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ABSTRACT: Photogenerated entangled electron spin pairs provide a versatile source of
molecular qubits. Here, we examine the spin-dependent dynamics of a covalent donor−
acceptor−radical molecule, D-A-R•, where the donor chromophore (D) is peri-
xanthenoxanthene (PXX), the acceptor (A) is pyromellitimide (PI), and the radical (R•) is
α,γ-bisdiphenylene-β-phenylallyl (BDPA). Selective photoexcitation of D within D-A-R• in
butyronitrile/propionitrile at 140 K and butyronitrile at 105 K results in the spin-selective
reactions D-A-R• → D•+-1(A•−-R•) and D•+-3(A•−-R•). Subsequently, at 140 K, D•+-1(A•−-
R•) → D•+-A-R−, whereas D•+-3(A•−-R•) → D-A-R•. In contrast, at 105 K, D•+-3(A•−-R•) →
3*D-A-R• and D-A-R•. Time-resolved EPR spectroscopy shows that 3*D-A-R• is highly spin-
polarized, where the ms = ±1/2 spin sublevels of the doublet−quartet manifolds are
selectively populated. These results demonstrate dielectric environment control over different
spin states in the same molecule.

Q uantum information science (QIS) is drawing increas-
ing attention for its potential to provide new

computation, communication, and sensing technologies.1−3

Efforts are accelerating to identify and characterize new
molecular systems to serve as qubits in these applications.4,5

Taking advantage of synthetic tunability6,7 and ease of spin-
state readout by using microwave pulses,8−10 electron spins in
molecular systems have motivated chemists to achieve
advances in extending coherence lifetimes11−13 and scaling
up the number of qubits.14−17 These molecular systems
employ multiple electron spin qubits comprising interacting
organic radicals8,9,18−21 and/or metal complexes11,16,22−25 but
are usually limited to thermally polarized electron spins26 with
well-defined initial spin states only available at high magnetic
fields and temperatures <3 K.18

Subnanosecond photodriven electron transfer from a
molecular donor to an acceptor has been shown to generate
a radical pair having two entangled electron spins that can
serve as a spin qubit pair (SQP) in a well-defined pure initial
singlet quantum state,27,28 even at room temperature.29

Together with pulse electron paramagnetic resonance (pulse-
EPR) techniques, we have shown that photogenerated SQPs
can mediate quantum-state teleportation,19 implement a
CNOT gate,20 and transfer polarization to a third spin.30−33

Moreover, qubit-specific addressability can be achieved in an
SQP system by using electronic g-factor engineering.18,21,23

While multiple potential QIS applications are possible by
using such systems, different molecular designs are often
required for each different application, which often entails
complex chemical synthesis. However, since the SQP created
by using a photoinduced charge transfer (CT) reaction is an
ion pair, its energy is sensitive to the surrounding dielectric

environment. Electron transfer theory predicts that changing
the ion pair energy changes its formation and recombination
rates.34−36 Thus, the kinetic competition between SQP
recombination and subsequent CT from the SQP to another
molecule can be controlled by changing the dielectric
environment of the medium surrounding the SQP.
In this work, we demonstrate different spin-dependent CT

dynamics in a covalent electron donor−acceptor−radical
molecular triad (D-A-R•, 1, Scheme 1) by tuning the dielectric
environment, where the donor chromophore (D) is peri-
xanthenoxanthene (PXX), the acceptor (A) is pyromellitimide
(PI), and the radical (R•) is α,γ-bisdiphenylene-β-phenylallyl
(BDPA). PXX, PI, and BDPA were chosen because their redox
potentials provide sufficient free energy of reaction36 to carry
out parallel spin-dependent charge transfer processes.
Following selective photoexcitation of D within D-A-R• in

butyronitrile/propionitrile (PrCN/EtCN) at 140 K and PrCN
at 105 K, the spin-selective CT reactions D-A-R• →
D•+-1(A•−-R•) and D•+-3(A•−-R•) occur. These solvents and
temperatures were chosen because D-A-R• is soluble in these
media and both solvents form optically clear glasses at the
indicated temperatures. Subsequently, at 140 K, D•+-1(A•−-R•)
→ D•+-A-R−, whereas D•+-3(A•−-R•) → D-A-R•. Importantly,
we have shown previously that the spin dynamics of D•+-A-R−
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formation can be used to teleport a spin state initially prepared
on R• to D•+.19,37 In contrast, lowering the temperature to 105
K in PrCN results in the reaction D•+-3(A•−-R•) → 3*D-A-R•

and D-A-R•, where the spin dynamics of the weakly coupled
triplet−doublet pair 3*D-A-R• strongly spin-polarizes R•,
which we observe by time-resolved EPR (TREPR) techni-
ques.38,39 Thus, the latter reaction provides a means to
initialize an electron spin qubit in a specific quantum state at
modest temperatures. These results show that changing the
dielectric environment of radical ion pair-based spin qubits can
result in several outcomes useful to quantum information
applications.
D-A-R• (1, Scheme 1) was prepared by quantitative

oxidation of 1H, which was synthesized by imide condensation
of a BDPAH-PI monoanhydride onto a PXX functionalized
with 2,5-di-tert-butylaniline (see the Supporting Information
for details). Steady-state absorption spectra of 1 and 1H are
presented in Figure S1. The femtosecond transient absorption
(fsTA) and nanosecond transient absorption (nsTA) spec-
trometers have been described previously.40 Details of sample
preparation and temperature control are summarized in the

Supporting Information. The spin-dependent charge transfer
pathways for each temperature are depicted in Figure 1. The
specific radical ion pair energies were estimated by using the
Weller equation36 (see the Supporting Information) and will
be discussed in the context of the transient spectroscopic data
presented below.
Selective photoexcitation of D in 1 at 414 nm in 9/2 v/v

PrCN/EtCN at 140 K immediately produces the excited state
of the donor (1*D), which is characterized by absorptions at
633 and 1140 nm, and stimulated emission at 482 and 518 nm
(Figure 2a). The subsequent charge separation (CS) reaction
1*D-A-R• → D•+-A•−-R• results in the appearance of an
absorption at 723 nm resulting from the reduced acceptor
(A•−)41 and absorptions at 530 and 920 nm resulting from the
oxidized donor (D•+).42 Global fitting of the fsTA data using
the spin-selective model in Figure 1a (see the Supporting
Information) yields the species-associated spectra along with
the rate constants (Figure S3). The rate constants for 1 at 140
K are summarized in Table 1. The CS reaction occurs with an
observed rate constant kCS1 =

1/4kCS1
S + 3/4kCS1

T = (56.3 ± 0.8
ps)−1, which indicates the reaction yield is nearly quantitative
given that the intrinsic lifetime of 1*D is 4.5 ns.43

D•+-A•− is produced in an entangled singlet spin state due to
strong exchange coupling between its two unpaired electron
spins (see below). However, the spin configuration of A•−

relative to R• is purely statistical, resulting in populations of
25% D•+-1(A•−-R•) and 75% D•+-3(A•−-R•). Thus, only the
singlet secondary CS reaction, D•+-1(A•−-R•) → D•+-A-R−, is
spin-allowed44 and is indicated by the appearance of the
absorption of R− at 600 nm44 with an observed rate constant
kCS2
S + kCR1

S = (17 ± 2 ps)−1. D•+-A-R− then decays back to D-
A-R• with an observed charge recombination (CR) rate
constant kCR2

S = (690 ± 10 ns)−1 (Figure S3). The CT rate
constants for reference compound D•+-A•−-RH, 1H, which
lacks R• are not spin selective as defined for 1; thus, kCS1 =
(49.5 ± 0.5 ps)−1 and kCR1 = (464 ± 4 ps)−1 (Figure S5). For
1, this implies that kCS2

S ≫ kCR1
S , and thus kCS2

S + kCR1
S ≃ kCS2

S .
Meanwhile, the 75% subpopulation, D•+-3(A•−-R•), decays

with an observed rate constant kCR1
T + kCR2

T = (513 ± 5 ps)−1.

Scheme 1. Structures of 1H and 1

Figure 1. Kinetic pathways and energies for the relevant states of 1 in (a) 9/2 v/v PrCN/EtCN at 140 K assuming εs = 3.4 and in (b) PrCN at 105
K assuming εs = 2.3.
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Because the nsTA spectra (Figure 2b) show no measurable
formation of 3*D-A-R•, kCR1

T + kCR2
T ≃ kCR1

T . Comparing kCR1
for 1H with kCR1

T for 1 shows that they are similar, thus
implying that kCR1

S ≃ kCR1
T . Because D•+-3(A•−-R•)→ 3*D-A-R•

does not compete kinetically with D•+-3(A•−-R•) → D-A-R•,
the energies of D•+-1(A•−-R•) and D•+-3(A•−-R•) at 140 K are
most likely less than or equal to that of 3*D-A-R•. The
calculated energies of the radical ion pairs illustrated in Figure
1a show that this occurs when the solvent dielectric constant is
εs ≥ 3.4.
Lowering the temperature of 1 in PrCN to 105 K results in

fsTA spectra (Figure 3a), whose global analysis yields the
initial observed CS rate constant kCS1 = (34.8 ± 0.5 ps)−1. The
25% subpopulation, D•+-1(A•−-R•), charge separates further
with a rate constant kCS2

S = (15 ± 1 ps)−1 to yield D•+-A-R−,
which decays with an observed CR rate constant kCR2

S + kCR3
S =

(11.7 ± 0.4 ns)−1 (Figure S4). The rate constant is much larger
than that observed at 140 K. Lowering the temperature raises
the energies of the radical ion pairs. Given that CR directly to
the D-A-R• ground state is far into the Marcus inverted

region34,35 of the rate vs free energy profile, the larger energy
gap for CR to ground state at 105 K should result in kCR3

S for 1
being smaller at 105 K relative to kCR2

S at 140 K. The energy of
D•+-1(A•−-R•) is above 3*D-A-R• at 105 K, thus CR proceeds
predominantly to 3*D-A-R• with kCR2

S + kCR3
S ≃ kCR2

S because
CR to 3*D-A-R• is in the Marcus normal region. These
assertions are based on the fact that the total reorganization
energy, λ, for D•+-A-R− → D-A-R• is ∼0.4 eV, given that
typical internal reorganization energies for charge transfer
reactions involving polycyclic aromatic molecules are ∼0.2 eV,
while the solvent reorganization energy is negligible in very low
dielectric constant media.45 Note that D•+-A-R− is a doublet
state with no spin polarization apart from that determined by
the Boltzmann population of the spin states of D•+; thus, it
does not contribute to the spin dynamics observed by TREPR
at 105 K (see below). The rate constants for 1 at 105 K are
summarized in Table 1.
At 105 K, the 75% subpopulation, D•+-3(A•−-R•), charge

recombines to both 3*D-A-R• and the ground-state D-A-R•

with the observed rate constant kCR1
T + kCR2

T = (902 ± 22 ps)−1.

Figure 2. FsTA (a) and nsTA (b) transient absorption spectra of 1 in 9/2 PrCN/EtCN at 140 K following λex = 450 nm excitation.

Table 1. Rate Constants

1 1H

rate constant PrCN/EtCN 140 K PrCN 105 K rate constant PrCN/EtCN 140 K PrCN 105 K

kCS1 (56.3 ± 0.8 ps)−1 (34.8 ± 0.5 ps)−1 kCS1 (49.5 ± 0.5 ps)−1 (48.9 ± 0.2 ps)−1

kCS2
S (17 ± 2 ps)−1 (15 ± 1 ps)−1 − −
kCR2
S (690 ± 10 ns)−1 (11.7 ± 0.4 ns)−1 kCR1 (464 ± 4 ps)−1 (38.7 ± 0.5 ns)−1 (60%)

(228 ± 4 ns)−1 (40%)
kCR1
T (513 ± 5 ps)−1 − −
kCR2
T − (902 ± 22 ps)−1 − −

Figure 3. FsTA (a) and nsTA (b) transient absorption spectra of 1 in a PrCN glass at 105 K following λex = 450 nm excitation.
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NsTA spectroscopy further certifies that D•+-A•−-R• → 3*D-A-
R• as evidenced by a broad feature centered around 650 nm
assigned to 3*D (Figure 3b and Figure S4).43 Because the
observed rate constant is kCR1

T + kCR2
T , we cannot determine

kCR1
T independently using the data at 105 K. However, because
the free energy change for D•+-3(A•−-R•) → D-A-R• is about
−2.25 eV, placing it well into the Marcus inverted region, we
can assume that kCR2

T > kCR1
T so that kCR1

T + kCR2
T ≃ kCR2

T because
the more rapid CR reaction producing D•+-3(A•−-R•) → 3*D-
A-R• occurs with ΔGCR2

T ≃ −0.3 eV and is close to the
maximum of the Marcus rate vs free energy profile for λ = 0.4
eV. The fsTA and nsTA data for reference compound D•+-A•−-
RH, 1H in PrCN at 105 K show that the initial CS for 1H
occurs with a rate constant kCS1 = (48.9 ± 0.2 ps)−1, which is
comparable to that of 1, while the CR reaction for 1H displays
distributed kinetics with major components of kCR1 = (38.7 ±
0.5 ns)−1 and kCR1′ = (228 ± 4 ns)−1. These slow CR rates are
consistent with the Marcus inverted region arguments given
above.
To estimate the dielectric constant of PrCN at 105 K, we

measured the rate constants for 1 and 1H in toluene at 295 K
for which εs = 2.4 (see Figures S8−S11). The rate constants
obtained in toluene are all somewhat faster than those
measured in PrCN at 105 K, which electron transfer
theory34,35 predicts is due to an increase in the radical ion
pair energy that in turn implies that εs < 2.4 for PrCN at 105
K. The energy levels in Figure 1b are calculated by using εs =
2.3 as an example.
We observed an intense spin-polarized TREPR spectrum in

PrCN at 105 K following selective photoexcitation of D in 1 at
the X-band (∼9.6 GHz). As described above, nsTA spectros-
copy at 105 K shows that the only remaining species on the
time scale of the TREPR experiment (>50 ns) is 3*D-A-R•. Its
TREPR spectrum displays an e, a (a = enhanced absorption, e
= enhanced emission, low to high field) polarization pattern
with a 0.8 mT splitting (peak-to-peak) and a 3.2 mT width
(baseline-to-baseline) (Figure 4). If the magnetic field range is
expanded to 260−420 mT, no additional lines are obvious
above the noise (Figure S12). In addition, the TREPR
spectrum of 3*D was recorded under the same conditions as
that of 3*D-A-R• to obtain the zero-field splitting parameters
of 3*D needed to fit the spectrum of 3*D-A-R•. The

Hamiltonian for a coupled triplet−doublet pair given in eq 1
was used to fit the spectrum of 3*D-A-R•:46

S S S D S S D SS S JR R z T T z TR R T T TR R T T T, ,ω ω= ̂ + ̂ + + +
(1)

where ωR and ωT are the Larmor frequencies of the doublet
(R•) and the triplet (3*D), respectively; JTR is the isotropic
exchange coupling between the doublet and the triplet; DTR is
the doublet−triplet dipolar interaction tensor in the point-
dipole approximation; DT is the triplet zero-field splitting
tensor; and Ŝ R,z, SR, Ŝ R,z, ST are the spin operators of the
doublet and the triplet spins. DT was determined from the EPR
spectrum of reference compound 3*D, which yields |D|= 1824
MHz and |E| = 360 MHz (Figure S13 and Table S3), and was
fixed during the fitting process for 3*D-A-R•. The fit
parameters for the TREPR spectrum of 3*D-A-R• are given
in Table S4.
The fit indicates that the TREPR spectrum of 3*D-A-R• is

dominated by transitions of R• because of the comparable
magnitudes of relatively weak dipolar and exchange coupling
between 3*D and R•, such that the transitions of 3*D at much
higher and lower fields are very weak and do not appear above
the noise level in the spectrum (see Figure S12). The e, a
polarization pattern arises from the selective population of all
four ms = ±1/2 sublevels. This preferential population
originates in spin-polarized 3*D generated by the reaction
D•+-3(A•−-R•) → 3*D-A-R• through the radical-pair inter-
system crossing mechanism,47−51 in which S−T+1 mixing
occurs because the exchange interaction within the D•+-A•−

radical pair is comparable to the Zeeman splitting at the X-

band (Figure 5).52−54 Consequently, the spin polarization of
3*D is transferred to R• to the four ms = ±1/2 states in the
doublet−quartet manifold.55−57 Because of the relatively small
population difference between ms = ±1/2 sublevels (D+1/2 and
D−1/2, Q+1/2 and Q−1/2), the population differences between
Q−3/2 and Q−1/2 and between Q+1/2 and Q+3/2 dominate;
therefore, an overall e, a EPR spectrum is observed.
These results show that tuning the energetics of a D-A-R•

molecule by changing its dielectric environment can achieve
the charge transfer reaction mechanisms necessary to strongly

Figure 4. TREPR spectrum of 1 at the X-band in PrCN glass at 105
K, 100 ns after a 7 ns, 450 nm laser pulse. The simulation is shown in
red.

Figure 5. Schematic for EPR transitions in all three canonical
orientations of the system relative to the magnetic field, B0, with ms =
±1/2 sublevels overpopulated. Gray circles represent the population
differences of spin sublevels relative to the least populated sublevel,
downward arrows represent emissive transitions, and upward arrows
represent absorptive transitions.
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polarize an adjacent radical to serve as a spin qubit with a well-
defined spin state or to generate the intermediates necessary to
carry out quantum teleportation experiments using the same
molecule, thus providing a flexible three-qubit system for
future quantum logic gate and spin-state teleportation
experiments.
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