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ABSTRACT: We report on an electron donor-electron acceptor-
stable radical (D-A-R®) molecule in which an electron spin state
first prepared on R* is followed by photogeneration of an entangled
singlet '[D**-A®"] spin pair to produce D**-A*"-R". Since the A*~
and R* spins within D**-A*"-R* are uncorrelated, spin teleportation
from R® to D*" occurs with a maximal 25% efliciency only for the
singlet pair '(A*"-R*) by spin-allowed electron transfer from A*~ to
R*. However, since '[D*"-A*"] is sufficiently long-lived, coherent
spin mixing involving the unreactive *(A*-R*) population affects
entanglement and teleportation within D**-A*"-R®. Pulse electron
paramagnetic resonance experiments show a direct correlation
between electron spin flip-flops and entanglement loss, providing
information for designing molecular materials to serve as nanoscale
quantum device interconnects.

B INTRODUCTION

Quantum teleportation is widely regarded as essential to
quantum communications because it provides a way to bypass
the no-cloning theorem that precludes copying an arbitrary
quantum state.'  The three decades following Bennett’s
original proposal of quantum teleportation have seen the
physical realization of this protocol on numerous platforms,
with teleported states ranging from discrete- and continuous-
variable photonic states to quantum states encoded in
superconducting transmon qubits.”"'® Factors that dictate
the utility of teleportation procedures include entanglement
general:ion,l?_19 coherence time,”" "> Bell state measurement
(BSM) efficiency,”" """ ***** and fidelity.”**°

In previous work, we reported a teleportation scheme
mediated through photoinitiated ultrafast electron transfer
within an ensemble of linear, covalent electron donor-electron
acceptor-stable radical (D-A-R*) molecules,””*® in which an
electron spin state is first prepared on R® using a resonant
microwave pulse. This pulse is immediately followed by a laser
pulse that selectively excites the electron acceptor/chromo-
phore (A) within a covalent D-A-R* molecule to its lowest
singlet excited state, which results in ultrafast (~10" s7')
electron transfer from D to A yielding a spin-entangled singlet
D*"-A*" pair in near unity yield, where D** and A®™ as well as
A®" and R® are strongly exchange coupled, while the coupling
between D*" and R® is negligible. To distinguish between the
spin pair states, we label the D®'-A*" states with square
brackets and the A®*™-R*® states with parentheses. The purity of
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the initially entangled '[D**-A*"] state is nearly unity, even at
room temperature, matching processes that depend on more
demanding system architectures and mK temperatures, such as
superconducting circuits and trapped neutral atoms or
ions.%¥13% The subsequent energetically favorable electron
transfer '[D**-'(A*"]-R*) — D**-A-R™ only occurs for the

L(A"-R") singlet subensemble, ie., [S) = ﬁ(”l) — 141}, and

constitutes a conditional Bell state measurement (BSM) with a
maximal 25% efliciency. In the reported case, a second
microwave pulse that is resonant with D** was used to read out
the state teleported to D**.*”** Tailoring such molecular spin
teleportation systems affords the possibility of using molecular
assemblies to conduct coherent information transfer over the
nanometers to tens of nanometers length scales required for
quantum device interconnects.”

Our original D-A-R®* molecule exhibits a 90% teleportation
fidelity for the 25% singlet subensemble '[D**-!(A®"]-R*),”
and its design ensures that '[D**-A*"] recombination to the
ground state is sufficiently rapid to eliminate the corresponding
75% triplet subensemble '[D®**-*(A*7]-R*) that cannot
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produce D**-A-R™ prior to read out of the spin state teleported
to D**.*7 In this article, we examine a new D-A-R* molecule in
which the '[D**-A*"] recombination rate is slow enough to
allow a '[D***(A*"]-R*) — *[D**-'(A*"]-R") spin flip-flop to
occur, which results in delayed formation of a second '(A*"-
R*) population that also engages in the reaction *[D**-'(A*"]
R*) — D*"-A-R". Since this spin flip-flop could result in
entanglement loss within the photogenerated '[D**-A®"] Bell
pair, we use pulse electron paramagnetic resonance techniques
to probe the spin dynamics of the *(A®"-R*) subensemble and
evaluate '[D**-A""] entanglement loss based on whether spin
information can be successfully recovered after the spin flip-
flop occurs.”’

To probe these phenomena, we have prepared the D-A-R*
system shown in Figure la, where D is tetrathiofulvalene

a
? ID*3(A]-R)
Charge
\hv separation ? -AL- i?
kcss 75 % ks
D-A-R’ N\

‘[D”(A R) D*-YATR)
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Figure 1. (a) Chemical structure of D-A-R®. (b) Relevant states and
rate constants for their formation. Square brackets and parentheses
were used to differentiate spin configurations. Upon charge
separation, subensembles '[D*"-'(A*”]-R*) and '[D*'-*(A*"]-R%)
are populated stochastically. The simplified vector diagram depicts
the spin flip-flop motion, where only the T, states at high magnetic
fields are depicted. Analogous vector diagrams can be drawn for the
T, states. Configurations that satisfy the spin-selective rules (green
boxes) can undergo energetically favorable R reduction. Complete
energetics are shown in Figure S1.

(TTF), A is 4-aminonaphthalene-1,8-imide (ANI), and R® is
partially deuterated a,y-bisdiphenylene-f-phenylallyl (BDPA)
(see the Supporting Information). Since entanglement is
essential for quantum teleportation,® certifying whether
entanglement is maintained in this system requires differ-
entiating between the two subensembles described above. By
burning a spectral hole in the initial state of R®, we are able to
access essential information regarding these spin dynamics,
which informs system design criteria for teleportatmn at a
length scale underexplored for electron spin qubits.*” With this
information in hand, reducing the ensembles to the single-
molecule level can be envisioned, where photoluminescence
from a suitable D-A-R* system or an auxiliary luminescent
probe can be used to read out the teleported quantum state.

B RESULTS AND DISCUSSION

Electron Transfer Dynamics. Figures 1b and S2 show the
electron transfer pathways possible for the photogenerated
three-spin system described above.”””® Through careful
selection of the system building blocks, we can eliminate
pathways irrelevant to Bell state measurement. As noted above,
the initial spin configuration between acceptor A*~ and stable
radical R* is purely stochastic upon rapid formation of D**-
A*"-R®, resulting in 25% '[D**-'(A*"]-R*) and 75%
'[D**3(A*"]-R"). It is immediately obvious that additional
spin dynamics may be possible if the intersystem crossing rate
krs is on the same order of magnitude as the decay rate of
'[D**-A*"] = '[D-A]. In the following sections, we will show
direct experimental evidence supporting this assertion.

The ground-state electronic absorption spectrum of D-A-R®
has bands characteristic of the chromophore/acceptor A and
the stable radical R* at 400 and 490 nm, respectively (Figure
2a) 27 Transient optical absorption measurements were
conducted on D-A-R* in a butyronitrile glass at 85 K to
characterize the charge transfer dynamics of D-A-R* following
selective photoexcitation of A with a 414 nm laser pulse.
Donor D and stable radical R* were selected such that
following photoexcitation of A, the charge separation D-'*A-R"
— D*"-A*"-R® and subsequent radical reduction D**-A*"-R*
— D*"-A-R" reactions are energetically favorable (see the
Supporting Information). The formation of D**-A®"-R* occurs
with kcgy = (1.0 £ 0.3) X 10" s7!, as indicated by the
disappearance of stimulated emission from '*A at 520 nm and
concurrent emergence of the signature feature of A~ at 430
nm (Figure 2b,c).”” Reduction of R* is evidenced by the
ground-state bleach of R® at 490 nm and formation of the
absorption of R™ at 620 nm with kes, = (7.2 + 0.2) X 10° 5™
(Figure 2b,c). A species with spectral features identical to R™
emerges later at a much slower rate ke, = (6.6 + 0.3) X 10°
s™". The three-order-of-magnitude rate difference between k¢,
and kcgy is interpreted as resulting from a slow spin flip-flop,
I[D**3(A*7]-R*) — *[D**-!(A*"]-R*), followed by a fast spin-
allowed radical reduction. The D**-A-R™ product decays with
kera = (1.0 £ 0.2) X 10° 57, allowing for EPR detection of the
D*" populations produced by both processes. Additional
transient optical data is presented in the Supporting
Information.

Spin Dynamics. A delay-after-flash EPR experiment was
conducted with a variable delay time (7p,;) between the laser
pulse and the broadband, nonselective Hahn-echo microwave
pulse sequence (n/2-t—mx), where 7 is the delay between the z/
2 and 7 pulses (Figure 3a and the Supporting Information).
The EPR spectra in the frequency domain were obtained by
recording the entire spin echo trace in the time domain at the
central magnetic ﬁeld of the spectrum and performing a
Fourier transform.” The bandwidth of the microwave pulses
was held constant, and the tip angle of the magnetization was
determined by the amplitudes of the pulses. The light-minus-
dark difference spectra observed for both R®* and D** at 1y, =
1 ps following selective photoexcitation of A in D-A-R* are
well-separated because of their large g-tensor difference (Figure
3b).** Since the spin—spin exchange coupling between D**
and A®” within photogenerated D**-A*" is large (see below),
the only reaction product detectable by EPR is D**-A-R™.*>*
Based on population changes alone, the decrease in the R*
signal is expected; however, this should be accompanied by the
appearance of a positive D** signal following the D-'*A-R* —

https://doi.org/10.1021/jacs.4c04393
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Figure 2. (a) Optical absorption spectrum of D-A-R®. (b) Plot of AA
vs time and wavelength following selective photoexcitation of acceptor
A within D-A-R® in PrCN at 85 K with 414 nm laser pulses. (c) Time
dependence of AA at selected wavelengths and the corresponding
kinetic fits (see Supporting Information).

'[D**-'(A*"]-R*) — D*"-A-R” charge transfer sequence.
However, the D** signal in the observed difference spectra
(Figure 3c) is also negative and appears relatively slowly with
rate constant ky = (6.6 + 0.3) x 10° s (Figure 3d). This is
attributed to spin polarization of D*" resulting from the slow
spin flip-flop '[D**-*(A*"]-R*) — *[D**-'(A*7]-R*), which is
necessary for the second, delayed, spin-allowed electron
transfer '(A""-R*) — (A-R7) to occur. The D** signal decays
with rate constant kp, = (1.4 £ 0.2) x 10° s~' (Figure 3d).
Although intersystem crossmg in biradicals typically occurs
in hundreds of nanoseconds,” ™’ consistent with the rate
reported here, its mechanism and effect on entanglement in a
three-spin system have yet to be thoroughly explored.
Assuming Jpp is small,*® the '[D**-3(A*"]-R*) —

3[D**-'(A*"]-R*) spin flip-flop, which we distinguish from
pairwise flip-flops typical of coupled spin relaxations, is
hypothesized to be driven by the spin—spin exchange
interactions Jp, and Jup. Since charge recombination of
[D**-A*"] = D—A in the D-A-RH reference molecule occurs
in 7 ~ 50 ns, using the free energy of reaction and the total
nuclear reorganization energy for recombination, the electronic
coupling matrix element for charge recombination calculated
usmg Marcus-Jortner electron transfer theory®"** is Vp, = 16

! (see the Supporting Information). Further, using Vp, in
the second-order perturbation treatment of Kobori et al.,*’ we
estimate Jp, = 0.7 GHz. Using the same methodology, we
derive Vyz = 37 cm™! from the D**-A*"-R* — D"*-A-R™
electron transfer process so that J,z = 32 GHz, which agrees
with previous estimates.**

In a three-spin system with two pairs of strongly exchange
coupled spins, the singlet—triplet basis for either pair is no
longer a good eigenbasis for its spin Hamiltonian. This directly
results in an initial population involving mixed states
(Supporting Information Section 6). Kandrashkin explored
the singlet—triplet decoherence within [D**-A*"] of such a
system in the fast-decay limit and suggested that an enhanced
quantum yield of D**-A-R™ is conceivable."® For ![D**-3(A*"]-
R®) reported here, which has no rapid decay pathway, coherent
state mixing can readily occur due to the mixed characters of
the initial states and can be modeled using a stochastic
Liouville treatment (Supporting Information Section 6). This
spontaneous state mixing needs to obey spin conservation such
that mg remains constant and is physically pictured by our
proposed spin flip-flop. The exchange-mediated spin flip-flop
motion can preferentially mix certain eigenstates of the total
system Hamiltonian, giving rise to polarization of stable radical
R* (Supporting Information Section 6). Throughout this
mixing process, bipartite entanglement within the initial '[D"*-
A*7] state may be lost because the initial correlation between
the pair can be distributed across all three spins via exchange
interactions."” If this is the case, preparing a specific R® input
state should have no effect on the D*' output spin state,
although spin polarization can occur. Therefore, the Rabi
oscillation experiments discussed below evaluate the efficacy of
teleportation, as well as allow for direct observation of
entanglement loss.

Teleportation Via the Singlet Spin Subensemble. To
certify that teleportation occurs in the '[D**-'(A*"]-R")
subensemble, we conducted Rabi oscillation experiments
(Figure 4a). In both experiments, a variable length nutation
pulse (Tyyr) resonant with R* was used to prepare the input
spin state. The spin states were measured using broadband,
nonselective Hahn-echo detection pulses. The Rabi oscillations
of R® in the absence of photoexcitation are shown in Figure 4c,
black trace. The second experiment was conducted in an
identical manner except that the laser pulse was applied at 7,
= 1 ps to produce '[D**-A*"]. The observed Rabi oscillations
of the D** output state signal are convolved with a net emissive
signal (Figure 4c, blue trace). The D*" output signal Rabi
oscillations were deconvolved from the net emissive signal,
normalized, and compared to the oscillations observed for the
R® input state (Figure 4c, red and black traces). The
oscillations of the R® input and the D** output states occur
with the same frequency and phase, indicating successful
teleportation of the R* spin state to D**. In the meantime, the
emissive signal remains constant irrespective of the nutation

pulse length 7yyr. This is attributed to the spin flip-flop

https://doi.org/10.1021/jacs.4c04393
J. Am. Chem. Soc. 2024, 146, 2013320140
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Figure 3. (a) Pulse sequence used to obtain the time-domain EPR spectra. Acceptor A in D-A-R® dissolved in a PrCN glass at 85 K was selectively
photoexcited using 417 nm, 7 ns laser pulses. The pulse parameters and signal processing methodologies are summarized in the Supporting
Information. (b) Frequency domain spectra obtained by Fourier-transformation of the time domain Hahn echoes obtained at 74 = 1 ps. (c)
Simulation of the light-minus-dark difference spectrum. (d) Kinetic trace that monitors the population of D**.
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Figure 4. (a) Pulse sequence of the teleportation experiment. (b) Amplitude of the Rabi oscillations vs oscillation frequency and nutation pulse
length. (c) Black trace shows Rabi oscillations of R* following the pulse sequence shown in panel (a) without the laser pulse and all microwave
pulses resonant with R®. The blue trace shows Rabi oscillations following the pulse sequence shown in panel (a) with the laser pulse applied, where
the nutation pulse is resonant with R* and the Hahn-echo pulse sequence is resonant with the D** output state. The blue trace is the raw signal
amplitude in which the emissive hyperpolarization of D** constitutes a background signal convolved with the Rabi oscillations of D** resulting from
teleportation of the spin state of R* to D*'. The red trace is the teleportation signal from D*" after subtraction of the hyperpolarization background

and normalization to the R® input signal.

occurring within '[D**-*(A*"]-R*) and is further investigated
in the following section.

Differentiating between Singlet and Triplet Spin
Subensembles. A suite of pulse-EPR experiments were
designed to distinguish between the '[D**-'(A*"]-R*) and
'[D***(A*"]-R") subensembles by preparing a specific initial
spin state of R* prior to photogeneration of '[D**-A""]. First,
the effect of the triplet subensemble spin dynamics on the EPR

20136

spectrum can be studied by eliminating the contribution from
the singlet subensemble. Applying a sequence of 10 7/2 pulses
spaced 1 ps apart to D-A-R*® saturates the initial Boltzmann-
populated electron spin state of R* (Figure 5a). When this is
followed by a laser pulse to create D*'-A*"-R® and a
subsequent Hahn-echo detection pulse sequence probing
D**, there should be no spin echo from D*" produced from
the teleportation event '[D**-'(A*"]-R*) — D*"-A-R™ because

https://doi.org/10.1021/jacs.4c04393
J. Am. Chem. Soc. 2024, 146, 2013320140
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with 417 nm, 7 ns laser pulses after a series of picket-fence presaturation pulses are applied to R*. The presaturation sequence comprises 10 7/2
pulses spaced 1 ps apart from each other. Due to limited excitation bandwidth of the microwave pulses, signals from R* and D*" were refocused
into the real and imaginary quadrature channels, respectively. (c) Pulse sequence for the hole-burning experiment. A low-power, narrow-bandwidth,
R*-selective pulse with a turning angle of ~57 was used to achieve optimal hole burning. (d) Delay-after-flash EPR experiment conducted after a

spectral hole was burned into R®.

there is no net magnetization on R* (Figure $7). This is not
true for '[D**-*(A*"]-R*) because the spin flip-flop
ID**3(A*]-R*) — 3[D*"-'(A*"]-R*) must occur before
3[D**-'(A*7]-R*) — D*"-A-R™ can proceed (Figure 1). As a
result, we indeed observe emissive EPR signals from both D**
and R* (Figure Sb), suggesting that the spin flip-flop yields an
emissive hyperpolarized R®. Following reduction of R® to R7,
the remaining paramagnetic species D** also displays an
emissive polarization,*® accounting for the observed emissive
contribution convolved with the D** Rabi oscillations (Figure
4c).

Given the behavior of the triplet subensemble alone, a
second experiment was designed to differentiate '[D**-'(A®"]-
R*) and '[D***(A*7]-R*) during their simultaneous EPR
detection using spectral hole burning (Figure 5¢,d).*”*" We
take advantage of inhomogeneous broadening of the spins
within the sample, largely attributed to different hyperfine
fields experienced by the electron spins and slight variations in
molecular geometries. For the singlet subensemble that
undergoes teleportation, selectively saturating a portion of
the inhomogeneous R® spin subensemble prior to photo-
excitation renders the selected spins EPR-silent, while the
signal from the remaining spins is still subject to population
depletion should the R* — R electron transfer occur. This is
likely not the case if a spin flip-flop takes place, since the
hyperpolarization due to this process should depend on the
couplings between pairs of spins, irrespective of the initial state
of the individual spin. The spectral hole, burned using a
narrow-bandwidth microwave pulse with a ~ 57 turning angle,
can be fit approximately with a Lorentzian line shape (Figure
S8b). The delay between the hole-burning and Hahn-echo
detection pulses was fixed at 10 us, while the delay between the
laser pulse and the detection pulses (7p,p) was varied. The
recovery from hole burning is determined primarily by the
spin—lattice relaxation time T,, which is on the order of
milliseconds for R®.’" Therefore, the hole depth is effectively

20137

held constant throughout experiments with different values of
TpaF-

A formalism for spatially incoherent spin ensembles”” can be
adapted to describe the D-A-R* electron spin teleportation
system (see the Supporting Information), yielding predictions
consistent with the experimental results. Specifically, at early
times, an emissive signal at the same frequency as R® was
observed with a prominent hole feature (Figure Sd). The
absorptive D** feature shown in Figure 5d is the residual of an
emissive D** signal primarily refocused to the other quadrature
detection channel because its g-tensor is highly anisotropic.
The significant anisotropy also explains the lack of observable
structural and/or amplitude changes in the D** signal due to
hole burning. The good correspondence of this early time
signal and the hole-burned initial state prepared before
photoexcitation suggests that the process giving rise to the
signal is closely related to the Bell state measurement, i.e.,
'[D**'(A*"]-R*) — D*"-A-R". At longer times, the signal
grows more emissive as the hole becomes less significant but
does not completely disappear.

This observation can be explained using the polarization
pattern of the '[D**-*(A*"]-R*) EPR signals obtained from the
picket-fence pulse experiment (Figure Sa,b). At later times, the
second radical reduction event follows a [D**-*(A*"]-R*) —
3[D**-'(A*7]-R*) spin flip-flop such that the spin selection
rules for radical reduction are fulfilled. The Gaussian-shaped
hyperpolarized R® signal observed at later times is consistent
with the spin flip-flop mechanism. This is corroborated by the
net emissive nature of the D** spin echo that is convolved with
the Rabi oscillations resulting from teleportation (Figure 4c,
blue trace). From the Rabi oscillations and the hole burning
experiments (Figures 4 and Sc,d), we confirm the triplet
subensemble '[D**-*(A*7]-R*) does not engage in tele-
portation largely due to entanglement loss in '[D**-A*"]
resulting from the coherent spin state mixing.

https://doi.org/10.1021/jacs.4c04393
J. Am. Chem. Soc. 2024, 146, 2013320140
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B CONCLUSIONS

We demonstrate the advantages and challenges of using an
entangled electron spin pair generated by ultrafast charge
transfer within a D-A-R*® molecule to teleport information from
a third stable electron spin R*® to one entangled spin of the pair.
In this work, we propose a mechanism for the observed
entanglement loss within the D**-A*" spin pair, which informs
on the charge transfer time scales, spin environments, and
spin—spin coupling regimes critical to electron spin tele-
portation. In particular, we provide insights on spin dynamics
at the underexplored nanometer length scale, where strong
exchange interactions dominate. It is important to note that
the bipartite entanglement loss we observe in this work via
teleportation does not affect the global entanglement since the
system can be effectively treated as closed (i.e, total spin
conservation) due to the strong exchange couplings. Another
effectively closed system had been explored in the context of
quantum thermalization,” where global entanglement was
sustained while local entanglement was reported to “prop-
agate,” consistent with the bipartite entanglement loss
observed in our system. The D-A-R® system is a useful testbed
where electron spin information teleported within this system
provides physical insights and promises interesting applications
within the field of quantum information processing, especially
as the scale of the system is reduced from the ensemble level
toward the single-molecule limit. Therefore, it is conceivable
that a molecule-based teleportation system can be envisioned
to provide spin-coherent interconnects between nanoscale
quantum devices.

B EXPERIMENTAL SECTION

Material Synthesis and Characterization. Detailed synthetic
procedures for the precursor molecule D-A-RH and its conversion
into D-A-R* are outlined in the Supporting Information. D-A-RH was
characterized using 'H and “C NMR as well as MALDI-TOF
spectroscopies. The D-A-R® molecule was generated immediately
before use. Stable radical R* generation was confirmed by UV—vis
spectroscopy (see the Supporting Information for additional details).

Transient Absorption Spectroscopy. Low-temperature femto-
and nanosecond transient absorption (fsTA/nsTA) experiments were
conducted using an apparatus described previously (see the
Supporting Information for additional details). The D-A-R* molecule
was generated and transferred to a glovebox, where it was redissolved
in distilled PrCN that had been stored over molecular sieves and
sealed in a sample apparatus consisting of two quartz windows
separated by a 2 mm PTFE spacer. The sample was removed from the
glovebox and placed inside a JanisVNF-100 cryostat (Lakeshore
Cryotronics) coupled to a Cryo-Con32B (Cryogenics Control
Systems, Inc.) temperature controller. The temperature was lowered
to 85 K for the transient absorption experiments.

Electron Paramagnetic Resonance Spectroscopy. Samples
dissolved in PrCN, ~50 pL, 100 uM, were loaded into a quartz tube
(2.80 mm o.d., 2.20 mm i.d.), subjected to three freeze—pump—thaw
degassing cycles on a vacuum line (10™* Torr), and sealed under
vacuum using an oxy-hydrogen torch. Photoexcitation of the samples
was performed with 7 ns, 1.8 mJ, and 417 nm pulses using the output
of an optical parametric oscillator (Spectra-Physics Basi-scan),
pumped with the 355 nm output of a frequency-tripled Nd:YAG
laser (Spectra-Physics Quanta-Ray Lab-170). EPR measurements
were made at X-band (~9.6 GHz) using a Bruker Elexsys E680-X/W
EPR spectrometer outfitted with a split ring resonator (ER4118X-
MS3), which was partially overcoupled to maximize echo intensity
and minimize ringing following microwave pulses. The microwave
pulse sequences summarized in the Supporting Information (Table
S2) were generated with a Bruker SpinJet AWG and amplified to
appropriate levels with a 1 kW TWT amplifier (Applied Systems

Engineering 117X). The temperature was maintained at 85 K using an
Oxford Instruments CF935 continuous-flow cryostat using liquid
nitrogen. Information regarding the lab-written signal processing
scripts is given in the Supporting Information.
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