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ABSTRACT: This paper describes an increase in the yield of collisionally gated
photoinduced electron transfer (electron transfer events per collision) from oleate-capped
PbS quantum dots (QDs) to benzoquinone (BQ) with increasing temperature (from 0 to 50
°C), due to increased permeability of the oleate adlayer of the QDs to BQ. The same
changes in intermolecular structure of the adlayer that increase its permeability to BQ also
increase its permeability to the solvent, toluene, resulting in a decrease in viscous drag and an
apparent increase in the diffusion coefficient of the QDs, as measured by diffusion-ordered
spectroscopy (DOSY) NMR. Comparison of NMR and transient absorption spectra of QDs
capped with flexible oleate with those capped with rigid methylthiolate provides evidence
that the temperature dependence of the permeability of the oleate ligand shell is due to
formation of transient gaps in the adlayer through conformational fluctuations of the ligands.

This paper describes the detection of changes in the
intermolecular structure of an oleate adlayer on a PbS

quantum dot (QD) as a function of temperature by monitoring
the yield of collisionally gated electron transfer from the QD to
benzoquinone (BQ). We observe an enhancement in the yield
of collisionally gated photoinduced electron transfer with
increasing temperature (from 0 to 50 °C) and show, through
transient absorption and NMR studies, that this enhancement
is due to increased permeability of the oleate adlayer of the
QDs to BQ. The ligand shell present during the synthesis of the
QDs, which is used to solubilize the QD and electronically
passivate its surface, is a semipermeable self-assembled
monolayer (SAM).1 For solid state electronics, photovoltaic,
or sensing applications of QDs, it makes sense to design QD
films with as little organic material as possible without
sacrificing passivation of the particle surfaces because the
organic material is, in general, electrically insulating and
increases spacing between QDs.2,3 If, however, we are to use
QDs in analytical, therapeutic, or photocatalytic applications,
especially in the solution-phase, then we need to control: (1)
the interaction of the QD with proximate molecules of interest
while minimizing nonspecific or unproductive interactions and
(2) the stability of the monolayer in various chemical
environments (for example, biological environments or chemi-
cally corrosive environments).4−6 Chemical functionalization of
QDs is the most versatile, precisely tunable method for
controlling their reactivity, and SAMs of organic molecules have
been shown to act as molecular recognition layers for planar
metal surfaces.7−11

The permeability of an organic adlayer on a QD can be
inferred from the rate and yield of charge transfer (CT)
between the QD and a redox-active probe molecule because
CT between the QD and a molecule is dominated by pathways

that bypass the electrically insulating layer. In the great majority
of cases, CT only occurs for molecules that permeate the ligand
shell and are within the tunneling radius of the QD, typically a
few angstroms from the inorganic surface.12,13 Previous studies
have used cyclic voltammetry (CV) and scanning tunneling
microscopy to detect heterogeneous charge transfer from
conductive substrates, most frequently planar gold, to
molecular probes to study intra- and intermolecular structural
characteristics of the SAM, such as the conformation and tilt-
angle of the molecules, the charge distribution, and the density
of pinholes, “thin” regions, and adventitious adsor-
bates.7−9,14−20 The relationship between the structure of an
organic adlayer on a semiconductor QD and the QD’s redox
activity is not, however, directly analogous to (or predictable
from) that relationship for a planar metal surface, as the high
curvature of nanoparticle surfacesand the presence of facets,
edges, and verticesinfluence the organization and density of
molecules on these surfaces.15,17,21−25 Furthermore, planar
surfaces and metal NPs are amenable to CV, whereas QDs tend
to undergo irreversible redox reactions and precipitate from
solution under relevant applied voltages.
We instead have found that the rates of photoinduced CT

from QDs to small moleculesboth “static” CT, where the
molecule is preadsorbed to the QD surface via a gap in the
ligand shell, or “dynamic” CT, which occurs upon collision of
the QD with a freely diffusing moleculeare sensitive probes
of the static and dynamic structure of the ligand shell.12,13,26,27

Here, we determine that, for the PbS QD-BQ system, the yield
of static CT remains unchanged with varying temperature
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between 0 and 50 °C, but the yield of dynamic, collisionally
gated CT (CT events per collision) increases with increasing
temperature. The combination of transient absorption and
NMR studies suggests that the temperature dependence of the
collisional quenching efficiency is attributable to the temper-
ature-sensitive dynamics of the conformationally flexible ligand
shell, and that it is the fluctuations of these ligands that control
the redox activity of the QD on the diffusion-limited (i.e.,
microsecond) time scale.
We synthesize oleate-coated PbS QDs with a band-edge

absorption peak at 990 nm using a procedure modified from
that of Hines and Scholes.28 This procedure, and the procedure
for purifying the QDs, are detailed in the Supporting
Information. Figure 1A, black, shows the transient absorption
(TA) spectrum of a solution of 1 μM PbS QDs in toluene at
0.1 μs after photoexcitation using a 950 nm pump. The
negative feature centered at 990 nm is the bleach of the ground-
state band-edge absorption of the QDs (GS bleach). The GS
bleach recovers with the removal of either an electron or hole
(or both) from the 1Se−1Sh excitonic state of the QDs;
depopulation of this state can occur by trapping of an excitonic
carrier on the QD surface, radiative recombination, or charge
transfer to a proximate redox partner.12,13,26,29 Figure 1A, red,
shows the TA spectrum of a room-temperature mixture of 1
μM PbS QDs with 10 μM of BQ in toluene at the same delay
−0.1 μs after photoexcitation. The amplitude of the GS bleach
is approximately half that of the PbS QDs without added BQ at
the same delay time. We have shown previously12,13 that this
accelerated excited state decay is due to photoinduced electron
transfer (PET) from the conduction band-edge of the PbS QD
to the LUMO of BQ; the PET process has a driving force of
approximately −0.3 eV.13

Figure 1B shows kinetic traces on the nanosecond-to-
microsecond time scale, extracted at 1000 nm from the TA
spectrum in Figure 1A, for a 1 μM sample of PbS QDs (black
traces) and for a 1 μM sample of PbS QDs with 10 μM of
added BQ (colored traces) at temperatures between 0 to 50 °C.
The Supporting Information (Figures S3 and S4) contains the
fits of each trace in this figure to a single exponential decay. For
PbS QDs without added BQ, the excitonic state of the QDs
decays exponentially with a single time constant of τμs,0 = 2.42
± 0.13 μs (where the uncertainty is the standard deviation of
three TA measurements on three separately prepared samples),
and there is no trend in this time constant with temperature.
The excited state lifetimes in samples with BQ, τμs, are
accelerated to due to PET, and get shorter with increasing
temperature, from 1.21 ± 0.06 μs at 10 °C to 0.78 ± 0.04 μs at
50 °C. We have established previously12,30,31 that single-
exponential kinetics of exciton decay on the microsecond time
scale for the PbS QD-BQ system are indicative of diffusion-
limited PET from the QD to BQ, and that the corresponding
time constants are related to the bimolecular quenching
constant kq through the Stern−Volmer eq 1 for dynamic
quenching of a photoexcited fluorophore.30
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Table 1 lists the values of kq for the QD-BQ system; these
values increase with increasing temperature.
The increase in the bimolecular quenching constant, kq, with

increasing temperature is potentially due to two factors: (i) an
increased frequency of collisions between the QDs and BQ or

Figure 1. (A) The TA spectrum of 1 μM PbS QDs (black) and 1 μM
PbS QDs with 10 μM of BQ (red) at 0.1 μs after excitation at 950 nm.
The negative signal at 1000 nm is the bleach of the first excitonic
transition of the QDs. The sharp positive feature at ∼1110 nm is trans-
bandgap absorption of probe light by QDs that have already been
excited by the pump. It is shifted from the bleach of the band-edge
exciton by the exciton−exciton binding energy. (B) Kinetic traces
extracted at 1000 nm from the TA spectrum in (A) of PbS QDs
(black) and PbS QDs with 10 μM of BQ (colored) from 10 to 50 °C.
The rate of diffusion-controlled quenching of the PbS QDs by BQ
increases with increasing temperature, while the exciton recombination
dynamics of the QDs without added BQ do not trend with
temperature, see Table 1. (C) The yield of collisional electron
transfer, Φ, calculated as described in the text, increases as temperature
increases for oleate-coated PbS QDs, but is constant with temperature
for CH3-TP-coated QDs. The error bars are the uncertainties
propagated from the uncertainties in both ko and kq, and include
three separate TA measurements on separately prepared samples.
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(ii) an increased fraction of these collisions that result in
electron transfer. In order to determine the contribution of
each factor, we first use diffusion ordered spectroscopy
(DOSY) NMR26,32 to measure the diffusion coefficients for
PbS QDs (DQD) and BQ (DBQ) at temperatures from 0 to 50
°C. Both diffusion constants are expected to vary with
temperature according to the Stokes−Einstein equation, eq 233

πη
=D

k T
T R6 ( )
B

H (2)

In eq 2, kB is the Boltzmann constant, η(T) is the temperature-
dependent viscosity of the solvent, and RH is the hydrodynamic
radius of the diffusing particle. The Supporting Information
describes the procedure for DOSY NMR. Measurement of DBQ
is straightforward. As has been done previously by us26,31 and
others,34 we measure DQD by measuring the diffusion
coefficient of oleate molecules bound to the surface of the
QDs. The inset to Figure 2 shows the 1H NMR spectra of a
sample of 10 μM oleate-capped PbS QDs in toluene-d8. The
signals from the vinyl protons appear as a broad peak between
5.6 and 5.7 ppm for bound oleate, and as a sharp multiplet at
5.4 ppm for free oleic acid (this multiplet is not present in the
spectra in Figure 2). The multiplet at ∼5.80−5.85 ppm
corresponds to octadecene, another surfactant in the reaction
mixture that does not displace oleate. We monitor the peak
corresponding to bound oleate in the DOSY experiment to
measure diffusion coefficients for the QDs that range from 0.84
× 10−10 cm−1 s−1 at 0 °C to 2.11 × 10−10 cm−1 s−1 at 50 °C. If
we consider for a moment the oleate-coated QDs to be hard
spheres, the corresponding hydrodynamic radii, RH, of the
particles range from 3.5 to 2.5 nm (Figure 2 and Table 2),
where we have included in this calculation the known
temperature dependence of the viscosity of toluene according
to eq 2.35 The Supporting Information (Figure S1) shows that
we obtain the same diffusion constants for the QDs if we use
peaks corresponding to the methylene or methyl protons of
oleate, rather than the vinyl protons.
We then use the measured values of DQD and DBQ to

calculate the bimolecular collision frequency (ko) between the
QDs and BQ using eq 3

= +k
N

R D D
4

1000
( )o coll QD BQ

A
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In eq 3, NA is Avogadro’s number and Rcoll is the collision
radius, which is the sum of the hydrodynamic radii of the QD
and BQ. Table 2 lists the values of ko for the mixture of QDs
and 10 μM BQ at each temperature. As expected, ko increases
with temperature.

Using these values of ko, and the values of kq determined
from the dynamics of electron transfer (Figure 1B) via eq 1, we
calculate the collisional quenching efficiency (the fraction of
collisions that result in PET), Φ = kq/ko, for the sample at each
temperature.12,13,26,30 Figure 1C is a plot of Φ as a function of
temperature; this plot indicates that Φ, and not just the
collision frequency, increases with temperature. The variation
of Φ with temperature is small but statistically significant; the
error bars include error propagated from both ko and kq. The
small absolute value of Φ for all samples (ca. 5%) is consistent
with previous measurements on this system.13 It suggests that
BQ must be in close proximity of the inorganic core of the QD
in order to accept an electron during the lifetime of the QD’s
excited state and that, in general, the oleate ligand shell
provides an effective barrier to transport of BQ to the QD
surface. The permeation of BQ through the ligand shell limits
the yield of PET, so the data in Figure 1C show that increasing
the temperature increases the permeability of the oleate layer to
BQ.
We now return to the result that the diffusion constant of the

QDs, DQD, increases as the temperature of the sample increases
and thus yields a set of hydrodynamic radii for the particles that
range from 3.5 nm at 0 °C to 2.5 nm at 50 °C (Figure 2 and
Table 2). The radius of the QD core is 1.7 nm, and the length
of a fully extended oleate ligand is 2.0 nm,36 so the largest
measured value of RH is close to but smaller than the maximum
value (3.7 nm). The decrease in the apparent radius of the
oleate-capped QD with increasing temperature indicates that

Table 1. Bimolecular Quenching Constant, kq, for the PbS
QD-BQ System, as a Function of Temperature

temperature (°C) kq (M
−1 s−1)a

10 (2.61 ± 0.14) × 109

20 (2.78 ± 0.15) × 109

30 (3.58 ± 0.17) × 109

40 (4.35 ± 0.21) × 109

50 (5.03 ± 0.22) × 109

aMeasured by transient absorption spectroscopy. Error bars are the
standard deviations propagated from the uncertainties in τμs,0 and τμs,
as determined from TA measurements on three separately prepared
samples.

Figure 2. Hydrodynamic radii, RH, of oleate-coated (solid) or CH3-
TP-coated (open) 10 μM PbS QDs in toluene, calculated from the
diffusion coefficients of the QDs measured by DOSY NMR, as a
function of temperature. The spectra for each temperature were
acquired nonsequentially and any changes in the diffusion coefficients
with temperature are reversible upon returning to room temperature.
The error bars are the uncertainties propagated from the standard
error from single exponential fits to the decay of the 1H signal with
magnetic field gradient and from the uncertainty in the measured
solvent viscosity. Inset: Vinyl region of the 1H NMR spectra of oleate-
capped 10 μM PbS QDs at temperatures between 10 and 50 °C. The
broad signal at 5.6−5.7 ppm corresponds to bound oleate and is the
signal we monitor in DOSY NMR. This peak shifts with temperature;
however, the magnitude of this shift is the same as that for free oleic
acid in a separate experiment (see the Supporting Information, Figure
S5). The signal from free oleic acid at 5.4 ppm is absent. The multiplet
centered at ∼5.85 ppm corresponds to residual octadecene, which is a
surfactant in the synthesis of the QDs.
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the viscous drag of the QDs decreases with increasing
temperature. One interpretation of this result is that, with
increasing temperature, the oleate adlayer becomes more
solvent-likethat is, comprises a higher volume fraction of
toluene due to changes in the intermolecular structure of the
adlayer. The observation that the ligand shell is more
permeable to toluene at higher temperatures is consistent
with our observation, from the trend in collisional quenching
efficiencies (Figure 1C), and that the ligand shell is also more
permeable to BQ, which is a similar size and structure to
toluene, at higher temperatures.
When we perform a near-complete (80%, see the Supporting

Information, Figure S6) ligand exchange of the oleate with the
short, rigid methylthiolate ligand, neither the diffusion constant
of the QDs (Figure 2) nor the collisional quenching efficiency
of the QD-BQ system (Figure 1C) are temperature dependent
over the studied range. This result suggests that the
temperature dependence of the intermolecular structure of
the ligand layer, and therefore the temperature dependence of
RH and Φ, is related to the conformational motion of the
flexible oleate ligands.
We do not believe that the temperature dependencies of RH

and Φ are related to a change in the density of ligands on the
surface of the QD with temperature for three reasons: (i) The
QDs are washed with solvents (MeOH and acetone) in which
oleic acid, but not the QDs, are soluble. As shown in the NMR
spectrum in the inset to Figure 2, this procedure effectively
removes excess oleic acid from the sample. In aprotic solvent,
desorption of oleate depends on its protonation by free oleic
acid in the sample,22,24,25 so the rate of desorption of oleate
should be negligible in these samples even at elevated
temperatures. (ii) The observed hydrodynamic radius, RH, of
a particle can be approximated as its core radius plus the
average thickness of its ligand shell. Given the fact that (1) RH
of the oleate-coated QDs at 50 °C is within experimental
uncertainty of RH of the CH3-TP-coated QDs (at any
temperature) (see Figure 2), (2) CH3-TP is approximately
half the molecular length of oleate, and (3) CH3-TP displaces
80% of the oleate molecules on the surface of the QD during
our ligand exchange, we calculate that 40% of the oleate
molecules would have to desorb from the QD in order to
measure a value for RH of 2.3 nm if desorption were the sole
mechanism for the temperature dependence of RH. This total
concentration of oleate (∼400 μM) is certainly detectable by
NMR, but we do not see it at any temperature in Figure 2,
inset. (iii) We have shown previously27,37 that the ligand
density on the surface of the QD is inversely correlated with the
number of small molecules (like BQ) that adsorb to the QD

upon equilibration of the QD-BQ mixture. These adsorbed
small molecules, if redox-active, typically participate in ultrafast
(picosecond-time scale) electron transfer rather than the
diffusion-limited electron transfer with the QD that we monitor
in Figure 1B. The observed rate constant for ultrafast electron
transfer scales approximately linearly with the number of
adsorbed electron acceptors,38,39 so if the density of protective
oleate ligands on the surface of the QD were decreasing with
increasing temperature, the rate constant for ultrafast electron
transfer would increase with increasing temperature. In
contrast, the picosecond-time scale dynamics of the GS bleach
are independent of temperature (see the Supporting
Information, Figure S2).
In summary, we have established that increasing the

temperature of PbS QD-BQ mixtures increases the probability
that BQ will accept an electron from a photoexcited QD upon
colliding with it by increasing the permeability of the organic
adlayer on the QDs to BQ. We have observed that the
diffusion-controlled electron transfer rate for this system is
sensitive to small changes in the intermolecular structure of the
QD’s ligands. The increase in collisional quenching efficiency of
the QD-BQ system with increasing temperature is correlated
with a decrease in the apparent hydrodynamic radius of the
QD, measured by DOSY NMR, which we attribute to an
increase in the permeability of the ligand shell to the solvent,
toluene, and a resultant decrease in the viscous drag of the QD.
The temperature dependence of both the apparent hydro-
dynamic radius of the QDs and the collisional quenching
efficiency disappear upon replacement of oleate with conforma-
tionally inflexible methylthiophenolate.
The absence of a mechanism for oleate desorption, the

insensitivity of the picosecond-time scale PET dynamics of the
system to temperature, and the absence of any signal from
desorbed oleate in the NMR suggest that the temperature
dependence of the permeability of the adlayer is not related to a
change in ligand density, but rather to the temperature
dependence of the dynamic fluctuations of the flexible ligand
shell. These fluctuations gate the permeation of small molecules
(like BQ and toluene) through the ligand shell to the surface of
the QD by creating transient defects (gaps). The yield of
photoinduced electron transfer is a sensitive probe of these
fluctuations if these transient gaps are of a similar size to the
small molecule redox probe. If the solvent molecules are also
the size of these gaps, then DOSY NMR, a very slow-time scale
experiment, is also a useful measurement of ligand fluctuations
within organic adlayers on small colloids. This work suggests
that in designing QD-based heterogeneous or homogeneous
photocatalytic systems, where catalysis occurs through

Table 2. Diffusion Coefficients and Apparent Hydrodynamic Radii, RH, of PbS QDs and BQ in Toluene at 0 °C − 50 °C, and
the Values of ko for the PbS QD/BQ System

benzoquinone oleate-coated PbS QDs

temperature (°C) diffusion coefficient (× 10−4 cm‑2 s−1)a RH (Å)b diffusion coefficient (× 10−6 cm‑2 s−1)a RH (nm)b ko (× 104 μs−1)c

0 1.32 ± 0.06 1.95 ± 0.10 0.65 ± 0.03 3.55 ± 0.18 4.04 ± 0.17
10 1.66 ± 0.07 1.86 ± 0.09 0.82 ± 0.04 3.33 ± 0.16 5.05 ± 0.09
20 1.92 ± 0.09 1.90 ± 0.10 1.23 ± 0.06 3.13 ± 0.16 5.87 ± 0.33
30 2.26 ± 0.11 1.90 ± 0.10 1.44 ± 0.07 2.69 ± 0.15 6.92 ± 0.42
40 2.69 ± 0.14 1.85 ± 0.11 2.02 ± 0.11 2.47 ± 0.14 8.25 ± 0.47
50 2.81 ± 0.15 2.04 ± 0.12 2.62 ± 0.14 2.31 ± 0.14 8.69 ± 0.41

aMeasured by DOSY NMR. Error bars are the standard error of single exponential fits to the decay of the 1H signal with magnetic field gradient.
bCalculated using eq 2. Error bars are the uncertainties propagated from the error in the diffusion coefficients and solvent viscosities. cCalculated
using eq 3. Error bars are the uncertainties propagated from the error in the diffusion coefficients.
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diffusion-controlled redox processes, one should consider not
only the degree of chemical and electronic passivation provided
by the headgroup of the ligand but also the average density and
local dynamic behavior of molecules within the ligand shell.
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