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ABSTRACT: The inherent spin polarization present in photogenerated spin-correlated radical pairs make them promising 
candidates for quantum computing and quantum sensing applications. The spin states of these systems can be probed and 
manipulated with microwave pulses using electron paramagnetic resonance spectrometers. However, to date, there are no 
reports on magnetic resonance-based spin measurements of photogenerated spin correlated-radical pairs hosted on quan-
tum dots. In the current work, we prepare dye molecule – inorganic quantum dot conjugates and show that they can produce 
photogenerated spin-polarized states. The dye molecule, D131, is chosen for its ability to undergo efficient charge separation 
and the nanoparticle materials, ZnO quantum dots, are chosen for their promising spin properties. Transient and steady state 
optical spectroscopy performed on ZnO quantum dot – D131 conjugates shows that reversible photogenerated charge sepa-
ration is occurring. Transient and pulsed electron paramagnetic resonance experiments are then performed on the photo-
generated radical pair which demonstrate that 1) the radical pair is polarized at moderate temperatures and well modelled 
by existing theories and 2) the spin states can be accessed and manipulated with microwave pulses. This work opens the door 
to a new class of promising qubit materials that can be photogenerated in polarized states and hosted by highly tailorable 
inorganic nanoparticles.

 Photogenerated spin-correlated radical pairs 
(SCRP) have drawn interest for their potential applica-
tions in quantum information science (QIS).1,2 They are 
particularly attractive as qubits since they are prepared 
in well-defined, highly polarized (non-Boltzmann popu-
lated) spin states without requiring millikelvin cooling. 
More recently they have been referred to as spin qubit 
pairs (SQP). These SQPs can be generated when a singlet 
state is photoexcited and allowed to undergo (rapid) 
charge separation. The electron spins that compose the 
resulting radical anion and radical cation represent a 
qubit pair with four accessible states, but initially popu-
lated in only two of those states.  Spin manipulations of 
SQPs can be readily implemented using microwave pulse 
sequences in electron paramagnetic resonance (EPR) 
spectrometers. Early studies on SCRPs were performed 
on molecules in micelles,3,4 photosynthetic reaction cen-
ters,5–7 and surface states in TiO2.8,9 More recent work on 
SQPs have been focused on a variety of synthetic organic 
donor-acceptor complexes,2,10–12 and DNA.13–16 Notably, 
the utility of SQPs for quantum operations has been 
demonstrated in these materials, and crucially relies 
upon spectrally separable spins.16–20 In the current work, 
we show that colloidal quantum dots can also serve as 

promising hosts for SQPs, and provide some advantages 
over the well-studied all-organic systems. 
 Colloidal quantum dots (QDs) are semiconduct-
ing nanoparticles that exhibit quantum confinement ef-
fects of photogenerated charges. They offer a flexible 
platform for studying SQPs owing to both their size tun-
able electronic and spin properties as well as their sur-
face functionality. QDs can be surface functionalized with 
charge accepting or donating molecular species to pro-
duce the donor-acceptor dyads necessary for SQPs.21–27 
Furthermore, the spin states in QDs can have g-values far 
from the 1.99-2.01 range common to organic mole-
cules.28–33 This enables more straightforward spin spe-
cific addressability than can be achieved with all-organic 
SQPs,14 thus satisfying a key requirement of functional 
qubit systems.34 It should be noted that significantly dis-
tinct g values will be difficult to simultaneously probe 
due to limitations in EPR resonator bandwidths. Never-
theless, directly probing and manipulating SQPs in QDs 
via EPR is only possible if they can host spin states with 
long (>>100 ns) decoherence times. 
 Electron spin states have been probed with a va-
riety of techniques for both zinc oxide QDs and cadmium 
chalcogenide (CdE) QDs, revealing that ZnO QDs have 



 

dramatically elongated spin lifetimes as compared to 
CdE QDs.31,32,35–38 Therefore, although the SCRP model 
has been employed to understand behavior of CdE QD – 
molecular dyads,39–42 rapid spin relaxation has pre-
cluded direct measurements and spin manipulations via 
EPR of these systems. For example, prior work has 
demonstrated spin polarization of an appended molecu-
lar radical in such systems, but the spin state localized on 
the CdE QDs was not observed by EPR, most likely due to 
rapid relaxation.39 Electron spins on ZnO QDs, however, 
have been probed via EPR and exhibit T1 relaxation times 
on the order of a microsecond and T2 relaxation times of 
25-50 ns at room temperature.35,36 These spin states 
have been prepared by photochemically reducing ZnO 
QDs to produce stably trapped delocalized electrons in 
the conduction band.43,44 The g value of these electrons 
is size tunable, ranging from 1.96 to 1.97 depending on 
the QD size.28–30 This is a useful range of g values since 
they are distinct enough to produce resonances separa-
ble from organic radicals, but close enough in frequency 
to be simultaneously manipulated with a moderate 
bandwidth resonator. Nevertheless, measurements done 
thus far on these spin states are akin to probing stable 
radicals, as they are Boltzmann-populated with minimal 
spin polarization at moderate temperatures.  

 
The current work takes advantage of these sta-

ble spin states in ZnO QDs to prepare QD hosted photo-
generated SQPs. To achieve this, we functionalize the 
surface of ZnO QDs with dye molecules so that when the 
dye-NP conjugate is photoexcited, an electron is trans-
ferred to the conduction band of the ZnO QDs. The result-
ing SQP is long-lived such that pulse EPR experiments 
are feasible. We demonstrate that delocalized spin states 

in QDs can be prepared with well-defined (polarized) 
populations, and manipulated coherently with micro-
wave pulses. To our knowledge, this is the first report of 
the direct EPR measurement of a photogenerated SQP 
with a reduced QD as one of the components of the 
charge-separated radical pair. 

Motivated by dye-sensitized solar cells (DSSCs) 
literature, we prepared organic dye – ZnO QD conjugates 
that upon photoexcitation produce long-lived charge-
separated states.24–27,45–48 We chose the indoline dye 
molecule D131 (Figure 1A) since it can be easily ob-
tained, contains a carboxylic acid group for binding to QD 
surfaces, and has successfully been used in ZnO-based 
DSSCs that require efficient charge separation with long 
charge separation lifetimes. The ZnO QDs were synthe-
sized based on a prior literature.26 QD diameters and ex-
tinction coefficients were determined using UV-Vis ab-
sorption spectroscopy and previously determined ex-
perimentally based sizing curves (see SI).49,50 The ener-
getics of the D131 – ZnO QD system have previously been 
determined experimentally: the oxidation potential, Eox, 
via electrochemistry, and the excited state energy, E00, 
via optical absorption.47 These energetics are shown 
schematically in Figure 1B, and predict that photoexcited 
D131 will transfer an electron to the conduction band of 
ZnO to produce the radical pair of D131•+ and ZnO•-, 
which later recombines to the neutral ground state of  
D131 and ZnO.  

We perform a series of steady state and transi-
ent optical experiments to ensure that the radical pair of 
D131•+ and ZnO•- is indeed forming (Figure 2). Steady 
state measurements show that the absorption of D131 
shifts and the fluorescence is significantly quenched 
upon addition of ZnO QDs. These observations suggest 
that D131 binds to ZnO and that photoexcited charge 
transfer occurs. An adsorption isotherm was additionally 
performed and fit well to the Langmuir model, revealing 
a maximum dye adsorption per QD of ~44 (see SI, Figure 
S3). Femtosecond transient absorption spectroscopy at 
room temperature on the D131-ZnO QDs reveals the de-
cay of excited state D131* (feature at ~620 nm)51 and the 
formation of radical cation D131•+ (feature at ~520 
nm)51 in ~10-30 ps, indicative of rapid charge separation 
(Figure 2C). The charge separated lifetime is also sub-
stantially longer than 7 ns, the time window of the meas-
urement. As a whole, optical spectroscopy demonstrates 
the presence of a D131 – ZnO QD interaction as well as 
production of the D131•+ – ZnO•- radical pair. 
 
 

 
 
 

Figure 1. ZnO quantum dot – D131 dye molecule (A) car-
toon and (B) energetics. 



 

 

With a basic understanding of the dye – QD in-
teractions and charge transfer kinetics at ambient tem-
perature, we utilize time-resolved EPR spectroscopy to 
understand the spin dynamics. We analyze the spin 
states within the framework of the spin-correlated radi-
cal pair (SCRP) model (Figure 3).4,52–56 In this model, the 
radicals are spatially separated such that the difference 
in hyperfine splitting and g values of the individual radi-
cals is on the same order of magnitude as the distance-
dependent exchange coupling (J) and dipolar coupling 
(D). This allows coherent spin evolution to occur, mixing 
the singlet and triplet states of the radical pair.  

In a magnetic field, Zeeman splitting pushes the 
T+ and T- (ms = ± 1) triplet states of the weakly interact-
ing radical pair to energies well above and below the 
photogenerated singlet (S) state, respectively. The ini-
tially populated S state will selectively mix with the T0 
(ms = 0) state to produce two states with combined sin-
glet and triplet character. This results in a well-defined 
four-state quantum system with all population in the two 
ms = 0 states (Figure 3A). 

These photogenerated SQPs can be probed with 
EPR since transitions within the triplet manifold are al-
lowed. Transient EPR spectra, collected after laser exci-
tation, are predicted to exhibit four transitions from the 
two occupied ms = 0 states to initially unpopulated T+ 
and T- states. The resulting transient EPR spectra of 
weakly-coupled SQPs therefore consist of two emissive 
(e) and two absorptive (a) transitions that are centered 
at the g values of the two radical species (gA and gB). The 
exact energies of these four transitions for a single orien-
tation of the radical pair with respect to the external 
magnetic field (denoted by angle θ) can be expressed in 
terms of two parameters, Δ and Ω (see Figure 3C) as (as-
suming axially symmetric dipolar interactions):52,55,57 

 ∆= 2( 𝐽 − 𝑑) 
(1) 
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When both radicals are organic species, these 

spectral signatures often overlap since the g values are 
all very close to 2.00. However, our photogenerated rad-
ical pair consisting of D131•+ and ZnO•- should exhibit 
separable features for D131•+ at around g ~2.003 (see SI 
for calculations) and ZnO•- at ~1.96.28–30 We therefore 
expect to see an e, a, e, a polarization pattern from low to 
high magnetic field or from high to low frequency, such 
as in Figure 3C. With an understanding of the origins and 
expectations for our SQP EPR spectra, we turn to experi-
mental data for the D131-ZnO QD conjugates. 

 
Transient continuous wave EPR (TR-EPR) and 

pulse EPR on D131-ZnO QD conjugates suspended in tol-
uene and photoexcited with a 450 nm laser are pre-
sented in Figure 4. Measurements were performed at 
100 K on frozen solutions of (~11 μM) 5.8 nm diameter 
ZnO QDs with ~9 D131 molecules per QD (see SI for de-
tails). In TR-EPR experiments, samples are exposed to 
weak continuous resonant frequency microwave irradi-
ation at a given magnetic field, and microwave absorp-
tion or emission is transiently recorded (see Figure 

Figure 2. Steady state and transient optical spectroscopy. A) Absorption spectra of D131 with varying concentrations of ZnO 

QDs in tetrahydrofuran. B) Fluorescence spectra of D131, excited at 400 nm, with varying concentrations of ZnO QDs. C) Femto-
second transient absorption spectroscopy for D131 -ZnO QD conjugates in toluene. All measurements were performed at room 

temperature. 

Figure 3. Photogenerated spin-correlated radical pair. (A) 
Energetics of singlet and triplet states in magnetic field (not 
to scale). (B) Mixing between ms = 0 levels gives rise to two 
absorptive (red and orange) and two emissive (blue and 
green) transitions. (C) Predicted EPR spectral features. 



 

4A).55 Figure 4B shows the field-dependence of this re-
sponse averaged 600-1200 ns after visible laser excita-
tion (black line). The transient EPR spectrum shows the 
expected e, a, e, a pattern. Since both radical species have 
highly isotropic g tensors, g anisotropy can be neglected 
at X-band, and Equations 1, 2, and 3 are used to simulate 
the experimental spectra. Computed spectra are gener-
ated for all possible orientations of the radical pair with 
respect to the external magnetic field (by varying θ) and 
summed to give the predicted spectrum (red dashed 
line).  

There is good correspondence between the data 
and a model that employed a g value of 1.964 for ZnO•-, a  
near zero value for J, and a value for the dipolar coupling 
consistent with a radical pair separation of r  ≥ 3 nm 
(based on D = -2785 mT Å-3/r3).13 This separation is con-
sistent with what we may predict for a 5.8 nm diameter 
ZnO QD with a dye molecule on the surface. However, 
simulations with multiple D values (SI, Figure S6) show 
that any distance greater than 3 nm is appropriate for 
simulating the experimental data. We do note deviations 
between the experiment and simulations near the D131 
spectral signature. We attribute this to the highly aniso-
tropic hyperfine coupling associated with the central ni-
trogen of D131 (see SI, Figure S4). Since the hyperfine in-
teraction is not clearly resolved at X-band, and accu-
rately modelling hyperfine anisotropy is a well-docu-
mented challenge in radical pair simulations, we have 
not explicitly included any hyperfine interactions but 
only treated all hyperfine interactions as isotropic 
broadening (see SI for details). 

 

The TR-EPR data and associated theoretical 
modelling suggests that the D131•+ – ZnO•- SQP is indeed 
photogenerated and possesses both the expected polari-
zation and approximate geometry for the dye-QD system 
we have described. Furthermore, the spin pair is polar-
ized at the moderate temperature of 100 K, thus high-
lighting the potential of this method. In separate experi-
ments, we additionally found that spin polarized signals 

could be obtained at room temperature, albeit with 
lower signal to noise ratio (see SI, Figure S7). 

In order to utilize this SQP as a qubit pair, we 
need to demonstrate that the spin pair can be manipu-
lated with microwave pulses. A two-pulse Hahn echo 
EPR experiment was performed on the spin system after 
laser excitation (Figure 4C) for a series of magnetic field 
values. Notably, the field-swept echo response (Figure 
4D) again shows the expected e, a, e, a polarization pat-
tern. The resonances associated with ZnO•- are signifi-
cantly weaker than those belonging to D131•+. This is a 
result of enhanced T2 spin relaxation on the ZnO QD. Nev-
ertheless, the presence of a spin echo for both compo-
nents of the qubit pair suggests that spin manipulation 
such as quantum gate operations can be performed.18 
Future work may employ deuterated solvents, removal 
of Zn67 (the only magnetic isotope: I=5/2, abundance 
4.1%), and lower temperatures to extend spin coherence 
times.36 

In conclusion, we have expanded the scope of 
materials that show promise for QIS applications. Specif-
ically, we investigate photogenerated spin qubit pairs 
which offer inherent spin polarization at room tempera-
ture, a desirable trait for moving beyond cryo-cooled 
qubits. Prior to this work, the spin states of these photo-
generated spin qubit pairs had primarily been investi-
gated when localized on organic systems. Here, we 
demonstrate that a conjugate composed of a dye mole-
cule (D131) and an inorganic nanoparticle (ZnO QDs) 
can host photogenerated spin qubit pairs. Furthermore, 
the polarized spin states can be probed and manipulated 
with pulse EPR techniques. We hope that this report in-
spires additional investigation of photogenerated spin 
states in the highly tunable and promising system of 
quantum dot-molecule conjugates. 
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