Zhang et al. observed a similar trend in
the ability of electroactive substituted quinones of three
different molecular sizes to exchange charge with planar gold
substrates coated in mixed monolayers of mercaptopyrimidine
(MP) and 1-dodecanethiol. They demonstrated a correlation
between the size of the quinone that could permeate the
monolayer and the average size of the MP domains (“thin
regions”) of the monolayer.'®

We capture this size-exclusion behavior with a model that
treats permeation through the ligand shell as the rate-limiting
step for collisionally gated PET. This model divides the space
surrounding the inorganic core of a PbS QD into two phases,
an oleate ligand phase, L, and a dichloromethane solvent phase,
S, in which the s-BQ molecules have different diffusion
coeflicients. Dy is the diffusion coeflicient of a s-BQ molecule in
the solvent phase, as measured by DOSY NMR, and Dy is the
diffusion coeflicient of a s-BQ_molecule in the oleate ligand
phase (see the Supporting Information for a diagram). The
ability of a s-BQ molecule to permeate through the ligand
phase depends on two parameters: (i) the change in free energy
associated with transferring a s-BQ_molecule from the solvent
phase to the ligand phase, AG,er and (i) D *** The
border between the solvent and ligand phases is a virtual
membrane that is permeable to s-BQ_and solvent molecules,
but not to oleate ligands; thus, we define AGg, . as the
product of the difference in osmotic pressure between the
solvent and ligand phases and the volume of the s-BQ
molecule.*® This definition assumes that the primary
contribution to the transfer energy is steric repulsion between
the oleate ligands and s-BQ and leads to eq 6

D R
Q= (_L)(iL ]
Ds AR, — R¢

X exp E Inj1 — #

Vs 37 (R,” = Rc) (6)
where R is the radius of the QD core (1.6 nm), R; is the radius
of the QD core plus the thickness of the oleate ligand shell, V
is the volume of a solvent molecule, V; is the volume of an
oleate ligand, and N is the number of oleate ligands bound per
QD. The Supporting Information contains the derivation of eq
6.

We calculated Vg and V|, by the same DFT methodology we
used to calculate Vi, and we measured Ny by quantitative "H
NMR spectroscopy (see the Supporting Information). These
estimates leave two fitting parameters in eq 6, D;/Dg and Ry,
that we allow to float in our fit of the data in Figure 4B. This fit
yields the following values: Ry = 2.9 nm, and D;/Dg = 0.048.
Because Ry, represents the sum of the inorganic core radius (1.6
nm) and the thickness of the ligand shell, the value we obtain
for Ry yields an average thickness for the oleate ligand shell of
1.3 nm. This thickness is less than the length of a fully extended
oleate molecule (1.9 nm),*” because of (i) the presence of
gauche defects in the oleate chains,*>***® (ii) the presence of

gaps within the oleate ligand shell, or (iii) a combination of the
two.

The parameter D;/Dg provides a quantitative measurement
of the permeability of the oleate ligand phase. Specifically, the
Dy /Dy value of 0.048 indicates that the ligand shell slows the
diffusion of all of the s-BQ molecules by a factor of 21 relative
to diffusion in the solvent phase.

While eq 6 fits the general trend of a decreasing @ with an
increasing Vg, it is clear from Figure 4B that @ also depends
on the shape of the s-BQ molecule. For instance, there are two
pairs of s-BQ molecules that have the same volume but
different values of @ . These pairs are BuBQ and Me,BQ (V
=250 A%) and m-Bu,BQ and p-Bu,BQ (Vq = 350 A%). Within
these two pairs of s-BQ_molecules, the s-BQs with the larger
collisional quenching efficiencies, BuBQ_and m-Bu,BQ, each
contain one sterically unhindered oxygen atom with no
proximal alkyl substituents. In contrast, both carbonyl oxygens
in Me,BQ and p-Bu,BQ have at least one proximate alkyl
substituent. These results indicate that, for s-BQ molecules with
the same volume, the s-BQ with the least sterically hindered
oxygen atoms has a larger collisional quenching efficiency.

B CONCLUSIONS

Transient absorption measurements on the picosecond and
microsecond time scales of solutions containing oleate-coated
PbS QDs and various concentrations of s-BQ_revealed that a
combination of the size and shape of a s-BQ molecule
determines the efficiency of both static and collisional PET
from PbS QDs to the s-BQ. Each of a series of alkyl-substituted
BQ molecules (Figure 1A) participates in collisional PET with
oleate-coated PbS QDs (Figures 2B and 4A), but only s-BQ
molecules with one or fewer substituents participate in static
PET with PbS QDs (Figure 2A). Larger s-BQ molecules
generally have fewer adsorption sites available on the surface of
a PbS QD (Figure 3A) and do not permeate through the oleate
ligand shell as easily as smaller s-BQ molecules (Figure 4B).
Both the ability of a s-BQ to adsorb to the surface of a PbS QD
(and participate in static PET) and its ability to permeate the
oleate ligand shell (and participate in collisional PET) depend
on the distribution of substituents on the BQ ring (i.e., its
shape), but the two processes do not appear to have the same
geometric requirements for the redox probe. This observation
is not necessarily surprising if we imagine the ligand shell to
have both “permanent” defects that serve as adsorption sites for
the formation of static QD—s-BQ complexes and transient
pathways (formed by conformational motion or temporary
displacement of the native ligands) for diffusion of s-BQ
molecules.

Our observation of collisional PET from PbS QDs to s-BQ
molecules that do not participate in static PET demonstrates
directly that a molecular redox partner does not have to be
statically adsorbed to the surface of a QD to participate in
photoinduced charge transfer with the QD. Removing the
requirement for a surface binding group allows a greater
synthetic flexibility in the design of molecular redox partners for
colloidal QDs. Furthermore, this work demonstrates that the
ability of a molecular redox partner to permeate the organic
shell of a QD should be an important criterion in the design of
components for QD-based photoelectrochemical systems.
Equation 6 provides a parameter, D;/Dg, that quantifies the
permeability of the ligand shell of a QD in a specific solvent
system for a given chemical structure of a redox probe. We
hope to use this model to evaluate the molecular recognition
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properties of a variety of SAMs on colloidal quantum dots with
the same specificity that has been achieved in planar systems.
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