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ABSTRACT: The synthetic tunability, flexibility, and rich spin
physics of semiconductor quantum dots (QDs) make them
promising candidates for quantum information science applica-
tions. However, the rapid spin relaxation observed in colloidal
quantum dots limits their functionality. In the current work, we
demonstrate a method to harness photoexcited spin states in QDs
to produce long-lived spin polarization on an appended organic
ligand molecule. We present a system composed of CdSe/CdS
core/shell QDs, covalently linked to naphthalenediimide (NDI)
electron-accepting molecules. The electron transfer dynamics from
photoexcited QDs to the appended NDI ligands is explored as a
function of both shell thickness and number of NDIs per QD. Transient EPR spectroscopy shows that the photoexcited QDs
strongly spin polarize the NDI radical anion, which is interpreted in the context of both the radical pair and the triplet mechanisms
of spin polarization. This work serves as an initial step toward using photoexcited QDs to strongly spin polarize organic radicals
having long spin relaxation times to serve as spin qubits in quantum information science applications.

■ INTRODUCTION

The promise that quantum information science (QIS) holds to
revolutionize computation, communication, and sensing is
accelerating research in this field.1,2 However, the exact
materials that will comprise these emergent technologies
remain an open question.2,3 A particularly prominent class of
materials, semiconductor quantum dots (QDs), has been
proposed for quantum computation and communication
applications.4−9 QDs grown by molecular beam epitaxy in
all-solid-state devices are the most widely studied form for
these applications,8 but colloidal QDs are also attractive
candidates owing to the tunability of their size,10 shape,11 and
composition.12 Optical excitation in colloidal QDs is
particularly intriguing because it offers a way to selectively
address specific QDs (i.e., by size or composition)7 and can
generate well-defined spin states,13,14 thus satisfying two key
criteria of functioning qubits.15

The spin dynamics of photoexcited charges in the archetypal
cadmium chalcogenide (CdE) colloidal QDs have been probed
by a variety of optical and magneto-optical techniques,
including time-resolved Faraday rotation,6,7,13,16 degree of
emissive circular polarization,17 polarized pump−probe spec-
troscopy,18 and cross-polarized transient grating spectrosco-
py.14,19 From this a generalized picture of spin dynamics in
these colloidal QDs has been developed. Due to extensive
spin−orbit coupling, the spin states in CdE QDs are best
described by their total angular momentum. The two lowest

energy states have total angular momenta of F = 1 and F = 2
and are termed “bright” and “dark” excitonic states,
respectively. The F = 2 dark state lies approximately ΔEBD =
2−20 meV below the bright state.20,21 Spin relaxation between
these two states is suggested to occur on the subpicosecond to
tens of picoseconds time scale as a result of hole spin flips,
resulting in rapidly equilibrated Boltzmann populations.14,17,18

A slow component to spin relaxation is also observed
(hundreds of picoseconds to a few nanoseconds) and is
ascribed to both intralevel relaxation (e.g., +2 → −2 within the
dark state) and electron spin flips.6,14,17,18 In either case,
photogenerated spin coherence in these systems does not live
long enough to support the microwave-based spin manipu-
lations required for quantum logic gates (>100 ns).22 A
strategy to harness these spin states prior to relaxation is
therefore necessary.
Organic molecules offer a promising platform for supporting

long-lived spin coherences owing to their weak spin−orbit
coupling.23 Therefore, transferring spin coherence, or at least
spin polarization, from a photoexcited QD to an organic
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molecule is of keen interest. With this aim in mind, it is worth
briefly reviewing efforts to understand and control spin in
QD−molecular conjugate systems. Coherent spin transfer has
been demonstrated from photoexcited QDs of one size to
molecularly linked QDs of another size.7 Spin-selective charge
extraction from QDs has also been demonstrated when
functionalized with chiral molecules via the chiral-induced
spin selectivity (CISS) effect.24−28 Photoexcited QDs have
been used to efficiently sensitize molecular triplet states via
triplet energy transfer.29−31 Furthermore, spin state control in
photoexcited QD−organic molecule conjugates has been
shown in the context of the spin-correlated radical pair
(SCRP) model.32−34

In both triplet energy transfer studies and the SCRP work,
longer-lived QD excited states display primarily triplet
character. The SCRP studies are of interest in the context of
the research presented here. In two of these studies,
photoexcitation of an organic chromophore and subsequent
electron transfer to a QD results in a radical pair state (QD−−
molecule+) that undergoes radical pair intersystem crossing
followed by charge recombination to yield a molecular triplet
state.32,33 This process is further verified by transient electron
paramagnetic resonance (EPR) measurements.33 In a third
study, spin control is demonstrated by selectively exciting
either the organic molecule or the QD.34 When the molecule is
excited, rapid charge separation and recombination out-
competes spin interconversion, allowing for return to the
singlet ground state. When the QD is excited, however, the
QD−−molecule+ state recombines to a molecular triplet
state.34 These studies demonstrate the possibilities for spin
control in photogenerated QD−molecular systems. However,
they have been limited to QD−−molecule+ radical pairs and
furthermore do not directly probe the charge-separated state.
In the work presented here, we directly probe via transient

EPR spectroscopy a QD+−molecule− state that is generated by
QD photoexcitation. These measurements are enabled using
core/shell CdSe/CdS QDs that can support long-lived charge-
separated states. We first investigate the dynamics of
photoexcited electron transfer from CdSe/CdS core/shell
QDs to a naphthalenediimide (NDI) electron acceptor as a
function of both CdS shell thickness and NDI surface
coverage. This serves as a means both to more confidently
determine the charge transfer rates relevant for the EPR
measurements but also to benchmark shell thickness-depend-
ent electron transfer in the less explored CdSe/CdS core/shell
system (compared to CdSe/ZnS). A polarized spin state

assigned to the NDI radical anion is observed in the transient
EPR data. The signal is nearly entirely absorptive, suggestive of
a polarization mechanism analogous to the triplet mechanism
(TM) in which polarized spins are generated by charge
separation from a photogenerated spin-polarized triplet
state.35−39 In this case, the photoexcited QD serves as the
“triplet”. Temperature-dependent EPR measurements suggest
that this polarization may arise from the population difference
in the dark and bright states of the QD. Using photoexcited
QDs to spin polarize surface-bound molecular qubits is an
important step toward harnessing the rich spin physics and
synthetic tunability of colloidal QDs for QIS applications.

■ RESULTS AND DISCUSSION

The system explored in this paper is shown in Figure 1. CdSe/
CdS core/shell QDs serve as both the light absorber and the
electron donor. A modified NDI ligand with a carboxylate
functional group linker serves as the electron acceptor (NDI
absorbs blue of 400 nm, avoiding coexcitation, see Supporting
Information (SI)). Approximate energetics for the system are
shown in Figure 1b. Prior electrochemical measurements have
shown that the approximate valence band energy of similar
CdSe/CdS core/shell QDs is 1.2 V vs SCE.40 However, it
should be noted that electrochemical measurements on QD
band energies are subject to large errors (hundreds of meVs),
and therefore, we represent these states as a distribution.41

Since the reduction potential of NDI is −0.48 V vs SCE42 and
the QD excited state energy is 2.1 eV, the approximate free
energy change for charge separation is −0.4 eV. The optical
absorption and emission of the QDs are shown in Figure 1c.
Both core/shell samples are grown from the same batch of 3.3
nm CdSe core QDs following previously published synthetic
procedures.40,43 The 2 nm shell sample exhibits red-shifted
emission and absorption due to carrier delocalization and also
shows enhanced absorption in the 400−450 nm range as a
result of increased CdS volume. The photoluminescence
quantum yields were 13% and 68% for the 1 and 2 nm shell
samples, respectively. Transmission electron microscopy
images are shown in Figure 1d and were used to calculate
average diameters of 5.6 and 7.7 nm. See SI for sizing
histograms.
The QD−NDI conjugates were prepared with a range of

NDI equivalents per QD by adding progressively more NDI
ligand to a dilute QD solution in toluene (see SI for details).
The carboxylate group serves as the binding head to the QD

Figure 1. Schematic of the donor−acceptor system. (a) Diagram of the CdSe/CdS core/shell QD and the NDI ligand that acts as the electron
acceptor. (b) Energy diagram of electron transfer (ET) to create the NDI−•−QD+ species and charge recombination (CR) to the ground state. (c)
UV−vis absorption (solid lines) and photoluminescence (dashed lines) of 1 nm shell (black) and 2 nm shell (red) QDs. (d) Transmission electron
microscopy images of QDs.
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surface. The as-synthesized CdSe/CdS core/shell QDs are
primarily coated with oleic acid, which can be ligand
exchanged for other carboxylic acid ligands (such as our
NDI ligand). We believe all NDI added binds because (1) the
NDI ligand is only sparingly soluble in toluene but produces a
scatter-free solution when combined with QDs and (2) the
free NDI does not appear in solution NMR spectra when
mixed with the QDs. In addition, we found that the NDI
ligand did not bind to the native CdSe QDs, which were
functionalized with phosphonic acid ligands. This is consistent
with previous work44 and was remedied by heating the CdSe
QD samples in oleic acid for a day prior to treatment with NDI
(see SI for details).
Prior to analyzing the spin characteristics in this QD−

molecular dyad, we first aimed to obtain a full picture of the
charge transfer dynamics. Such information aids in our
interpretation of the spin dynamics as well as provides
benchmark rates for shell-dependent electron transfer from
CdSe/CdS core/shell QDs. To probe these charge transfer
dynamics, we turned to transient absorption spectroscopy.
Transient absorption data were collected for the CdSe core, 1
nm shell CdSe/CdS, and 2 nm shell CdSe/CdS QDs with a
range of NDI equivalents per QD. Example transient spectra
are shown in Figure 2, highlighting the core/shell QDs with
either no NDI or many NDI ligands (see SI for all transient
spectra). The slower dynamics of the 2 nm shell sample
precluded the collection of meaningful data on the femto-
second to picosecond time scale. In the absence of NDI, all
samples exhibit a multiexponential QD bleach recovery
corresponding to all radiative and nonradiative recombination
pathways native to the QDs (Figure 2a and 2d). Upon addition
of NDI, we observe new spectral features associated with both
NDI−• and QD+, confirming the presence of photoinitiated
charge separation. NDI−• most notably has a prominent

absorption feature at ∼480 nm,42 which is observed in all
transient spectra that include NDI. The derivative-like feature
near the QD band edge is assigned to a Stark-shifted QD
absorption resulting from the electric field between the
separated charges and has been described previously in similar
systems.45,46 Importantly, both NDI−• and QD+ features
appear in the same ratio regardless of the number of NDI
equivalents and decay in concert. This suggests that we are
generating a one-to-one NDI−• and QD+ pair that annihilates
via charge recombination.
To quantify charge separation rates, we deconvolved all

transient spectra into a QD bleach (i.e., a QD excited state,
QD*) basis spectrum and an NDI−•−QD+ basis spectrum.
From these basis spectra, we could construct time-resolved
population traces for the QD* and NDI−•−QD+ states. The
QD* populations for the core/shell samples are shown in
Figure 2c and 2f. All other basis spectra and population traces
are shown in the SI. Population transients were fit to
multiexponential functions, as described in the SI, to yield
two independent estimates for the charge separation rate
constant. These two independent estimates come from either
fitting the decay of the QD* state or fitting the rise of the
NDI−•−QD+ state. By plotting these rate constants as a
function of NDI equivalents per QD (Figure 3a and 3b), one
can extract a bimolecular electron transfer rate constant (kcs) in
accordance with the relation kcs,tot = Nkcs, where N is the
number of acceptors per QD. The linearity of these plots
further validates our method and assumption that each NDI
ligand added does indeed bind to the surface in the range
studied. The bimolecular rate constants (utilizing either QD*
or NDI−•−QD+ populations) are plotted as a function of shell
thickness in Figure 3c. Although both populations yield similar
charge transfer rate constants, the rate constant from the QD*
population is consistently smaller than that derived from the

Figure 2. Ultrafast transient spectra and population dynamics in the 1 nm shell (a−c) and 2 nm shell (d−f) QD−NDI systems. (a and d) Transient
spectra of the QDs with no NDI added, illustrating the QD bleach recovery. (b and e) Transient spectra of the QD−NDI conjugates illustrating
evolution from the QD bleach at early times to an NDI−•−QD+ state at longer times. (c and f) Relative population of the QD* state (based on
basis spectra deconvolution into a QD bleach and NDI−•−QD+ components). Increasing equivalents of NDI per QD result in a faster decay of the
QD* population.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c06073
J. Am. Chem. Soc. 2020, 142, 13590−13597

13592

http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06073/suppl_file/ja0c06073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06073/suppl_file/ja0c06073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06073/suppl_file/ja0c06073_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c06073/suppl_file/ja0c06073_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06073?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06073?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06073?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c06073?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c06073?ref=pdf


NDI−•−QD+ populations. This is likely a result of using a
stretched exponential for the QD* fits and an intensity-
weighted average of two exponentials in the NDI−•−QD+

fits
(see SI). It should be noted that stretched exponentials have
been demonstrated as an adequate and physically meaningful
way to fit QD PL quenching by molecular charge acceptors.47

With the bimolecular rate constants determined, we can now
analyze the shell thickness dependence of these values. The
rate constants can be fit to an exponential decay (kcs ∝ e−βd)
with a tunneling coefficient of β = 3.8 nm−1. This value is
comparable to β = 3.5 nm−1 determined for electron transfer
from CdSe/ZnS core/shell QDs48 as well as β = 3.3 nm−1 from
CdSe/CdS core/shell QDs.49 However, there exist conflicting
reports on this value, with a third study using CdSe/CdS core/
shell QDs reporting β = 1.3 nm−1.50 Effective mass-based
approximations have also predicted tunneling coefficients for
CdSe/CdS electron transfer of β = 1.8 and 2.2 nm−1.50,51 The
variety of reported values likely arises from conflicting methods
for determining the rates, preparing the QDs, and assessing the
number of molecular acceptors.
For the purposes of the current study, determining the shell-

thickness-dependent bimolecular charge transfer rate constant
serves as a first step toward predicting the relevant rates in the
EPR experiments presented below. We can use it to estimate
the rate constant with ∼90 NDI ligands bound per QD (blue
line), which is the approximate concentration used in the EPR
experiments. From this analysis, we expect electron transfer to

occur in about ∼100 ps for the 1 nm shell and ∼5 ns for the 2
nm shell, values close to or slower than spin relaxation in the
QD. In addition, it should be noted that the transient
absorption experiments were all done at room temperature,
while the EPR experiments are performed between 5 and 80 K.
In the absence of trap-mediated charge transfer, which would
enhance observed charge transfer rates, photoexcited charge
transfer from CdSe/CdS core/shell QDs has been shown to be
relatively temperature independent.52 Therefore, the rate
constants indicated by the blue line in Figure 3c serve as an
upper bound and likely a reasonable estimate of the rate
constants that will be present in the EPR experiments. To
ensure that the charge-separated states live long enough for
EPR measurements, recombination rate constants were
analyzed by fitting NDI−•−QD+ populations to stretched
exponentials. The core/shell samples had recombination time
constants on the order of a few microseconds, while the core
sample was closer to ∼20 ns (see SI). The more rapid
recombination seen in the core-only samples, precludes their
utility for conducting EPR-based spin manipulations.
With the charge dynamics established for the NDI−QD

conjugates, we turn to time-resolved EPR to understand their
spin dynamics. At the outset, there is scant evidence that a
measurement technique as slow as EPR (∼10 ns) can detect
spin states in cadmium chalcogenide QDs because the
numerous heavy cadmium atoms lead to rapid spin relaxation,
as mentioned in the Introduction. In fact, our own attempts to
measure conduction-band electrons photogenerated in CdSe
QDs (following work from the Gamelin group53) by
continuous-wave (CW) EPR yielded no signal, even at 5 K.
This contrasts with first-row transition metal oxide nano-
particles such as ZnO and TiO2. The Gamelin group has
shown size-dependent CW EPR signals from electrons in ZnO
QDs,54 and the radical pair model has been used to describe
transient EPR spectra of photogenerated species on TiO2
nanoparticles.55,56 In the present study, despite the lack of a
direct EPR signal from any charges within the CdSe QD, we
demonstrate that QD photoexcitation and subsequent electron
transfer generates a spin-polarized NDI•−.
In the transient EPR experiments, we observe a polarized

and mostly absorptive signal associated with the NDI•−

(Figure 4). The signal intensity is temperature dependent
and can be fit to an absorptive peak centered at the NDI•− g-
value of 2.003 (see SI for calculations). While it is difficult to
quantify the degree of spin polarization (see below), both QD
samples (1 nm shells and 2 nm shells) showed similar signal-
to-noise ratios employing similar experimental acquisition
times and sample concentrations, which means that the signal
intensities agree to within about an order of magnitude.
We propose that this absorptive signal results from the TM

of spin polarization.35,36 In this case, the photoexcited QD
serves as the triplet, consistent with numerous studies that
observe significant triplet character of this state.31,33,34 At the
lowest temperatures there is evidence of a small emissive EPR
feature in the signal (Figure 4b). This spectrum was simulated
by including a small contribution from an absorptive/emissive
(A/E) response, which is common to triplet-generated,
SCRP.39,57 Employing a combination of the SCRP mechanism
and the TM to model transient EPR spectra of charge-
separated states has precedent in studies on hole transfer from
photoexcited C60 to either tetramethylbenzidine58 or a zinc
porphyrin.39 In both of these studies, transient spectra were fit
to a superposition of absorptive signals ascribed to the TM and

Figure 3. Extracting bimolecular charge separation rates for QD−
NDI conjugates. (a and b) Charge separation rate constants as a
function of NDI equivalents per QD, extracted from the QD*
population. Slope of the linear fits gives a bimolecular rate constant
per NDI ligand. (c) Bimolecular rate constants as a function of shell
thickness using the QD* population (black) and NDI−•−QD+

population (red) to extract rates. Also shown are the expected rate
constants with 90 NDI per QD, the approximate concentration used
for EPR experiments.
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E/A or A/E signals resulting from a SCRP. This precedent
bolsters our interpretation, but the precise spin states in the
QD that are responsible for spin polarizing NDI•− remain an
open question.
Since the degree of polarization reflects the population

difference between the spin sublevels and the observed spin
polarization is most likely being generated by the TM, the
inability to observe the QD “triplet” directly makes it difficult
to quantify the observed spin polarization. In contrast, in a
singlet-born radical pair, the T+1 and T−1 states are not
populated initially; thus, the polarization of the S−T0 mixed
states relative to either the T+1 or T−1 state is 100%. Given the
relative insensitivity of transient EPR using a CW microwave
source with no field modulation, the excellent signal-to-noise
that we observed suggests very high polarization.
To better understand the origins of spin polarization from

the QD, it is worth revisiting the relevant spin relaxation times.
Equilibration between the dark and the bright states occurs in a
few picoseconds, well before electron transfer occurs in our
case. The slower spin relaxation component, associated with
intralevel relaxation, occurs on the order of a few nanoseconds.
This is slower than electron transfer from the 1 nm shell (∼100
ps) but outcompetes electron transfer from the 2 nm shell (∼5
ns). The similarity of EPR signals in the 1 and 2 nm shell
samples, however, suggests that this relaxation process is not
important for the observed spin polarization; if it was
important, the 1 and 2 nm samples should be quite distinct.
This begs the question: can spin polarization of NDI•− occur
on a slower time scale than spin relaxation in the QD? We
believe that this would be possible if the thermally equilibrated
bright and dark exciton states (total angular momenta of F = 1
and 2, respectively) populate spin sublevels in the charge-
separated state with different efficiencies. In this scenario, the
observed polarization would be proportional to the population

difference between the bright and the dark state, expressed by
the following equation

( )
( )

P PEPR signal
1 exp

1 exp
F F

E
kT

E
kT

2 1

BD

BD
∝ − =

−

+
= =

−Δ

−Δ
(1)

where PF=1 and PF=2 are the bright and dark state Boltzmann
populations, respectively, which have an energy difference of
ΔEBD. The temperature-dependent EPR signal is fit to this
functional form (Figure 4c and 4f) and yields values of ΔEBD =
5.1 and 5.7 meV for the 1 and 2 nm shells, respectively. These
values are well within the range of reported ΔEBD,

20 and their
similarity is not unsurprising for their geometries, which are
predicted to produce similar electron−hole overlap integrals.59

This analysis offers one possible explanation for the origin of
spin polarization in our QD−molecular system and a first step
toward understanding this interesting phenomenon.

■ CONCLUSIONS
In conclusion, we have designed a QD−molecular system that
can generate long-lived spin polarization on the molecular
acceptor following photoexcitation of the QD. We first
establish an understanding of the photoexcited electron
transfer dynamics by varying the shell thickness of CdSe/
CdS core/shell QDs and the number of NDI electron
acceptors per QD. We then use transient EPR to show that
this electron transfer process also conveys spin polarization
from the QD to the NDI. The spin polarization on the NDI
survives for >100 ns, which is significantly longer than the
rapid (few nanoseconds) spin relaxation inherent to colloidal
QDs. These experiments represent a promising route toward
generating long-lived and well-defined spin qubit states.
Specifically, the highly absorbing and tunable QD entity can

Figure 4. Temperature-dependent transient EPR spectra of QD−NDI conjugates. (a and d) Temperature-dependent transient EPR spectra
recorded 100 ns after a 550 nm (7 ns, 2 mJ) laser pulse. Data are shown vs g-value since the resonant frequency was temperature dependent. (b and
e) Data for the lowest and highest temperature data overlain with simulations derived from the NDI anion. Again, data are shifted due to
temperature-dependent frequency shifts. (c and f) Maximum EPR response 100 ns after laser flash in each of three scans collected at each
temperature. Data are fit to eq 1.
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be used to photogenerate a highly spin-polarized state, and the
rapid spin relaxation inherent to QDs can be avoided by
transferring this polarization onto an organic molecule.
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