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ABSTRACT: This paper describes the mechanisms of charge
recombination on both the nanosecond and microsecond time
scales in a donor−acceptor system comprising thiol-modified
bis(diarylamino)4,4′-biphenyl (TPD) molecules attached to a
CdS quantum dot (QD) via the thiolate linker. Transient
absorption measurements, in conjunction with EPR and
magnetic field effect studies, demonstrate that recombination
on the nanosecond time scale is mediated by radical pair
intersystem crossing (RP-ISC), as evidenced by the observa-
tion of a spin correlated radical ion pair, the formation of the
localized 3*TPD state upon charge recombination, and the
sensitivity of the yield of 3*TPD to an applied magnetic field.
These experiments show that the radical spins of the donor−acceptor system have weak magnetic exchange coupling (|2J| < 10
mT) and that the electron donated to the QD is trapped in a surface state rather than delocalized within the QD lattice. The
microsecond-time scale recombination is probably gated by diffusion of the trapped electron among QD surface states. This
study demonstrates that magneto-optical studies are useful for characterizing the charge-separated states of molecule−QD hybrid
systems, despite the heterogeneity in the donor−acceptor geometry and the chemical environment of the radical spins that is
inherent to these systems.

■ INTRODUCTION

This paper describes two mechanisms by which long-lived
charge-separated states recombine within a molecule−quantum
dot (QD) donor−acceptor complex: (i) spin-selective
recombination of a spin-correlated radical ion pair (RP) on
the nanosecond time scale, and (ii) recombination of one
carrier on the molecule with a diffusing carrier trapped on the
QD surface on the microsecond time scale. The RP is formed
by photoexcitation of N-[4-(12-mercaptobutyloxy)phenyl]-N′-
phenyl-N,N′-di(m-tolyl)-biphenyl-4,4′-diamine (“TPD-C4-
SH”) and subsequent electron transfer to a CdS QD to
which the molecule is adsorbed through the thiolate linkage,
Figure 1A. Colloidal QDs are photostable, highly absorptive,
solution processable charge-transfer partners for organic
molecules and polymers.1−7 In order to use QDs as
components of photovoltaic active materials, within which
long-lived photogenerated charge pairs are the most likely to be
harvested at device contacts,8,9 we must identify QD−molecule
systems in which the rates of charge recombination (after
photoinduced electron or hole transfer) are on the nanosecond
time scale or longer and determine the mechanisms by which
the charge-separated state is preserved.10 Quantitative mecha-
nistic analyses of charge-transferring systems involving semi-

conductor nanoparticles are complicated by the chemical and
structural heterogeneity of the binding sites on a single QD
surface, and the heterogeneity of these surfaces within an
ensemble of QDs.1,5,11 Here, we show that even a
heterogeneous ensemble of RPs formed in a QD−molecule
system displays behaviors characteristic of RPs in well-defined,
geometrically rigid all-organic systems and that the formalism
of radical pair spin states developed for these all-organic
materials is useful for determining the parameters of the RPs
that dictate their lifetime.
Charge separation lifetimes on the nanosecond to micro-

second time scales are common in all-organic donor−acceptor
systems.8,9,12−14 For many organic donor−acceptor systems
that form RPs with lifetimes of nanoseconds (usually covalently
bound multichromophoric molecules),12,13,15,16 the spins of the
radical cation and radical anion are correlated through a
nonzero exchange interaction, that is, the RP is in either a net
singlet or net triplet state, and these two states interconvert
primarily through hyperfine interactions on the respective
radical centers, a process called radical pair intersystem crossing
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(RP-ISC). The charge recombination of these spin-correlated
RPs proceeds through two spin-selective channels: the singlet
RP recombines to the singlet ground state of the donor−
acceptor complex, and the triplet RP recombines to a localized
triplet excited state on one of the chromophores.12,16−19

Characterizing the spin-correlated RP and the spin-polarized
localized triplet that it forms through both transient absorption
(TA) and magnetic resonance experiments allows not only
calculation of the rate constants for each spin-selective pathway
but also estimation of the magnitude of the electronic coupling
for electron transfer, the donor−acceptor distance, and the
gyromagnetic ratio, g, for each radical spin, which relates to the
chemical environment of the radical.12,18−21 For organic
systems that form RPs with lifetimes of microseconds or
longer, usually polymeric or self-assembled systems with
extended percolation pathways for the electron or hole,7,12,13

one or both charge carriers migrate so as to at least temporarily
lose communication with the other carrier and thus preserve
the charge-separated state.9,15 There are many reports of the
use of colloidal QDs as redox centers within solution-phase
donor−acceptor systems and within PV active materials, but
these reports do not describe charge recombination mecha-
nisms for either of these types of characteristically long-lived
RPs.3−6

In this work, we characterize the photogenerated RPs formed
within a solution-phase ensemble of TPD-CdS QD donor−
acceptor systems; these RPs undergo charge recombination on
both the nanosecond and microsecond time scales. The RPs
that live for ∼10 ns recombine spin-selectively to either the
singlet ground state or a localized triplet excited state on TPD,
3*TPD. The magnetic field effect (MFE) experiment, a form of
optical magnetic resonance, and electron paramagnetic
resonance (EPR) experiments confirm that charge recombina-
tion dynamics on this time scale are gated by the RP-ISC
process, yield a magnetic exchange coupling |2J| of <10 mT (or
<10−6 eV) for the RP, and indicate that the “acceptor” state of
the QD is a surface-localized state rather than a delocalized
state of the core. The localization of the electron on the surface
of the QD also sometimes results in RPs that live for hundreds
of microseconds in this system, due to diffusion of the electron
among surface states.

■ RESULTS AND DISCUSSION
We use a procedure adapted from Evans et al.22 to synthesize
CdS QDs with a band edge absorption peak centered at 328
nm (see the Supporting Information, Figure S1), a radius of
0.85 nm,23 and coated with oleate ligands. We treat these QDs
with 3 equiv of TPD-C4-SH, synthesized using a procedure
adapted from Malicki et al.24 (see the Supporting Information),
in d6-benzene. This sample was prepared under inert
atmosphere in order to prevent the oxygen-driven formation
of TPD-C4-disulfide. We then determine the number of TPD-
C4-SH bound per QD within the mixed monolayer of TPD and
oleate, Figure 1A. The 1H NMR spectrum of free TPD-C4-SH
has a series of sharp aromatic proton peaks between 6.7 and 7.5
ppm (Figure 1B, top); when TPD-C4-thiolate binds to the
surface of a CdS QD, these peaks broaden and shift downfield
(Figure 1B, bottom). The lowest field aromatic peak (at 7.44
ppm in the spectrum of QD-TPD mixtures) corresponds to
four equivalent protons on the bridging aryl groups. Upon
exchange of the native oleate ligands for TPD-C4-SH, the
integrated intensity per proton of the peak at 7.44 ppm matches
(within 20%) the integrated intensity per proton of the peak at
5.5 ppm corresponding to the vinyl protons of oleic acid that
has been displaced by TPD (see the Supporting Information,
Figure S2). This result indicates that each TPD-C4-SH
displaces a single oleate ligand and that the total ligand count
is conserved during the ligand exchange. The 1H NMR
spectrum of the mixed monolayer also indicates that 90 ± 5%
of TPD-C4-SH present in each sample is bound (see the
Supporting Information, Figure S2); we therefore hereafter
treat “equivalents TPD-C4-SH added” as “equivalents TPD-
C4-SH bound” to the QD.
We next measure the TA spectrum of the TPD-CdS QD

complex with three bound TPD molecules per QD using
samples that are simply a 2:1 dilution of the NMR samples in
toluene. Excitation of the sample at 355 nm results primarily in
the formation of 1*TPD (Scheme 1, Step 1), but 20% of
absorbed photons excite the QD. Due to the “type-II”

Figure 1. (A) TPD-C4-SH molecules conjugated to CdS QDs with a
radius of 0.85 nm. Samples were prepared by treating QDs capped
with oleate ligands with a solution of 3 equiv TPD-C4-SH. (B)
Comparison of the aromatic region of 1H NMR spectrum of free
TPD-C4-SH in d6-benzene (top) with the 1H NMR spectrum of CdS
QDs treated with 3 equiv TPD-C4-SH (bottom). Broadened peaks at
7.44, 7.07, 6.85, and 6.73 ppm correspond to surface-bound TPD-C4-
thiolate. The large sharp signals at 7.15, 7.27, and 7.01 ppm
correspond to benzene. The remaining sharp peaks (for example,
7.38 ppm) correspond to residual free TPD-C4-SH (∼10% of the total
population of TPD).
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heterojunction formed by this donor−acceptor pair (see the
Supporting Information, Figure S3), both excited states yield
the same radical pair TPD+•-QD−• (Scheme 1, Step 2). The
spectral signature of the RP is a prominent absorption feature
centered at ∼1450 nm, which corresponds to TPD+•.24,25

Figure 2 shows that the growth of the TPD+• feature at 1450

nm is concurrent with the decay of the 1*TPD excited-state
absorption, which we monitor at 1050 nm based on TA spectra
of the free TPD molecule (see the Supporting Information,
Figure S4). We do not monitor the dynamics of the QD exciton
because our TA spectrometer does not generate sufficient white
light at the wavelength of the ground state bleach (328 nm) to
accurately measure a transient signal. In order to obtain the
charge separation time constant, τCS, which appears as a decay
component at 1050 nm and a rise component at 1450 nm, we
globally fit the picosecond kinetic traces at these two
wavelengths (Figure 2, inset) to a sum of two simple

exponential functions convoluted with an instrument response
function (IRF) (see the Supporting Information). This process
yields (i) τCS = 201 ps and (ii) a time constant, τ1 = 4.2 ps, for
decay of 1*TPD due to vibrational relaxation;24 the τ1
component is also present at 1450 nm due to nonzero
contribution from 1*TPD at this wavelength.
The radical cation feature centered at 1450 nm persists on

the nanosecond-to-microsecond time scale, Figure 3A, and
exhibits a distinct initial decay in the first hundred nanoseconds
after photoexcitation that is followed by a much slower
recombination process over the next 400 μs, Figure 3C, red.
The initial decay of the TPD+• feature at 1450 nm, which
occurs with an 8 ns lifetime, is correlated with the growth of the
3*TPD feature at 633 nm (Figure 3B) with a lifetime of 16 ns
(Figure 3C, black). The fact that 3*TPD is produced upon
charge recombination of the RP indicates that intersystem
crossing must occur between the singlet RP, 1(TPD+•-CdS
QD−•), formed from 1*TPD, and the triplet RP, 3(TPD+•-CdS
QD−•), during its lifetime (Scheme 1, Step 3), because, in
general, the recombination of RPs occurs spin-selectively, that
is, spin multiplicity is preserved upon charge transfer.12,15−17,26

The singlet RP, 1(TPD+•-CdS QD−•), recombines to the
neutral singlet ground state of the complex (Scheme 1, Step 4),
and 3(TPD+•-CdS QD−•) recombines to 3*TPD (Scheme 1,
Step 5). This type of spin-selective charge recombination only
occurs if the RP is spin-correlated rather than two uncoupled
radical ions.
In order to confirm the formation of a spin-correlated RP, we

conducted transient EPR (TREPR) experiments using
continuous microwave irradiation at X-band (9.5 GHz)
following pulsed laser photoexcitation of the sample at 355
nm. The room temperature EPR spectrum of the photoexcited
TPD-CdS QD complex, Figure 4A (inset), exhibits a broad
signal centered at 343 mT, which yields a value for the
gyromagnetic ratio g for the spin-correlated radicals of 2.02.
This spectrum is consistent with the formation of a spin
correlated radical ion pair that originates from a singlet
precursor (i.e., 1*TPD) with weak (|2J| < 10 mT = < 10−6 eV)
spin−spin exchange energy.12,17,18,20 Previous EPR studies of
the spin environment of photoinjected carriers in semi-
conductor nanocrystals show that a g-factor of 2 corresponds
to a carrier trapped in a localized state on the QD
surface.11,27−31 If the extra electron on the QD was instead
delocalized over a QD core of this size, g would be 1.9 ±
0.0527,32 as a result of the large spin−orbit interaction of the
electron with the full nanocrystal semiconductor lat-
tice,28,29,33,34 and there would be a signal near 365 mT. We
see no signal at 365 mT in Figure 4A (inset) and therefore
conclude that all photoinjected electrons are, by 30 ns after
photoexcitation (the instrument response time of the EPR
experiment), trapped following charge transfer from
TPD.12,17,18 Also, no EPR signal is present at room temperature
for CdS QDs treated with 3 equiv of decanethiol rather than
TPD-C4-SH following photoexcitation at 355 nm (see the
Supporting Information, Figure S5), so electron transfer is
necessary to produce this signal.
The EPR spectrum of the photoexcited TPD-CdS QD

complex at 85K, Figure 4A, is dominated by the localized triplet
state, 3*TPD, with a characteristic dipolar coupling parameter,
D, of 835 G. This triplet spectrum fits to a polarization pattern
(red) that confirms that it originates primarily from
recombination of 3(TPD+•-CdS QD−•) via the aforementioned
RP-ISC mechanism, in which singlet−triplet RP interconver-

Scheme 1

Energy level diagram showing charge separation from the photo-
induced singlet excited state of TPD (1*TPD) to form the singlet
radical ion pair 1(TPD+•-CdS QD−•) with rate constant kCS; radical
pair intersystem crossing to the triplet radical ion pair 3(TPD+•-CdS
QD−•) with rate constant kRP‑ISC; spin-selective recombination from
the singlet RP to the singlet ground state with rate constant kCR,S;
recombination from the triplet RP to the localized triplet excited state
of TPD (3*TPD-QD) with rate constant kCR,T; and recombination of
3*TPD-QD to the ground state with rate constant kT

Figure 2. Near-infrared (NIR) TA spectra of a sample of CdS QDs
coated with 3 equiv TPD-C4-thiol, in d6-benzene:toluene, following
355 nm excitation, acquired on the picosecond-to-nanosecond time
scale. The sharp feature at 1450 nm corresponds to TPD+•. The inset
shows kinetic traces extracted from the TA spectrum of the same
sample at 1050 nm (blue) and 1450 nm (red). The thin black lines are
fits of the data with the IRF convoluted with a sum of two exponential
functions, including a charge separation component with τCS = 201 ps.
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sion is induced by electron−nuclear hyperfine coupling.16,17,35

This fit also includes a smaller (20%) contribution from the
localized triplet that forms via spin−orbit intersystem crossing
of 1*TPD to 3*TPD.17

The slight discrepancy between the observed time constant
for decay of the RP (8 ns) at 1450 nm and the time constant
for formation of 3*TPD (16 ns) at 633 nm, Figure 3C, is
probably due to the overlap of signals at these wavelengths, as

the parallel decay kinetics of radical pair recombination via the
singlet and triplet pathways should yield identical time
constants for the growth of 3*TPD and the decay of the
radical pair signal (see the Supporting Information). The signal
at 633 nm has contributions from the ∼10% free TPD in
solution as well as a small amount of 3*TPD formed via
intersystem crossing from 1*TPD, and CdS QDs exhibit weak

Figure 3. (A) NIR and (B) visible TA spectra of the same sample
studied to produce Figure 2 but acquired on the nanosecond-to-
microsecond time scale. The feature at 1065 nm in (A) is caused by
partial saturation of the detector by the probe. (C) Kinetic traces
extracted from the TA spectra in (A) and (B) at 633 nm (black) and
1450 nm (red) showing the dynamics of 3*TPD and TPD+•,
respectively. The black lines correspond to fits of data to a sum of
either one (633 nm) or two (1450 nm) exponentials functions plus a
stretched exponential.

Figure 4. (A) TREPR spectrum of the TPD-CdS QD complex
acquired at 85 K at 208 ns after photoexcitation, dominated by the
signal of 3*TPD (note the small RP signal centered at 347 mT). The
red line is the fit of the low-temperature spectrum based on expected
electron spin polarization of 3*TPD following recombination from
3(TPD+•-CdS QD−•) (Scheme 1, Step 4). The inset shows the
TREPR spectrum of same sample recorded at room temperature at the
instrument-limited maximum of the signal (116 ns after photo-
excitation at 355 nm). (B) Relative yield of 3*TPD (“T/T0”) at 300 ns
formed following charge recombination of the TPD+•-CdS QD−• RP,
as a function of the magnitude of the applied static magnetic field. The
sample was excited at 355 nm under inert atmosphere, and the
absorption of 3*TPD was monitored at 633 nm. The inset shows a
diagram of Zeeman splitting of triplet RP states as a function of
applied magnetic field (for an antiferromagnetic exchange energy: 2J <
0). This splitting accounts for the decrease in T/T0 between 0 and
∼225 mT. The text explains the recovery of T/T0 at larger field
strengths.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja507301d | J. Am. Chem. Soc. 2014, 136, 14513−1451814516



intraband transitions with energies which span across the entire
NIR region of the spectrum.
We obtain additional information about the spin-correlated

TPD+•-CdS QD−• RP using the MFE experiment. We excited
the TPD-CdS QD complex at 355 nm and monitored, by TA,
the yield of 3*TPD produced, that is, the amplitude of the TA
spectrum of the complex at 633 nm at a time delay of 300 ns
(after recombination is complete), as a function of the
magnitude of an applied static magnetic field (B) from 0−
1000 mT in steps of 10 mT. We acquired a new baseline (zero
field) triplet yield every five magnetic field steps to ensure that
our results were not influenced by sample degradation. We
denote the triplet yield at zero-field “T0” and the triplet yield at
nonzero field “T”, and plot the ratio T/T0 vs B in Figure 4B.
The plot of T/T0 vs field strength shows two distinct

regimes: a sharp drop in triplet yield to ∼96% of its original
value until 225 mT, followed by a gradual rise back to unity.
The falloff in triplet yield at low magnetic field strength is
characteristic of the RP-ISC mechanism, where the Zeeman
interaction of the external field with the three sublevels of
3(TPD+•-CdS QD−•), T0, T+, and T−, splits the T+ and T−
sublevels symmetrically around T0 by an energy equal to gβB
(Figure 4B, inset).12,19,36 As the energy gap between the singlet
RP state and the T+/T− triplet RP states widens, the efficiency
of RP-ISC decreases, and the observed yield of 3*TPD
decreases. In some covalently bound electron-transferring
systems with well-defined donor−acceptor geometries, T/T0
rises to a peak at the applied magnetic field in which the T+ or
T− RP level crosses the singlet RP energy level; this peak is
called a 2J resonance and its value is equal to the singlet−triplet
splitting energy in the unperturbed radical pair (Figure 4B,
inset).12,36 We do not observe such a resonance in our MFE
scan, even when we acquire MFE data at high resolution (see
the Supporting Information, Figure S6), probably because the
magnitude of J is small and the resonance is broadened by the
large distribution of donor−acceptor distances; this distribution
is due to the conformational motion of the ligand, the
heterogeneity of binding sites on the QD surface, and the
heterogeneity in chemical environments of the radical anion on
the QD surface. It is possible that the magnitude of the MFE
(∼5%) is reduced by the spin−orbit coupling of the injected
electron and the semiconductor nanocrystal lattice. Spin−orbit
coupling on a single radical center, particularly in the presence
of a heavy atom, has been shown to quench the magnetic field
effect in donor−acceptor systems which undergo charge
recombination through the radical pair mechanism, as this
interaction induces spin relaxation and washes out the
preferential population of radical pair spin sublevels following
charge transfer.37,38 Our EPR results indicate, however, that the
injected electron on CdS is trapped in a surface site (likely a Cd
ion) and does not experience the full spin−orbit interaction of
a carrier delocalized across the full nanocrystal lattice, such that,
if the spin−orbit interaction is present, our MFE would not be
quenched completely.
The gradual rise in T/T0 from 225 to 1000 mT (Figure 4B)

is characteristic of the so-called “delta g mechanism” most
famously observed for RPs within photosynthetic reaction
center proteins.19,36,39 Differences in g-factor on the order of
∼0.001 between the RP electron and hole result in periodic
dephasing and rephasing of the transverse spin components,
which induces periodic transitions between the T0 and S states
with a frequency that depends on the difference in Larmor
frequencies of the electron and hole spins. The Larmor

frequency is proportional to gB, so this difference increases
linearly with field strength, and, at sufficiently high magnetic
fields, this S−T0 mixing dominates the RP-ISC process.19,40

In addition to the RPs that recombine on the 10 ns time
scale via the RP-ISC mechanism, a portion of the RPs in the
TPD-QD system persist on the microsecond time scale. The
microsecond dynamics were only adequately fit, that is, the
residuals of the fit were symmetric around a center line, with
additional stretched exponential components, corresponding,
we believe, to the recombination of TPD+• with an electron
which hops between localized trap sites on the CdS surface. We
chose to fit the 1450 nm kinetic with an additional 40 ns
component and a stretched exponential centered at 63 μs, and
633 nm kinetic with an additional stretched exponential
centered at 130 μs; the kinetic at 1450 nm fits equally well
with one exponential and two stretched exponentials (all fits are
summarized in Supporting Information Table S1). Charge-
separated states that live for microseconds or longer most often
involve electrons and holes that are temporarily decoupled due
to migration of one or the other carrier.8,9,41 We do not believe
that the hole in TPD is migrating in this case because there are
only three TPD molecules adsorbed per QD, and these
molecules are separated by insulating oleate ligands by an
average distance of ∼2 nm (we see no evidence of dye
aggregation on the surface of the QD, see Supporting
Information Figure S7). Following charge transfer and trapping
on the QD surface, the localized electron, however, is capable
of migrating to other trap sites on the QD surface that are
spatially separated from the hole. As a result, the charge-
separated state persists for up to hundreds of microseconds and
exhibits a distribution of recombination rates. Distributed
recombination dynamics due to electron hopping are frequently
seen in molecular sensitizer-TiO2 donor−acceptor systems.41,42
The decay dynamics at 1450 and 633 nm are complicated
further by the overlap of signals from TPD+• and 3*TPD at
these wavelengths.

■ CONCLUSIONS
In summary, we have demonstrated that charge recombination
of the photogenerated RP in the TPD-CdS QD donor−
acceptor pair is gated by radical pair intersystem crossing on the
nanosecond time scale and by the migration of trapped
electrons on the surface of the nanocrystal in the microsecond
time scale. EPR and magnetic field effect experiments on the
spin-correlated RP yield an electron exchange energy, 2J, of
<10−6 eV and indicate that the electron within the RP is
trapped on the surface of the QD. A fraction of these trapped
electrons migrate among surface states of the QD and result in
RPs that persist for tens of microseconds. Our work indicates
that spin-correlated RPs do form in QD−molecule systems in
cases where the lifetime of the charge-separated state is
sufficiently long to permit RP-ISC (several nanoseconds or
longer). The presence of the spin-correlated RP is evident in
the sensitivity of its recombination products to application of a
magnetic field. In addition to the drop in yield of triplet product
with increasing magnetic field characteristic of RP-ISC, the RP
in the TPD-QD system displays the gradual increase in triplet
yield with application of higher magnetic fields characteristic of
slightly different chemical environments of the electron and
hole. Even with the heterogeneity in the adsorption geometries
and linking chemistries inherent in these systems, magneto-
optical characterization of these RPs is useful for determining
the parameters that dictate the lifetime of the RP, namely
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average donor−acceptor coupling, and degree of delocalization
and chemical environments of the radical spins. This type of
information will allow us to develop models for electron
transfer in heterogeneous systems that are as quantitatively
predictive as those developed for all-organic systems.
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