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I. STATE-OF-THE-ART EXPERIMENTS ON CISS

We provide below a brief overview of some important experiments on CISS. Although
most measurements have probed the current polarization in a transport setup, evidences of
CISS have been found also without net transport yielding a stationary current [S1].

We focus here on this class of experiments, in order to concentrate on qualitative features
emerging directly from chiral molecules. Although some theoretical works have proposed a
crucial role played by initial and final unbound states [S2, S3], typical of transport measure-
ments, a bunch of experiments studying y—SAMs on a conducting substrate indicate that
polarization occurs also in very different contexts, in which chiral molecules are in a static
configuration, i.e. not crossed by a stationary current. These experiments include magne-
tization switching by enantiomer deposition [S4], selection of enantiomer adsorption by the
polarization of a FM substrate [S5], or Kelvin-probe measurements on FM electrodes cov-
ered by a y—SAM, indicating that a strong interaction exists between chiral molecules and
a FM substrate and suggesting that penetration of electron spin wave-function in y—SAM
is enantiospecific [S6, S7]. Most relevant, a Hall potential was detected in a two-dimensional
electron gas coated with a y—SAM subject to an electric field [S8, S9]. The latter induced
a charge polarization and a consequent spin polarization [S10], yielding the Hall effect on
the conducting electrons. Within the same apparatus, microwave absorption was measured,
with a sign depending on the direction of the applied electric pulse [S9]. Last but not least,
electron transfer was found to be spin selective in experiments performed on Photosystem-I
[S11].

All of these experiments indicate CISS as a property of individual chiral molecules, not aris-
ing accidentally from specific initial conditions. In particular, they seem to exclude a role

of the leads or of the peculiar initial state of transport setups in the final spin polarization.

II. TIME-RESOLVED EPR SPECTRA
A. Theory

Time-resolved EPR spectra are computed according to the formalism developed, e.g. in
Refs. [S12-S15]. The system is described by spin Hamiltonian (1) of the main text. The

TR-EPR spectrum corresponds to the calculation of (S,(B,t)) in a reference frame rotating
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at the frequency of the oscillating magnetic field By (t) = By(cos wt X+ sin wt y) about the
static field B. In such a reference frame and by neglecting non-secular terms (as usually
done in the high-field limit) the explicit time-dependence is eliminated from the system

Hamiltonian, which reduces to
Hyot () =Y (1pBgi*(Q) — hw)S;

+ )T (Q)(2575; - 5787 — S51S))
iJ
+ gupbBi Z S - (S1)

Here we have also assumed an average isotropic coupling to the oscillating field, with g, as
reasonable for By < B. [In our simulations we have assumed B; = 0.03 mT].

In general, the parameters g;

7 and J7¥ of H™" depend on the orientation of the molecule

with respect to the static field (indicated by the set of Euler angles €2, see Ref. [S13] for the
full transformation from the local to the laboratory frame). In the case of randomly-oriented
solutions, spherical average over {2 must be included in the calculation.

Besides evolution induced by Hamiltonian (S1), we have included in our simulations inco-
herent terms modeling relaxation, dephasing and recombination processes. The resulting

stochastic Liouville equation is given by

W = %FI(Q)HRHK pr(SL,1), 52

where p,(Q,t) denotes the system density matrix in the rotating frame, H(Q), R and
K are super-operators associated to Hamiltonian (S1) and to phenomenological relax-
ation/decoherence and recombination mechanisms, respectively. Note that in our simula-
tions both H and the initial state pr(€2,0) depend on 2. In particular, initial states subject
to CISS are polarized along the molecular chiral axis (not corresponding to z in a randomly-
oriented solution). Examples for specific orientations are discussed below.

We are here neglecting various rotational processes (slow-motional limit). Following Ref.
[S12], when describing the RP, we have assumed the same relaxation rate (1/77) for each
diagonal element of p, and the same dephasing rate (1/75) for each off-diagonal element, i.e.
Riijj = 1/T; and Rim = —1/T5 in the singlet-triplet basis. Conversely, simulations on the
D-x-A-Q system in Q-band are performed by treating relaxation and dephasing processes

independently for the three spins, as in Ref. [S16]. By imposing the stationary condition
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Zj Rj;i; = 0 diagonal elements of R are determined. Finally, the recombination super-
operator is given by f(ijkl = —1/Tr(6i0;+ 0ij0ix), with 1/T the charge recombination rate.
Equation (S2) can be formally integrated, leading to

pr (0, 1) = exp { {—ﬁH(Q) +R+ K] t} 0, (€2, 0) (S3)

from which (S,(B,t)) = Tr[p,(€2,t)S,] can be computed.

Hyperfine coupling of the probed electronic spins with surrounding nuclear spins is expected
to broaden oscillations in the time dependence of (S, (B, t)). In the field-dependent spectrum,
both the coupling to surrounding nuclear spins and inhomogenous broadening of the system
parameters are included by convoluting spectra with a Gaussian line shape function [S14,
S15]. A more detailed treatment of the hyperfine coupling would require knowledge of the

specific system under investigation and is therefore beyond the scope of the present work.

B. TR-EPR on D-y-A-Q system

We show in Fig. S1 the TR-EPR spectra for the initial states reported in the main
text, as a function of both B and t, along with the level diagram indicating the probed
excitations. Note that in these simulations the effect of dephasing, relaxation and charge
recombination is overcome by the gaussian broadening of the peaks (FWHM 2.35 mT),
a safe assumption for both the molecular qubit and the RP, even at room temperature.
Other effects Interaction with surrounding nuclei could, in addition, broaden time-dependent
oscillations. These features depend on the specific examined system and hence are not

included in the calculation, but do not alter our conclusions.
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FIG. S1. Time-resolved EPR on D-x-A-Q. (a-c) (S,(B,t)) with an initial singlet state of the
radical pair (a), a generic un-polarized state |y (m, A, ¢)) (b) and a polarized | 1)) state (c).
(d) B—dependence of the TR-EPR signal, integrated between 100 and 300 ns. Inhomogeneous
broadening effects included with gaussian line broadening 2.35 mT. (e) Schematic representation
of the energy level of the system, focusing on excitations of the D-y-A radical-pair, with arrows
indicating energy gaps corresponding to absorption (red) and emission (blue) peaks shown in
panel (a) at low field. Continuous (dashed) arrows correspond to excitations of acceptor (donor),
characterized by isotropic g12 = g F Ag/2, with Ag = 0.002. The static field is parallel to the
chiral axis (labeled by z) and in the examined range of parameters AgugB >> J*¥ and hence
eigenstates practically correspond to the factorized states indicated on top of the levels, with energy
gaps to first order also reported. (f) Asin (e), focusing on qubit transitions. These are independent

of the state of D, indicated generically as o, but depend on the the state of A via the coupling

Jag.
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1. Spectra for different initial states

In Fig. S2 we report TR-EPR spectra on different initial states |1y (6, ¢, \)) and different
amount of polarization for the state p,. As stated in the main text, different choices of the
rotation angles (0, ¢, \) modify the spectrum of the radical pair, but yield practically the
same response of the qubit probe (at high field). We also point out that the response of the
qubit is substantially the same for all un-polarized states (compare p = 0 case in panel b

with all results of panel a).

(a) (b)
—O=n A
—0=0,6=1/2,A=0 A *
9 =0,p=mA=0
—0=0,6=0,A=0
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FIG. S2. TR-EPR spectra of D-x-A-Q for different initial states 17 (6, A, ¢), including 6 = 0 state

analysed in Ref. [S3] (a) and for different polarization of the polarized state p, (b).

2.  Effect of A-Q exchange interaction

We examine here the effect of including an additional isotropic exchange contribution
to the acceptor-qubit (A-Q) interaction, assumed to be purely dipolar in the simulations
reported in the main text. The simulations reported in Fig. 53 below demonstrate that
the specific form of the spin-spin interaction does not influence our conclusions, provided
that its transverse component is significantly smaller than |g4 — gg|esB. This condition is
required by our quantum sensing scheme to avoid entanglement between A and Q, i.e. to
use the qubit as a probe which must not significantly perturb the D-y-A unit. In particular,
we consider an additional ferromagnetic isotropic exchange J;5,S4 - S, as expected from

a singlet precursor [S17]. For distances in the nm range, we expect J;5 to be of similar
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FIG. S3. TR-EPR spectra of D-x-A-Q (integrated between 100 and 300 ns) for different forms of the
spin-spin interaction, initialized in a singlet (a) or in a fully polarized state (b). In these examples,
we have chosen a ferromagnetic J;s, equal to the transverse (—J,) or longitudinal (J, = —2J,)

component of the dipolar coupling.

magnitude to the dipolar contribution. In Fig. S3, we assume for instance J;,, equal to the
transverse or longitudinal component of the dipolar coupling. In both cases, starting from
the singlet state [Fig. 53-(a)], the splitting of the qubit signal (right part of the spectrum,
labeled by Q) is increased by adding the isotropic contribution. Indeed, this splitting depends
on the component of the interaction parallel to the external field (z), which is enlarged by
a ferromagnetic exchange (J;s, < 0). Therefore, this additional term does not alter the
feasibility of the proposed experiment. Note, in turn, that the acceptor signal (left part of
the spectrum, labeled by A) is also slightly moved to the left by increasing the longitudinal
component of the spin-spin coupling. The situation is perfectly analogous for a polarized

state [panel (b)], but with one of the two qubit lines removed, as discussed in the text.
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3. Effect of experimental imperfections

We investigate the experimental feasibility of the proposed experiments by analysing the
effect of worsening some of the experimental parameters. We consider, in particular in-
homogeneous broadening of the system parameters, decoherence related to relaxation and

dephasing, charge recombination and efficiency of CISS. Inhomogenous broadening is ac-

—TIQ = T2Q =1 ps, Tp = 10us
—T2 =T =1 s, T = 0.5us
— T =T2 = 0.5 s, Tp = 10us
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FIG. S4. TR-EPR spectra of D-x-A-Q (integrated between 100 and 300 ns) for different gaussian
broadenings of the peaks (a) and for different values of the relaxation and dephasing parameters
of the qubit (b), assuming a FWHM of 1 mT and starting from a singlet state. Analogous effects

are obtained starting from a polarized state.

counted for by convoluting the signal with a gaussian line-shape. In the text we assumed a
rather large FWHM of 2.35 mT, which could be safely reduced to 1 mT [S18], thus produc-
ing the blue spectrum of Fig. S4-(a).

Relaxation and dephasing on the qubit (parametrized by 71 and T, respectively) can in-
duce a further broadening of the peaks at high field. Although values of Tf2 ,T2(°2 ~ few
us are reasonable for VO-based molecular qubits even at room temperature [S19], reducing
both of them to hundred of ns does not significantly influence the spectrum [blue line in Fig.
S4-(b)]. Analogous considerations hold for the charge recombination time T, which can be
downgraded from 10 to 0.5 ps without affecting our conclusions [red line in Fig. S4-(b)].
Note that here we have assumed lines narrower than in the main text, in order to highlight

the effect of other incoherent parameters. With the safe choice of FWHM=2.35 mT adopted
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in the paper, all these effects would be overcome by inhomogeneous broadening.

CISS efficiency translates into a value of |p| < 1 in the polarized state p, = S2[1) (1| +
L2 11) (I1]. It affects the relative intensities of the two peaks of the qubit (corresponding to
the two polarizations of the acceptor), as shown in Fig. S5. In practice, the relative inten-

sity of the peaks is a direct measurement of the efficiency of CISS. We finally mention that
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FIG. S5. TR-EPR spectra of D-x-A-Q (integrated between 100 and 300 ns) for different CISS

efficiency, identified by the polarization p of the initial state p, = HTPHU T+ %Hﬂ {1

an important time-scale is that related to the charge-transfer process. In the here-studied
systems, we assume a fast single-step ET (much faster than 7} and T5) from D to A with D
and A having a well-defined static geometry. This allows us to neglect the dynamics of the

bridge and to study the spin state of the system after ET.
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C. TR-EPR of randomly oriented D-y-A
1. Order of the peaks

In order to clarify the different pattern of maxima and minima observed Fig. 4 of the
main text, we provide here an analysis of the spectra along specific directions. We consider
an initial state fully-polarized along the chiral axis, i.e. represented by [1|) in the molecular
frame. Its form in the laboratory reference frame (with the z axis parallel to the external

field) is obtained by a proper rotation. In particular, for the symmetry directions we find

+a\ €$i yT/2 . |‘S_> |TT> B |J/\L>

[U57) = TN = B E T (S4)
Lyy _ FiSen/2 18 i’TT> + )

[U57) = FHTRN) = B i (85)
[W5) = M), g7 = ) (S6)

Starting from each of these states, we compute the fields corresponding to absorptions (B,)
and emissions (B,). We consider g; < go and AgugB < J, as in the scheme of the inset of
Fig. 4(d) in the main text. Along z, we find

B, — hw g (S7)
91,2MBB 291,2#33
fuw
B Js (38)

e — + )

G12upB  2g12ppB
corresponding to transitions 2 — 4, 3 — 4 for absorption and 2 — 1, 3 — 1 for emission
in the scheme of Fig. 4(d). This means that, for each of the two spins, B, > B, because
J, <0.

Conversely, along = or y we get

hw .
B, — Sy (39)
gi20BB 291188
hw gy
B y (S10)

- 91,2MBB B 291,2#33’

corresponding to transitions 1 — 2, 1 — 3 for absorption and 4 — 2, 4 — 3 for emission.
Again, for each spin we find B, > B, because absorption/emission are exchanged but also
Jzy > 0. Hence, also in the spherical average we have B, > B, for this initial state. We
finally point out that, due to the peculiar out-of-equilibrium state considered, the angular

average must be computed on the whole sphere and not on a single hemisphere.
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2. Spectra for different initial states

Fig. S6 below shows TR-EPR spectra simulated for different initial states, corresponding
to different sets of (6, A, ¢) in [¢y). All simulations include relaxation, dephasing and recom-
bination of the radical pair, with T} = 2 us, Ty, = 0.5 us, Tr = 10 ps, and gaussian broad-
ening with FWHM = 0.15 mT. Panel (a) correspond to state (|11) + [1}))/v/2, panel (b) is
(1) = |40+ 1)+ [41)) /2, panel () is the symmetric superposition |Th) = ([11) £ [11))/v/2,

while state (d) is the one considered in Ref. [S3] and similar to the singlet.

500
(@) (0,0 (b) 1%(%,0,m)) *
2
& 250 . 0 ' 0
= 4\ o'(
N\ 5 2
0 4
%00 () wo.n0) . @ . jpo.50) R
— ’ ! 2
£ 250 i ;‘ 0 N\ 0
- [ / \
} '\ 10 a B
. 4
349 350.5 349 350.5
B (mT) B (mT)

FIG. S6. TR-EPR on D-x-A in solution for different initial states [y (0, A, ¢)). Parameters:
Ag =0.002, rps =25 A, hv = 9.8 GHz.

3. Spectra for different parameter sets

We have then studied the effect of different choices of the system parameters on the
EPR spectrum. This study could be important to guide synthetic efforts, in order to design
proper experimental condition to highlight CISS. We remark that general considerations
reported in the main text on the order of absorption/emission peaks remain valid even for

these different parameter sets (see Figs. S7,58,59). In general, especially for anisotropic g
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values, the spectrum is more complex and understanding the dependence on the initial state

requires a precise characterization of the system Hamiltonian.
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FIG. S7. TR-EPR on a randomly oriented ensemble of D-x-A molecules. Parameters: Ag = 0.005,
rpa ~ 29 A, hv = 9.8 GHz. (a,b) Two-dimensional maps of (S, (¢, B)) for an initial singlet or

polarized state, respectively. (c) Field dependence, integrated from 200 to 500 ns.
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FIG. S8. TR-EPR on a randomly oriented ensemble of D-x-A molecules. Parameters: Ag = 0.001,
rpa ~ 23 A, hv = 9.8 GHz. (a,b) Two-dimensional maps of (S, (¢, B)) for an initial singlet or
polarized state, respectively. (c) Field dependence of the absorption TR-EPR spectrum, integrated
in the time-window corresponding to the first maxima-minima in the maps of panels (a,b). (d)

Time dependence around B ~ 349.5 mT, highlighting the opposite behavior at short times for

polarized and un-polarized states.
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FIG. S9. TR-EPR on a randomly oriented ensemble of D-y-A molecules. Parameters: anisotropic

g; with principal values g; = [2.00285, 2.00285, 2.0022], g» = [2.0061, 2.00485, 2.0027], and relative
orientation as in Ref. [S20], 7pa ~ 29 A, hv = 9.8 GHz.
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D. Effect of experimental imperfections

We analyze below the impact of worsening some parameters on the TR-EPR spectra of a
randomly oriented solution of D-x-A molecules, as done for the oriented D-y-A-Q systems.
In particular, in Fig. S10 we show the effect of increasing the gaussian line-width from 0.15
to 0.3 mT, while in Fig. S11 we consider halved T; and Ty and Tk reduced of an order of
magnitude. In general, as far as all these parameters are above a few hundreds of ns, their

precise value does not qualitatively modify our conclusions.
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FIG. S10. TR-EPR on a randomly oriented ensemble of D-y-A molecules, with the same parameters

of Fig. 4 in the main text, except an increased gaussian line-width of FWHM = 0.3 mT.
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FIG. S11. TR-EPR on a randomly oriented ensemble of D-x-A molecules for different values of
the decoherence parameters. Panels (a-d) refer to a singlet initial state, panels (e-h) to a polarized
inititial state pp. In the first column (a,e) we report the simulated time and field dependence of
the spectrum, with paarmeters used in the main text. In the next columns we compare the effect
of lowering relaxation, dephasing and recombination times, separately: in panels (b,f) 77 is halved,

in panels (c,g) T» is halved and in panels (d,h) Tg is reduced by a fcactor 10.
ITII. NMR SPECTRUM

The NMR spectrum is proportional to the dynamic susceptibility of the system [S21]:

(€] Ma|€) (€' M5[S)
Z (By — B¢ — hw)2ﬁ+ A2A (

X;,B(W) X g — ng’) (S11)
34
with |£) the eigenstates of the system, M, = ), ;5% the magnetic moment perpendicular
to the static field and w in the radio-frequency range. Here we have assumed a Lorentzian
lineshape of width A.
X" (w) peaks at the frequency corresponding to excitation of the probed nucleus (correspond-
ing to its Larmor frequency shifted and/or splitted by interactions with neighboring spins).
In the simulations reported in the main text we have assumed that the time required for

measuring NMR spectra (few us) is shorter than the recombination and relaxation times of

the radical pair (~ 10 us), but longer than 75 (~ 0.5 us), thus making coherences irrelevant.
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FIG. S12. NMR spectrum on D-y-A-I at different temperatures, for a partially polarized
DA state (p = 0.7).

A. Effect of temperature

We report below the effect of temperature on the NMR spectrum of a nuclear spin I = 1/2
coupled to the acceptor by an isotropic hyperfine interaction A = 10 MHz (see main text). A
similar analysis also applies to the EPR case. We assume the state of the system (after ET) is
described by the density matrix p = p, ® p;, where p, is the state of the (partially) polarized
DA radical pair, p, = Z2|1L) (14| + 52|41 (1], while py = e BL/ksT /Ty[e=7BL/ksT] g the
state of the nuclear spin (at thermal equilibrium before ET'). Thermal relaxation occurs on
a time scale significantly longer than the NMR acquisition time. In this regime, the effect
of increasing temperature is an overall attenuation of the signal, which does not alter the
relative intensity of the two peaks, representing excitation of the nuclear spin depending on
the state of the acceptor spin. Hence, the relative intensity of the two peaks is a measure of

the acceptor polarization, independently of T'.
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