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Direct observation of chirality-induced spin
selectivity in electron donor-acceptor molecules

Hannah J. Eckvahl't, Nikolai A. Tcyrulnikov't, Alessandro Chiesa’t, Jillian M. Bradley’,
Ryan M. Young?, Stefano Carretta®*, Matthew D. Krzyaniak'*, Michael R. Wasielewski*

The role of chirality in determining the spin dynamics of photoinduced electron transfer in donor-
acceptor molecules remains an open question. Although chirality-induced spin selectivity (CISS) has
been demonstrated in molecules bound to substrates, experimental information about whether this
process influences spin dynamics in the molecules themselves is lacking. Here we used time-resolved
electron paramagnetic resonance spectroscopy to show that CISS strongly influences the spin dynamics
of isolated covalent donor—chiral bridge—acceptor (D-By-A) molecules in which selective photoexcitation
of D is followed by two rapid, sequential electron-transfer events to yield D**-Bx-A"". Exploiting

this phenomenon affords the possibility of using chiral molecular building blocks to control electron

spin states in quantum information applications.

olecules offer a wide variety of quan-
tum properties that could potentially
be exploited in qubit architectures for
quantum information science (QIS)
(1, 2). Moreover, molecules afford the
ability to tailor these properties as applications
dictate while controlling structure with atomic
precision. One such property of growing in-
terest is molecular chirality, which plays an
essential role in many chemical reactions and
nearly all biological processes. Naaman, Waldeck,
and coworkers presented evidence of the rela-
tionship between molecular chirality and electron
spin (3, 4) when they observed that electrons
photoemitted from a gold surface coated with
a thin film of DNA have a preferred spin state,
a phenomenon now known as chirality-induced
spin selectivity (CISS) (5). Subsequent experi-
ments with molecules bound to metallic, semi-
conductor, or magnetic substrates have confirmed
a connection between electron motion and spin
projection along the chiral axis, which is se-
lected to be parallel or antiparallel to the motion
depending on the handedness of the chiral
molecule (5-9). The spin selectivity of the ef-
fect can be very high, even at room tempera-
ture, and its theoretical foundations are still
being explored (10-17). However, a key prob-
lem hindering a fundamental understand-
ing of CISS is that it is difficult to separate
the role of the substrate from that of the chi-
ral molecule.
Hence, it is crucial to investigate how CISS
affects electron spin dynamics in molecules
undergoing electron transfer that are not bound
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to substrates. Achieving this understanding would
make the design of chiral molecular building
blocks to manipulate electron spin states pos-
sible, which has potential for QIS applications.
In particular, the occurrence of CISS at the
molecular level has been proposed as an en-
abling technology for quantum applications,
e.g., solving key issues like single-spin read-
out and high-temperature spin qubit initial-
ization (6).

In this work, we show direct evidence of CISS
in isolated covalent donor-chiral bridge-acceptor
(D-By-A) molecules in which selective photo-
excitation of D to its lowest excited singlet state
(1*D) is followed by two rapid, sequential electron-
transfer events: "D-By-A — D*-By"-A — D"*-
By-A" (Fig. 1A). If formation of D™*-By-A"" occurs
in <1 ns and the effect of chirality is neglected,
the resulting entangled electron spin pair is
prepared initially in a nearly pure singlet state,
(D"*-By-A""). These states are commonly re-
ferred to as spin-correlated radical pairs (SCRPs)
and have been studied in systems ranging from
photosynthetic proteins (18-21) and related mod-
el systems (22-25) to DNA hairpins (26-30).
However, in all these cases, no consideration
was given to the possible influence of chirality
on SCRP spin dynamics.

To demonstrate the occurrence of CISS, we
have synthesized pairs of covalent D-By-A
enantiomers, (R)-1-hg (-dg) and (S)-1-hg (-dy),
where D is either nondeuterated (-hg) or fully
deuterated (-dg) peri-xanthenoxanthene (PXX)
(30), By, is a pair of naphthalene-1,8-dicarboximides
that are linked at their 4-positions to form
an enantiomeric pair of axially chiral dimers
(RXNMI, and (S)NMI, (32), and A is naphthalene-
1,8:4,5-bis(dicarboximide) (NDI) (supplemen-
tary materials; figs. S1 and S2). The structures of
(R)1-hg (-dy) and (S)-1-hg (-dy) and the corre-
sponding achiral reference molecules 2-hg (-dy)
are shown in Fig. 1B. The enantiomers were sepa-
rated by HPLC with a chiral stationary phase
(fig. S3), and their circular dichroism spectra are
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separation and recombination dynamics of t.....
molecules with transient optical absorption (TA)
spectroscopy, and the CISS effect on their spin
dynamics with time-resolved electron paramag-
netic resonance (EPR) spectroscopy using either
continuous (TREPR) or pulsed microwave ra-
diation (pulse-EPR).

We found that CISS yields characteristic
features in the TREPR spectra of the photo-
generated PXX'*- NMI,-NDI'~ SCRP in (R)-
1-hg (-dg) and (S)-1-hg (-dy), which are absent
in achiral 2-hg (-dg), when the direction of
electron transfer is oriented orthogonal to the
applied static magnetic field direction, in
agreement with simulations. Conversely, the
corresponding spectra of PXX *-NMI,-NDI"~
are practically identical when the field is paral-
lel to the electron-transfer direction.

Time-resolved EPR spectroscopy

Samples of (R)-1-hg (-dy), (S)-1-hg (-dy), and
2-hg (-dg) were each prepared in the nematic
liquid crystal 4-cyano-4'-(n-pentyl)biphenyl
(5CB), which was aligned in a magnetic field
at 295 K, then rapidly frozen to 85 K, which
aligns the long axes of these molecules along
the magnetic field. The orientation of the mol-
ecules aligned in frozen 5CB can then be ro-
tated relative to the applied magnetic field
direction. Because solid 5CB is an optically
scattering medium, to assess the photo-driven
charge-separation dynamics of these molecules
at low temperature, we used both femtosecond
and nanosecond TA spectroscopy, substitut-
ing glassy butyronitrile for 5CB at 105 K. Tran-
sient absorption spectra and kinetics are
given in figs. S5 and S6. The data show that in
each case, ultrafast two-step charge separation
oceurs in < 0.2 ns to give PXX *-NDI'~, which
recombines to its ground state in time constant
T = 46 to 66 us, providing ample time for TREPR
measurements. The presence of a ~0.35-T sta-
tic magnetic field in the TREPR experiments
does not affect the ultrafast electron-transfer
reactions because the Zeeman interaction
(~0.3 cm™) at that field strength is much less
than the adiabatic energy gaps (~20 to 80 cm ™)
for these reactions (see table S1 and the sup-
plementary materials for details).

We used pulse-EPR techniques to assess
the quality of the alignment of (R)-1-hg (-dy),
(S)-1-hg (-dg), and 2-hg (-dg) in 5CB by mea-
suring the isotropic exchange (J) and dipolar
(D) spin-spin interactions for their photogen-
erated SCRPs, where D(6) = d(1 - 3cos*0) and
d = 52.04 MHz - nm? /7%, in the point-dipole
approximation, which gives detailed distance
and orientation information as defined by
the Hamiltonian in eq. S3. If photogenera-
tion of the SCRP is followed by a Hahn echo
microwave pulse sequence (r/2 pulse - delay
7 - 7t pulse - delay t - spin echo) and 7 is scanned,
coherent oscillations between the eigenstates
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of the SCRP Hamiltonian |®4)and |®g) (see
below) that are related to both J and D(6)
modulate the spin-echo amplitude (21, 33-37).
When this experiment is performed on spin-
coherent SCRPs, the echo appears out of phase—
i.e., in the detection channel in quadrature to
the one in which it is expected—and is there-
fore termed out-of-phase electron spin echo en-
velope modulation (OOP-ESEEM) (21, 33-37).
For large SCRP distances, 74, J can be neg-
lected and the OOP-ESEEM oscillation fre-
quency is approximately 2d when 6 = 0° and
d when 6 = 90° Thus, OOP-ESEEM can be used
to measure SCRP distances for a given angle
of the dipolar axis relative to the magnetic field
(28, 36-38). The dipolar axis in SCRPs con-
nects the centroids of the spin distributions
of the two radicals. Figures S7 and S8 show
the OOP-ESEEM data for (R)-1-hg (-dy), (S)-1-
hg (-dg), and 2-hgy (-dy), assuming that their
dipolar axes are aligned parallel or perpen-
dicular to the magnetic field. Fitting the
OOP-ESEEM data showed that the measured
PXX-hy"*-NDI"~ distances of (R)-1-hg, (S)-1-hg,
and 2-hg were 2.48 + 0.01, 2.48 + 0.01, and
2.28 + 0.01 nm, respectively, whereas the cor-
responding PXX-d,""-NDI"~ distances of (R)-1-
dy, (S)-1-dy, and 2-dg were 2.53 + 0.01,2.51 +
0.01, and 2.29 + 0.02 nm, respectively (table
S2). These experimental distances are con-
sistent with the center-to-center distances
between PXX and NDI determined from
density functional-theory calculations on (R)-
1-hg, (S)-1-hg, and 2-hg, Where rp, = 2.59,
2.60, and 2.40 nm, respectively (fig. S9 and
tables S3 to S5). The agreement between
the experimental and calculated distances
shows that the D*"-By-A"~ SCRPs are well-
aligned along the magnetic field direction in
frozen 5CB.

The TREPR spectra of aligned (R)-1-hg, (S)-
1-hg, and 2-hg were obtained by photoexciting
the samples with a 450-nm, 7-ns laser pulse
and monitoring the magnetization with con-
tinuous microwaves by using direct detection
(supplementary materials). The spectra ob-
tained 100 ns after the laser pulse are shown
in Fig. 2. When the long axes of these mol-
ecules are aligned parallel to the magnetic
field direction (6 = 0°), both enantiomers as
well as the achiral reference molecule gave
the same spectra (Fig. 2, A and C). Rotating
the samples so that the long axes of (R)-1-hg,
(S)-1-hg, and 2-hg are aligned perpendicu-
lar to the magnetic field direction (6 = 90°)
resulted in the appearance of outer wings in
the spectra of chiral (R)-1-hg and (S)-1-hg (Fig.
2B). No such enhancement was observed for
achiral 2-hg. As explained below, we posit
that these new features result from the con-
tribution of CISS to the formation of the SCRPs
in (R)-1-hg and (S)-1-he. Deuteration of PXX"*
narrows the overall linewidth of (R)-1-dy,
(S)-1-dy, and 2-dg while retaining the same
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Fig. 1. Electron transfer pathways and molecular structures. (A) Electron transfer and intersystem-crossing
pathways in a D-By-A system with no applied magnetic field, where kcs; and kcs, are the charge-separation rate
constants, kst is singlet-triplet mixing rate constant, and kcgs and kcgr are the charge recombination rates through the
singlet and triplet channels, respectively. (B) Structures of chiral (R)-1 and (S)-1 and achiral 2. The steric constraints
imposed by linking the two NMI groups in (R)-1 and (S)-1 result in stable enantiomers that have axial chirality.

orientation dependence of the signal (Fig. 2,
C and D).

Effect of CISS on radical pair spin dynamics

In the molecules described here, the D**-A""
distances are 223 A, so that the spin-spin
interactions J and D are small relative to the
~0.35-T applied magnetic field. Thus, the
Zeeman term is by far the leading term in
the SCRP spin Hamiltonian (eq. S3), so that
the SCRP wavefunctions |S) = \/%(Hl} =)
and|Ty) = (1) + |1)), which are magnetic
field invariant, remain close in energy, where-
as|T.) = [11) and |Tq) = [||) are well sepa-
rated in energy from both |S) and |Tp). In
particular, both |T',) and |T_;) are eigen-
states of the spin Hamiltonian, whereas |S)
and |T,) are not eigenstates because of the
different electronic g factors and hyperfine
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fields of the two spins. Coherent mixing of |S)
and |To) yields |®4) = coso|S) + sing|To) and
|®g) = —sing|S) + coso|To) (Fig. 3A), which
are eigenstates of the spin Hamiltonian, where
the angle ¢ in the mixing coefficients is de-
rived from the magnetic parameters of the
SCRP (supplementary materials) (39-41).

In the ultrafast electron-transfer regime ob-
served here, the initial spin state for an achiral
SCRP is the entangled singlet |S) state that
yields populations only on |®,) and |®g).
Therefore, four allowed transitions occur be-
tween |®,) and |Pp) and the initially un-
populated |T,;) and |T_) states, giving rise
to a spin-polarized (out-of-equilibrium) EPR
spectrum. When 6 = 09 this results in a typ-
ical (e, a, e, @) spin-polarization pattern (low to
high field, where a = enhanced absorption
and e = emission) because D(0) < 0 (39-41).
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Fig. 2. TREPR spectra. TREPR spectra of (R)-1-hg, (S)-1-hg, and 2-hg (A and B) and (R)-1-ds, (S)-1-dg,
and 2-dg (C and D) oriented in the nematic liquid crystal 5CB at 85 K and 100 ns after a 450-nm, 7-ns laser
pulse with the long axis of each molecule 0° [(A) and (C)] and 90° [(B) and (D)] relative to the applied
magnetic field direction. (Insets) The spectra are shown with their intensities expanded to highlight features

characteristic of CISS. Tpar, time after laser pulse.

Conversely, when 6 = 90°, the pattern is re-
versed (a, e, a, e) because D(0) > 0. Because the
g tensors of PXX™* and NDI"~ are very similar—
ie., [2.0045,2.0045, 2.0031] (42) and [2.0047,
2.0047, 2.0027] (43), respectively—the expected
SCRP polarization patterns (e, a, ¢, a) or (g, e,
a, e) are reduced to broadened (e, a) or (a, e)
patterns, as observed experimentally for the
achiral reference molecules 2-hg and 2-dg
(Fig. 2, blue traces). Our OOP-ESEEM results
show that the dipolar axis of each SCRP is well
aligned with the long axis of each molecule so
that the dipolar axis and the chirality axis of
(R)-1-hg (-dg) and (S)-1-hg (-dy) are nearly
parallel. The angle 6 between this axis and
the applied magnetic field (B,) direction is
depicted in Fig. 3, B and E, for the parallel
and perpendicular orientations, respectively.
CISS mixes triplet character into the initial
singlet SCRP, thus the initial populations of
|®4), |®s), |T41), and |T-,) and the corre-
sponding transition intensities are predicted
to change as well (44-47). If CISS is the sole
contribution to the spin dynamics and 6 = 0°
(Fig. 3D), then the state following electron
transfer would be |1]) or ||1), depending on
the chirality of the enantiomer and whether B,
is parallel or antiparallel to the electron mo-
tion. Given that the typical alignment of linear
D-B-A molecules within nematic liquid crys-
tals is not unidirectional, B, has equal prob-
ability of being parallel or antiparallel to the
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electron motion and hence, if coherences are
lost, the initial state is an equal mixture of |1 )
and ||1) and is thus equivalent to having a
pure initial |S) state. This situation is shown
schematically in Fig. 3C, where the blue and
red traces depict the idealized TREPR spectra
expected when CISS contributes 0 and 100%,
respectively. Indeed, the observed spectra of
both enantiomers as well as the achiral ref-
erence molecule are practically identical for
0 = 0° (Fig. 2, A and C).

By contrast, when the chirality axis is ortho-
gonal to B, (Fig. 3E), the initial state is very dif-
ferent in the presence or absence of CISS. In
particular, the CISS contribution initially pop-
ulates |T.1), and |T_;) (Fig. 3G and eq. S12).
Therefore, if the SCRP spin state has a 100%
CISS contribution, the TREPR spectra have a
nearly opposite intensity pattern with re-
spect to the case in which CISS does not
contribute. This is shown in Fig. 3F where
the blue and red lines in the idealized TREPR
spectra correspond to the intensity for the
pure |S) (Is) and pure CISS (I¢yss) initial con-
ditions, respectively.

Starting from recent theoretical models
(44-47) that describe the influence of CISS
on SCRP spin dynamics in cases for which
the CISS contribution is not 100%, the initial
state will be a superposition or a mixture of
|S), and |T,) along the chiral axis direction,
making the detection of CISS less obvious. In
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fact, the spectral line intensities in this case
are the weighted sum of I5 and /s, which
occur at the same resonance fields and tend
to cancel out (see details in the supplementary
materials). The key to unraveling CISS and
pure singlet contributions to the SCRP spin
state in the molecules studied here is the ob-
servation of a larger EPR linewidth that occurs
when CISS contributes. Indeed, the sum of the
two contributions (Fig. 3F, black trace) yields
a signal that displays lateral wings of opposite
sign and central features that are narrower
than those produced in the absence of CISS,
exactly as observed experimentally in Fig. 2, B
and D. These features are unambiguous signa-
tures of CISS because they cannot be produced
starting from an initial |S) state, where the
polarization pattern is fixed to (a, ) for 6 = 90°
by the sign of D(0) (39-41).

The larger linewidth obtained for the CISS
initial state arises from the very different
dependence of I5 and Igs on the degree of
coherent mixing in the eigenstates. Indeed,
|Icrss| increases with increasing entanglement
(0—0) whereas |Is| decreases (fig. S10). Explor-
ing the variation of the intensity by varying
the composition of the |®,) and |Pg) eigen-
states is made possible by the presence of sev-
eral nuclear spins and by distributed magnetic
parameters, e.g., dipolar couplings, often termed
strain. Therefore, moving from the center of
each transition, i.e., the center of the distribu-
tions of the magnetic parameters and hyperfine
fields, to the tail of the lineshape corresponds to
changing the composition of the eigenstates,
which produces different linewidths for different
initial states. If entanglement in the eigenstates
is larger in the tails of the spectrum, the CISS
contributions result in magnetic field-dependent
broadening, giving rise to lateral contributions to
the lineshape of opposite sign with respect to the
central features (Fig. 3F, black trace).

To confirm this interpretation, we considered
the spectra of partially deuterated (R)-1-dg and
(S)-1-dg. By strongly diminishing the hyperfine
couplings on one of the two radicals, we changed
the distribution of the eigenstate composition
and probed its effect on the lineshape. The mea-
sured spectra for 6 = 0 and 90° are shown in
Fig. 2, C and D, respectively. Although no quali-
tative effect is visible in the parallel direction
as expected, the lateral wings are substantially
reduced in the perpendicular orientation. These
spectra were simulated with a minimal SCRP
model with either one spin-%; nucleus (hydro-
gen atom) on both NDI"~ and PXX" or only on
NDI™, the latter of which is the partially deu-
terated case. For reasonable values of the hyper-
fine couplings, the simulations shown in Fig. 4
reproduce the experimental behavior.

The intensities of the lateral wings are cor-
rectly reproduced by combining I and I With
weights of 41 and 59%, respectively (Fig. 4).
Although a 59% CISS contribution is remarkable,
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Fig. 3. The CISS effect on the spin states of .
SCRPs. (A) SCRP spin states in the absence of B 0= 0°, 180 A 0 =90° E

CISS and in the presence of a static magnetic field
I Ts1)
a AQAANAAS By
a <

interactions in both radicals for a singlet precursor.

The enhanced absorptive (a) and emissive (e)

microwave-induced EPR transitions are indicated.

(B) Schematic of chiral molecules aligned parallel to

Bo. (C) TREPR spectra with 6 = 0° expected for

an achiral SCRP (blue trace) and for a chiral SCRP

with an initial state having a 100% (red trace)

or partial CISS contribution (black trace). (D) SCRP SINGLET

spin states for 8 = 0° where the initial state has a D<O D>0

100% CISS contribution. (E) Schematic of chiral

molecules aligned perpendicular to By. (F) TREPR

spectra with 6 = 90° expected for an achiral SCRP

(blue trace) and for a chiral SCRP with an initial PARTIAL

state having 100% CISS contribution (red trace) CISS

or a partial CISS contribution (black trace, rescaled). D

(G) SCRP spin states for 6 = 90° where the initial

state has a 100% CISS contribution. The widths T

of the energy levels in (A), (D), and (G) indicate / ITs1)
a

Bg that is much greater than J, D, and the hyperfine
JA'A'A]

(D LA AN
1) |Pg) DyvvveA

e

c _lT—l) F

the population of the initial state, whereas the

relative arrow thicknesses in the boxes depict the |B,) a CISS 100 %
transition probabilities. |Pg)
e
e
—|T-1)
it must be stressed that this is a minimal model A
in which the effect of the nuclei is accounted for 1.0 _ . Py 1.0+
only qualitatively, and a full spectral simulation Toar __1 0:) ns - (:hor SHi Toar =100 ns —(RorS)-1-h,
with all nuclear spins in the fully protonated | =g ° —_ 6=90° —Zh,
. . : 0.54 = 0.5

molecules is very demanding. However, we g g
have been able to perform the simulation for o =
the deuterated case, which includes all four | T 0.0 . 0.0
H and two N nuclei coupled to the electron | 5 B
spin in NDI"™ and effects of dipolar strain. In § 054 § 054
this case, the experimental behavior is very well | £ =
reproduced with a 47% CISS contribution, which
is still considerable. -1.04 i i i i | X -1.04 %32 343I344 345 34:5 347 318 : . . .

Further evidence for the validity of this in- 342 343 344 345 346 347 348 342 343 344 345 346 347 348
terpretation was obtained by investigating the Magnetic Field (mT) Magnetic Field (mT)
time dependence of the TREPR spectra, which | C 4 4_ D 10,
reflected the time evolution of the D**-By-A" spin Toar =100 ns e Toar= 100 ns ——(Ror S)-1-d,
states under the combined effect of coherentand | 6=0° — 24 - 0=90° ——2-d,
incoherent terms as described by the stochastic = 0.5 = LS
Liouville equation and the presence of the mi- § 'g
crowave field (supplementary materials). Indeed, ; 0.0 ‘; 0.0
figs. S11 and S12 show that the dependence of the b o :
observed intensity of the wings of the spectra § 051 § 054 J
are similar to that of the main peaks, which is c =1 |
in agreement with our numerical simulations. ©

The CISS contribution to the spin dynamics -1.04 . , ' . . , 1.0 b s wio i e | . . .
of (R)-1-hg (-dy) and (S)-1-hg (-dy) is similar to 342 343 344 345 346 347 348 342 343 344 345 346 347 348
the ~50% spin polarization that was recently Magnetic Field (mT) Magnetic Field (mT)
reported for an axially chiral binaphthalene
derivative covalently linked to a gold film de- | Fig. 4. Simulations of the TREPR spectra with a minimal model of the SCRP. The model places one
posited on nickel (48). Although this single | hydrogen nuclear spin-%2 on both PXX™* and NDI"~ (A and B), or only on NDI*~ (C and D). The nuclear spins
comparison suggests that the observed CISS | are coupled to each radical with isotropic hyperfine couplings anps = 6.3 MHz and apxx = 10 MHz. (Insets) The
effect for the binaphthalene attached to the gold | simulations are shown with their intensities expanded to highlight features characteristic of CISS. The
surface may be largely due to the chiral molecule, | complete list of simulation parameters is given in table S7.
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additional comparative work is needed on a
variety of systems to warrant such a conclusion.

Conclusions

We have found direct evidence of the CISS
effect on the spin dynamics of photogenerated
radical ion pairs in molecular electron donor-
acceptor molecules. The observation of CISS
in these systems affords possibilities both for
increasing our understanding of this important
phenomenon and for its possible applications.
These results show that the substrates or elec-
trodes with their possibly large spin-orbit coupl-
ings are not needed for CISS to occur, and that
TREPR spectroscopy can directly access the spin
dynamics that result from CISS. This provides key
information to guide theoretical investigations and
makes possible many new targeted experimental
studies. In addition, observing CISS at the mo-
lecular level is the first step required to trans-
form this fundamental phenomenon into an
enabling technology for quantum applications.
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Editor’'s summary

Chirality-induced spin selectivity has undergone intensive study in the two decades since its discovery. Essentially, the
phenomenon manifests as polarization of electron spin by chiral molecules, although the observations thus far have
pertained to samples adsorbed on a solid substrate. Eckvahl et al. report significant chirality-induced spin selectivity
signatures during intramolecular electron transfer between donor and acceptor fragments across a chiral bridge in free-
floating molecules (see the Perspective by Subotnik). The precise tunability and tractability of these systems should
enable systematic comparisons with evolving theoretical models. —Jake S. Yeston
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