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ABSTRACT: Quantities that break both mirror symmetry and <% Q O 0 o D Q P
HN NH HN, O
—(O (o]

time-reversal symmetry, such as the orbital angular momentum, are 5 \H
known to connect molecular chirality with an applied magnetic O o o _
field. This concept has led to observations such as magneto-chiral ©° S oo °
dichroism and chirality-induced spin selectivity (CISS). However, oY en o

being small, these effects often require additional amplification
procedures such as flow chemistry to achieve bulk enantiosepara-
tion. In this work, we demonstrate how the magnetic field effect on
photogenerated radical pairs, which also breaks time-reversal
symmetry, can be harnessed for enantiopurification. Fundamental
to this process is the collective decay of the singlet and triplet
radical-pair states made possible by an applied magnetic field.
Because opposite enantiomers exhibit spin—orbit coupling matrix elements of opposite signs, the singlet and triplet decay channels
interfere constructively in one enantiomer. Meanwhile, molecules of the other enantiomer are funnelled into the first enantiomer
through excited-state chirality inversion, achieving (dynamic kinetic) chiral resolution. Using an axially chiral binaphthyl derivative
and a borane photosensitizer as prototype, we predict an appreciable enantiomeric excess (e.e.) of 90% to be possible at steady state,
attained within hundreds of milliseconds when irradiated by a laser. Importantly, our analytical results showcase regimes of perfect
enantioselectivity (100% e.e.), accessible by further chemical optimization of the photosensitizer for which general strategies are
discussed. Overall, this work illustrates a so-far untapped but powerful control knob for photoredox catalysis based on spin chemistry
principles.
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B INTRODUCTION

the role of chiral vibrations or phonons that couple to the
32-45

Most photochemical reactions generate pairs of radical
intermediates,'~” a phenomenon known as chemically induced
dynamic electron polarization (CIDEP).® These spin-corre-
lated radical pairs (RPs) can then evolve coherently among the
singlet and triplet basis states, often influenced by an applied
magnetic field through the spin Zeeman effect. Because the
singlet states react differently from the triplet states, their
average populations can be detected by the ensuing chemical
kinetics, leading to techniques such as reaction yield-detected
magnetic resonance.® Such magnetic field effects (MFEs) have
been proposed as explanations for magnetoreception’™'* with
potential applications ranging from light harvesting to quantum
sensing.ls_15

Adjacent to this field is the study of chirality-induced spin
selectivity (CISS), a more-recently discovered effect that also
polarizes electron spins.'® This is achieved by passing an
electron current through a chiral molecule or material, thereby
relating the electron’s magnetization with the (geometric)
chirality.'”~>' The CISS effect has been observed in various
forms including photoemission,”* ** electron transport,”~>*
and transient charge polarization.”” ™" Its theoretical founda-
tions are still being investigated,'” most of which point toward

© 2025 American Chemical Society

7 ACS Publications

electron spins through non-Born—Oppenheimer effects.
Beyond observations of CISS, the same effect has also been
harnessed to discriminate enantiomers using polarized electron

46-48 49-54

spins, uncovering new prospects for chiral resolution

and possibly new understanding of life’s homochirality.”**%%¢
While remarkable, this direction has so far been limited to the
enantioselective adsorption of amino acids and small peptides
onto magnetized surfaces.*””** To attain bulk separation,
amplification processes such as flow reactions and crystal-
lization are required,”~>"** implying some restrictions in its
synthetic applicability, although there is much potential for
theoretical developments to guide the rational design of CISS-
based separation systems.””>’~>" From there, benchmarks can

be made against other spin-based techniques; for instance,
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Figure 1. OAM L, being an axial vector, changes direction in the
mirror image, connecting it with its time-reversed counterpart.

photon spins are also known to discriminate enantiomers,
albeit with a small enantiomeric excess (e.e.) of <1%.°97*

In this work, we offer a novel spin-based enantioseparation
technology by utilizing the MFE of radical pairs to invoke
chiral resolution. The connection is achieved via the electron
orbital angular momentum (OAM; labeled L). Being odd
under both time-reversal symmetry (TRS) and mirror
reflection,”® the OAM is time-reversed in opposite enantiomers
[Figure 1]. Hence, a process that breaks TRS, such as the
introduction of a magnetic field B, will also separate the two
enantiomers. For instance, the orbital Zeeman coupling
(~B-L) flips sign under mirror reflection, causing one
enantiomer to absorb linearly polarized light more strongly
than the other; this phenomenon is termed magneto-chiral
dichroism.”**°~"* Unfortunately, the effect is weak resulting in
an experimental e.e. of <0.1%,”’ mainly because the orbital
Zeeman term in molecules is small relative to the typical
orbital (i.e., electronic) energy separation.”"”*”* By converting
the OAM into spin angular momentum (SAM; labeled S)
through a spin—orbit coupling (SOC), we propose the use of

the spin Zeeman effect, the energy of which can be larger than
the spin-intrinsic zero-field splitting (ZFS). This way, the time-
reversed pair of SAM acts as a proxy for the two enantiomers
through the OAM.

While the total orbital-spin anéular momentum is known to
link mirror symmetry to TRS,”>’*’° its application toward
enantioselective photoredox catalysis through the spin Zeeman
effect is, to our best knowledge, unprecedented. In our
proposal, we shall distinguish the time-reversed SAMs by
coherently evolving one of the photoinjected triplet Mg
sublevels with the singlet state using a magnetic field, an
implementation of the MFE [Figure 2]. The subsequent
collective singlet—triplet decay of the RP to the ground state
will be faster in one enantiomer due to constructive
interference between the electronic and spin—orbit channels.
Therefore, at steady state, chiral resolution can be achieved in
molecules that racemise faster in an oxidized or reduced state.
Importantly, our analytical solutions show regimes of perfect
enantioselectivity (i.e, an e.e. of 100%) to be accessible by
chemical fine-tuning. For instance, the RP formed between an
axially chiral binaphthyl derivative and a borane photo-
sensitizer [Figure 2] displayed an e.e. of 90% at steady state,
a signficant improvement from the <1% e.e. obtained via other
magnetochiral methods.**~*%% Further, enantiopurification is
achieved with a time scale of hundreds of milliseconds under a
laser light source, which is experimentally feasible. Techniques
for further improvement will also be discussed.

B RESULTS AND DISCUSSIONS

The Chiral Resolution Protocol. Our photoredox
catalysis setup for enantiopurification comprises a photo-
sensitizer (i.e., a photocatalyst) and a racemic mixture of chiral
molecules [Figure 2]. The photosensitizer is first excited from
its singlet ground state, I'GS) (GS = ground state), to a triplet
excited state, PLE) (LE = local excitation), made possible by
strong SOCs in the photosensitizer (more to follow). The
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Figure 2. An overview of the spin-based enantioseparation scheme. In general, chiral molecules are destabilized and racemise faster in their
oxidized/reduced ionic states. In this scheme, we first form a triplet RP between a photosensitizer and the chiral molecule by optical spin injection.
This triplet RP then picks up a small amount of singlet character due to the MFE. The ensuing singlet—triplet coherence sets up a constructive
interference between the singlet and triplet decay channels in one enantiomer, causing its RP to recombine more quickly. The other enantiomer,
having spent more time in the (ionic) RP state, has a higher chance of inverting its chirality, leading to chiral resolution at steady state.
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Figure 3. Summary of the excited-state kinetics and their associated
rates or operators.

photoexcited state then undergoes a subnanosecond electron
transfer to the chiral molecule to form a RP in the triplet state,
I*RP). Subsequently, this triplet RP state mixes with the singlet
RP state, |'RP), through a weak external magnetic field. All
four RP states (one singlet and three triplets) can decay
independently to the I'GS) state, and we shall denote their
rates by

wp = — [VREGS 2
T hZQ SOC,M;g (1)
for the triplet Mg sublevel PRP;M), and
L re-Gsp
we = 1% |
o @)

for the singlet state I'RP) [Figure 3]. Here, Vgls)'cs and VSRgélG]&S

are, respectively, the real-valued electronic and complex-valued
spin—orbit couplings responsible for the singlet and triplet RP
recombination, while the prefactor (R*Q) isa proportionality
constant that encapsulates the bath interactions (see foot-
note’). eqs 1 and 2 require the RP states to be the lowest-lying
excitations of the system (otherwise the triplet RP can decay
into other lower-energy triplet states'*). To satisfy that, we can
use photosensitizers with HOMOs (or LUMOs) that are close
in energy to the chiral molecule’s LUMO (or HOMO),
thereby minimizing the energy for electron transfer (HOMO =
highest occupied molecular orbital; LUMO = lowest
unoccupied molecular orbital).

If one of the triplet Mg RP sublevels is now brought into
near-degeneracy with the singlet RP state, then their quantum
coherence allows the two states to decay collectively. For
instance, if the singlet RP state were to be higher in energy
than its triplet counterpart, then a magnetic field can bring the
PPRP;+1) state into near-degeneracy with the I'RP) state,
yielding the following perturbed state (Supporting Information
S1)

('RPIVIRP; + 1)

PRP; + 1) ~ PRP; + 1) + I'RP)
AE

T,,—$

3)
where AET+,—S = EC’RP; + 1) — E('RP) is the energy differ-
ence between the near-degenerate states and TZ is the spin

Hamiltonian for a RP. The collective decay rate w® between
these two states will be approximately

2
1 ~03
(R) ~ 1 VRP-GS VRP-GS < RPI‘/Sl RP; + 1>
L) soct1 T Ves |75
e Q AETH—S

(4)

To understand the origin of the chiral resolution, let us
denote eq 4 as the rate for the (R)-enantiomer. Its mirror
image—the (S)-enantiomer—will experience a similar rate but
with an opposite sign on Vgggfl

2
1 513
) o 1 re-gs | pro-s| (RPIVIRP; + 1)
+ T 2 ~Vsoc,+1 e, _—
nQ AETH—S
(5)

This is because Vskggfl is a matrix element of the SOC
operator ~L-§, and L being an axial vector [Figure 1], picks
up a negative sign under mirror reflection. (Note that, in this
work, S stays aligned with B, while B follows the symmetry of
the electron transfer vector, which is a polar vector; this is
consistent with refs 65, 75 and 76). Notice that where the two
terms add up in eq 4, the same elements are subtracted in eq S,
and vice versa. This is a manifestation of the interference effect
during collective singlet—triplet decay. The enantiomer
experiencing a destructive interference will be funnelled into
its mirror-reflected counterpart because the barrier to chirality
inversion is lower in the RP, which represents a less-stable
oxidized/reduced state of the enantiomers. In other words,
dynamic kinetic resolution is achieved, which is more valuable
than traditional chiral resolution protocols because all
molecules of a racemic mixture may, in principle, be converted
into an enantiopure compound. Since the steady-state e.e.
depends on the differential decay rates w{®/w %, it does not
vary much with the rate of chirality inversion.

Note that the triplet RP state decays more slowly than the

Vioeon | < IVEE™5), thus the amplitude

of the triplet component in eq 3 must be larger than the singlet
component for the interference in eqs 4 and S to be
appreciable. Put differently, there must be a small, yet
appreciable, energy separation between the IPRP;+1) and
I'RP) states, such that the PRP;+1) state contains only a
perturbative admixture of I'RP) character. This justifies the use
of perturbation theory in eq 3, and also explains our choice for
a spin-forbidden triplet photoexcitation, which would require a
sufficiently strong SOC to occur.””® For our photosensitizer
prototype, this transition occurs within 1 day under a mercury
lamp and can be down to a microsecond using a regular
laser®*—see Supporting Information S2.

While we have used the IPRP;+1) state as an example, the
IPRP;—1) state can also be in near-degeneracy with the I'RP)
state by reversing the magnetic field direction, yielding
analogous expressions w®’S) for the collective decay rate.
Other than that, no collective decay occurs because the
interfering states must be separated by an energy (in frequency
units) smaller than the overall decay rate, a consequence of the
energy uncertainty due to lifetime broadening®”*"** (Support-
ing Information S1). The chiral resolution y, defined as the
ratio of (R)-enantiomers to (S)-enantiomers at steady state, is
characterized by the differential decay rates to be

singlet RP state (i.e., |

y~ WJ(rR) % w®
W Wl (6)

https://doi.org/10.1021/jacs.5¢11502
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Figure 4. Schematic diagrams of the analytical solution to the chiral resolution y [eq 6] as a function of (a) the magnetic field strength, By, (b) the
RP singlet—triplet gap, parametrized by J, and (c) the real and imaginary parts of the SOC matrix element Vgg'cc‘fl responsible for the triplet RP
decay. In (c), the quantity In y diverges (i.e., the e.e. reaches 100%) when nggé‘Gfl = ng’cs[(lRPl‘A/sPRP; + 1)/AET+1_S]. This is represented by
the two large dots.
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Figure 5. (a) Molecular structures of the model photosensitizer B(C,E); and the chiral molecule NML,. (b) Energies of the frontier MOs of
B(C,K); and NML, obtained using two separate DFT calculations (one for each fragment). (c) Excited-state electronic structure, calculated using
TDDFT, along with our proposed excited-state relaxation pathway. Also indicated are Vs%jélGAiS , the SOC matrix elements between the lowest triplet

state (i.e., the triplet RP state) and the ground singlet state. (d) Diagrammatic representation of the Hiickel HOMO of binaphthyl, which mimicks
the chiral molecule NML,. (e) Plot of the chiral resolution y against the magnetic field strength By, obtained using the analytical solution presented
in eq 6.

where the multiplication arises because the factors w® /) where g4 = ga .. + Ag,./2 X 2 represents an effective electron
and w®/w® deviate most significantly from one in the spin g-factor and Ag . = (Agzx + iAgzy) /22 denotes an

positive and negative magnetic field regimes, respectively
(Supporting Information S1). To further illustrate the
enantioseparation, we consider only the spin Zeeman terms

effective difference in the g-tensors (i.e., the MFE). These
expressions can be substituted into eqs 4—6 to obtain an
analytical expression for the chiral resolution y (Supporting

K BB.gj.sj and a singlet—triplet exchange coupling 2JS,-Sp in Information S1). For instance, the enantioenrichment can be

the spin Hamiltonian (j = A, B labels the radicals in the RP and controlled by the magnetic field strength By, as shown in
the remaining terms have their usual meanings). We shall also Figure 4a. For both B; > 0 and B, < 0, two extrema are
assume B = Bz (z is the unit vector along the z-direction) to obtained at

be aligned with g,’s principal axis. Denoting Ag =gz — g, as

the diff-erence in g-tensors, we find that (Supporting @ _ |Ageff||VSR£éf;f1| + Re (Ag:;fVég)éisl
Information S1) max |Ageg||V£é,Gf1| — (Ag;fvslgéisl ©)
AE; = 207 + hy g By (7)
@ AR VoS
('RPIVIRP; + 1) = hu,Ag B, ) T dlAg VAR g VIS (10)
36582 https://doi.org/10.1021/jacs.5¢11502
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each corresponding to a near-perfect constructive interference
in a specific enantiomer. (Note that in eqs 9 and 10, “+” labels
the two extrema rather than the sign of B,.) Notice how )((+)
approaches either zero or infinity (i.e., perfect enantiosepara-
tion is achieved with 100% e.e.) when both Ag. and Vskggfl
are purely real or purely imaginary. Indeed, this implies that
the terms in either eqs 4 or S perfectly cancel out at some
magnetic field strength B,. Importantly, Ag.¢ and VSRggfl both
depend on some SOC matrix elements.” For instance, the
elements of the g-tensor may be approximated by second-order
perturbation theory in the SOC to be®

(WIL 1) (W'IL,IP)
Ey — Ey (11)

g, = geéab + 24 Z
v

where g, is the electron g-factor, / is an effective SOC constant,
[¥) is the orbital eigenstate under consideration with energy
Ey, {I¥')} is the set of orbital eigenstates that is orthogonal to
[¥) and has thf energy spectrum {Ey}, and I:a is the a-th
component of L, with the indices a4 and b running over all
three-dimensional coordinates. Therefore, the interference
effect can be chemically tuned by considering the symmetry
of the photosensitizer.*®

Other chemical knobs include the RP singlet—triplet gap,
characterized by J, and the triplet RP decay, characterized by
V?ggfl. Their effects on y are sketched in Figure 4b,c. In
particular, as the RP singlet—triplet gap changes, the same
maximum chiral resolution can be obtained at a different B,
value. Also, perfect enantioseparation (i.e., 100% e.e.)
can be achieved when =+ ngléfls exactly equals

VESSS x [('RPIVIPRP; + 1)/AEy, _l, which corresponds to

either eqs 4 or S being zero. These observations will be crucial
for future optimizations of the photosensitizer.

A Molecular Prototype. As a molecular prototype, we
consider an axially chiral binaphthyl derivative NMI, adsorbed
onto a B(C,K); photosensitizer [Figure Sa] and compute their
properties using DFT and time-dependent DFT (TDDFT)
(see Supporting Information S7, which cites refs 87—89). By
choosing an organic system, we may expect the singlet—triplet
RP coherence to live longer than its recombination to the
GS.'* An analogue, B(C,H;);, was previously proposed as a
triplet photosensitizer’’ and we introduced fluorine substitu-
ents to bring its LUMO energy closer to the HOMO energy of
NM]I, [Figure Sb]. Indeed, the RP states form the lowest-lying
singlet and triplet excited states [Figure Sc]. As for the
photosensitizer’s triplet LE, it appeared as the 33rd excited
triplet state above other lower-lying triplet transitions [Figure
Sc]. We expect these additional transitions to provide a ladder
of triplet intermediate states for the rapid relaxation of the
triplet LE following Kasha’s rule.”’~"’

After forming the RP, the NMI, radical cation has a lower
activation barrier to racemisation (0.72 €V) than the neutral
molecule (1.10 eV). Their racemisation time scales are,
respectively, in the order of 10 ms and 1 day at room
temperature, estimated using transition state theory at a mode
frequency of 1000 cm™.”" Chemically, the RP racemises faster
because an electron has been removed from the NMI,
HOMO, which has a nodal plane around the dimer linkage
[Figure Sd]. This creates a 7-bond between the two aromatic
subunits, thereby reducing the barrier to coplanarity in the
transition state. For the same reason, the radical anion also has

a lowered activation barrier of 0.64 eV—see Supporting
Information S7.
All other parameters fall within our expectations: We find

|VS%)&GA§I§| to be around 0.5 cm™' [Figure Sc], the ZFS

parameters to be D = —380 MHz and E = —96 MHz, and
the radical g-anisotropy to be around 107* (Supporting
Information S7). If we approximate | &~ —0.06 cm™', VAL
~ 100 cm™', and Q ~ 10* cm™/, values typical to organic
systems,'*’® then our analytical solution [eq 6] predicts
maximum chiral resolutions y of 19 and 0.054 at magnetic field
strengths |By| of 0.126 and 0.131 T respectively [Figure Se];
both values correspond to an e.e. of 90%. As mentioned earlier,
a perfect enantioselectivity of 100% e.e. can be engineered by

using a different photosensitizer, which would modify Ag.¢and

RP-GS
Vsoc,m:

For simplicity, we have not considered ZFS or hyperfine
coupling effects yet. None of these are expected to impact the
chiral resolution significantly—see the next section and
Supporting Information S3. We have also assumed a static
molecular conformation and aligned the magnetic field
perpendicularly to the B(C,E); plane. Nonetheless, we expect
the chiral resolution to survive isotropic averaging given how
the MFE is driven by g-anisotropy [eq 4]. Future works will
also include the diffusive motion of the two subs;rstems, which
is known to create CIDEP in RP chemistry.'~” Under such
conditions, effects due to g-anisotropy might be weakened due
to rotational diffusion,” an issue that can be tackled by trapping
the photosensitizer on a surface or accelerating the RP decay
through stronger SOCs.

Further Support Using the Lindblad Master Equa-
tion. To investigate the full photoexcitation-decay kinetics, we
consider the time evolution of the system density operator
p(t), modeled by a Lindblad master equation
dp iin A NS IR PSS
T —E[ Pl + Zk: (Lkak - E{Lkl’k} P}J -

The first term describes the coherent oscillations under a
Hamiltonian H that comprises the state energies and the spin
Hamiltonian, while the second term describes the bath-

mediated processes through the jump operators L,. These
bath-mediated processes include the triplet photoexcitation via

2 _ 34, 1
Lump = \kpump D, PLE; Mo)('GS|
Mg=:+1

(see footnote?), the RP formation via

Vori D/NBEQ X PRP; M) LE; My,

iLE—»RP,Ms
and the collective RP decay via
RP-GS

I:RP—>GS ==
Jre
yRP-GS

+ ) SOCM‘lGS)(RP My

Ms=0,+1 Vh (13)

Also, every state is duplicated to describe the two
enantiomers, which are linked through the RP states via the

= ke M)y () (ml, where X

and X' denote opposite enantiomers, and m is a RP state

I'GS)('RPI

jump operator Lrac’m(x)_,m(xr)
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Table 1. Simulation Parameters in Units of cm™!“
VeL If,[RP VRR-GS PRR-GS PRR-GS
J o ) SOC,£1 50C,0 &S Q (e
—-0.06 1074 107 —0.37 F 0.34i 0.60i 10? 10* 10~

“The g and D tensors are available in Supporting Information S7. The value of Velj f,{SRP is the same for all three triplet Mg sublevels.
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Figure 6. Numerical solution to the chiral resolution y using the full Lindblad master equation, neglecting effects due to ZFS. The results are plotted
across (a) the magnetic field strength, By, (b) the RP singlet—triplet gap, parametrized by ], and (c) the SOC matrix element V?ggfl responsible for
the triplet RP decay (B, = 0.126 T). In (c), the quantity y approaches 187 (i.e., the e.e. reaches 99%) at the two large dots. Also presented in (a)
are the results from the analytical [eq 6] and minimal three-level models.

[Figure 3]. As mentioned, metal-free RPs decay faster (at a
time scale of microseconds) than their spins relax (milli-
seconds).'* Hence, for simplicity, there are no spin relaxation
pathways in our model.

We simulated the steady-state outcome numerically using
VLE-RP

_1 —_ .
or, 100 em™, kpum, & (1 s) ' (ie., a laser source),

k..~ (107%s)"", and other parameters as described before
(Supporting Information S4, which cites ref 92). Table 1
summarizes the actual parameters used in our QuTiP script.”
Strikingly, without ZFS, the chiral resolution y matches the
analytical predictions made earlier (Figures 6 versus 4),
supporting our foregoing analysis. The enantioselectivity can
also be perfected (i.e., the e.e. can also approach 100%) by
tuning the photosensitizer structure, which would modify
Vioes [Figure 6¢]. No major difference was observed when
koump Was set as (1 day)™', corresponding to a mercury lamp
source. We further develop a minimal three-level model
comprising only the I'GS), I'RP), and PRP;+1) states
(Supporting Information SS), which led to consistent results
[Figure 6a]. Finally, even though the ZFS term introduces
additional mixings among the triplet RP sublevels,® these
sublevels decay independently from one another under the
magnetic field. Therefore, the impact of ZFS on the chiral
resolution is small, as confirmed by our numerical simulations
[Figure 7].

Note that the collective form of Lyp_ ¢ [eq 13] is only fully
justified if the four RP states have smaller energy separations
(in frequency units) than their decay rates®”®" (see
footnote”). When any two RP states become nondegenerate
(relative to the decay rate), the collective effect is partly
penalised by the large energy gap,”’ although spurious
interactions can still occur. This is particularly so in the
Byl % 0.01 T regime of Figure 7, where we find small
additional peaks that vanish when the decay channels involving
nondegenerate RP states are more properly modeled by
different jump operators (Supporting Information S4). To fully
resolve this unphysical effect, we are currently working on a

36584

10
=
|
| — —
—0.2 0.0 0.2
By /T

Figure 7. Chiral resolution y at different magnetic field strengths B, as
predicted by the full Lindblad master equation, including effects due to
ZFS.

more systematic approach starting from a microscopic system-
bath Hamiltonian.

Estimated Time to Steady State. While this work
focuses on the steady-state outcome, the time needed to
achieve it is equally important. Under kyym, ~ (1 s)”! for a
teaching laboratory laser source,” enantioseparation occurs
with a characteristic time scale of hundreds of milliseconds
[Figure 8] and is experimentally achievable. Unfortunately, the
time evolution of the density operator p(t) could not be solved
for a lower kyyp, of (1 day)™', characteristic of a much lower
intensity source such as a mercury lamp; this would be a more
standard instrument in a synthetic chemistry laboratory. The
underlying reason for this difficulty is the orders-of-magnitude
differences in transition rates, resulting in an ill-conditioned
rate constant matrix. As a preliminary solution, we consider a
simplified kinetic scheme that assumes the stationary RP state
in eq 3 to be formed prior to its recombination, which occurs
within microseconds (Supporting Information $6). This yields
a time scale toward steady state of around 10* days. Despite
being experimentally unfeasible, this time scale is most likely
overestimated because, in reality, the singlet and triplet RP
states are evolving over time as they decay to the GS, and the
former decays faster with a subnanosecond time scale. In
Supporting Information S6, we explain how the time to steady
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Figure 8. Time evolution of the enantiomer populations, defined as
the trace of the density operator p(t) over the corresponding
enantiomer subspace. These results are evaluated at B, = 0.126 T and

Kpump R (1 s)"! (i, a laser source).

state could potentially fall below 1 day once the full quantum
master equations are considered, underscoring the limitation of
our simple kinetic analysis. Work toward a more accurate
quantum dynamics simulation is ongoing. Finally, we note that
hyperfine coupling effects could prolong the time to steady
state, although the new time scale remains experimentally
realistic; see Supporting Information S6 for a full discussion.

Protocol Requirements. To summarize the requirements
for our enantiopurification scheme, the criteria strictly
necessary are as follows: (1) The RP states must be the
lowest-lying excited states of the system, achieved by keeping
the electron donor’s HOMO at an energy close to the electron
acceptor’s LUMO. In experimental terms, this means that the
donor’s reduction potential should be close to the acceptor’s
reduction potential. (2) Chirality inversion in the RP states
should occur with an appreciable rate relative to triplet
excitation of the photosensitizer. In particular, relative to the
present rates of around (10 ms)™" and 1 s™', respectively, used
in Figure 8 and Table 1, any decrease in the former will require
a proportionate increase in the latter to sustain the same
enantiopurification time scale. Next, the following features are
not necessary but would improve the chiral resolution: (3) A
photosensitizer embedded on a surface, which would minimize
deleterious effects due to rotational averaging and RP diffusion
while allowing for targeted excitation of the photosensitizer
over the chiral molecule. (4) A nonmetallic photosensitizer,
which would minimize loss of spin coherence, although this
could be countered by a faster RP recombination rate achieved
via stronger SOC from the metal.

B CONCLUSION

Decades after establishing the link between mirror symmetry
and TRS,*%°7% the magnetic field remains underutilized as a
tool for chiral discrimination.**™**% Our proposal offers a key
step in this direction by leveraging on the well-established
MEFE in photogenerated RPs, which induces a collective decay
to the ground state. Because the enantioselectivity relies on the
SOC matrix elements, it can be chemically controlled through
symmetry considerations of the photosensitizer.86 In essence,
our work exploits underexplored spin chemistry concepts to
tackle the enantioselectivity problem critical in photoredox
catalysis.”> " Given its generality and tunability, we expect
this photoredox catalysis protocol to offer a novel concept for
enantioseparation technology. Concurrently, we hope that this
work will inspire other powerful ideas involving the use of spin

dynamics to achieve unprecedented synthetic goals. In our
future works, we will explore the consequences of isotropic
averaging and enantioseparation kinetics, such as the role of
RP diffusion in enhancing the spin polarization.'~” We will
also devote much effort toward designing catalysts that can
achieve the desired enantiopurification using the aforesaid low-
intensity light sources, but within much shorter illumination
times.
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B ADDITIONAL NOTES

"Examples include the Franck—Condon overlaps in the
Marcus—Levich—Jortner models””~”” and the bath component
of the system-bath interaction in most quantum master
equations.go’81

*We have omitted the triplet Mg = O transition because it is
symmetry-forbidden in our photosensitizer.”’ However, the
general conclusion does not change even after including the Mg
= 0 triplet photoexcitation.

3The justification stems from the Bloch—Redfield equation,
which can be rigorously derived from a microscopic system-
bath Hamiltonian. To obtain the Lindblad jump operator in eq
' the nonsecular Redfield terms responsible for the RP decay
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must be kept with their transition energies approximated to be
equal—see Supporting Information S4 and ref 80.
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