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ABSTRACT

Chiral molecules can act as spin filters, preferentially transmitting electrons with spins polarized along their direction of travel, an effect
known as chirality-induced spin selectivity (CISS). In a typical experiment, injected electrons tunnel coherently through a layer of chi-
ral material and emerge spin-polarized. It is also possible that spin polarization arises in radical pairs formed photochemically when
electrons hop incoherently between donor and acceptor sites. Here we aim to identify the magnetic properties that would optimise
the visibility of CISS polarization in time-resolved electron paramagnetic resonance (EPR) spectra of transient radical pairs without
the need to orient or align their precursors. By simulating spectra of actual and model systems, we find that CISS contributions to
the polarization should be most obvious when at least one of the radicals has small g-anisotropy and an inhomogeneous linewidth
larger than the dipolar coupling of the two radicals. Under these conditions there is extensive cancellation of absorptive and emis-
sive enhancements making the spectrum sensitive to small changes in the individual EPR line intensities. Although these cancellation
effects are more pronounced at lower spectrometer frequencies, the spectral changes are easier to appreciate with the enhanced res-
olution afforded by high-frequency EPR. Consideration of published spectra of light-induced radical pairs in photosynthetic bacterial
reaction centres reveals no significant CISS component in the polarization generated by the conventional spin-correlated radical pair
mechanism.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0171700
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I. INTRODUCTION

Spin-polarized radical pairs are formed in photochemical reac-
tions when electrons hop incoherently between donor and acceptor
molecules.' ° The origin of the spin polarization, which has been
studied by a variety of electron paramagnetic resonance (EPR)
techniques,”” lies in the spin-conserving nature of electron trans-
fer in molecules lacking the heavy atoms that would confer strong
spin-orbit coupling. For example, charge separation from a photo-
excited singlet-state donor to a closed-shell acceptor, or series of
acceptors, forms radical pairs spin-selectively as electronic singlets.
With spin energy-level populations far from thermal equilibrium,
radical pairs show strong and distinctive EPR signatures from which
information on the structure, kinetics, energetics and magnetic
properties of the radicals can be extracted.’

Another potential source of spin polarization in photo-induced
radical pairs is the phenomenon known as chirality-induced spin
selectivity (CISS) in which chiral molecules act as spin filters, pref-
erentially transmitting electrons with spins polarized along their
direction of motion."’ " In a typical experiment, injected electrons
tunnel coherently through a layer of chiral material and emerge spin-
polarized. Although there are good reasons to think that CISS polar-
ization should also arise in radical pairs formed by photo-induced
electron hopping,'* '* and that it should be detectable by EPR,"” **
this has yet to be demonstrated unambiguously. Using a spintronic
detection device, Carmeli et al. have reported spin-selective pas-
sage of electrons through a monolayer of oriented photosystem I
reaction centres in what appears to be a CISS mechanism oper-
ating on the electron transfer pathway within the protein.” In a
time-resolved EPR study, Privitera et al. observed spin polarization
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generated by photo-induced charge transfer from a quantum dot to
Ceo via a helical oligopeptide bridge but were unable to prove unam-
biguously that it was a CISS effect.”! On the theoretical side, several
authors have discussed the conditions under which CISS polariza-
tion could be convincingly identified by EPR'®'**" and whether
CISS could play a role in the proposed cryptochrome mechanism
of avian magnetoreception.'”**** Finally, Fay and Limmer have put
forward a mechanism by which CISS polarization should arise in
radical pairs formed by sequential electron transfers from an excited
singlet-state donor to consecutive acceptors:'”

D*A1A; > D*TA} A, - DT AAS. (1)

The authors predicted how the CISS polarization in D**A A3~
depends on the initial spin state and exchange interaction in
D**A]”A,, the rate constant for its conversion to D**A;AS™, and
details of the electron transfer process and the spin-orbit coupling.'”
The aforementioned radical pairs, in photosystem I and the quan-
tum dot-bridge-Csp molecule, are both formed via intermediate
charge transfer states, as per Eq. (1).212

The nature of the CISS effect is that, other things being equal,
the polarizations generated by electron transfer along antiparallel
paths should be identical in magnitude and of opposite sign. It might
be thought, therefore, that there would be no observable polarization
for an isotropic ensemble in which antiparallel orientations of radi-
cal pairs are equally likely. This appears to be the case when the two
unpaired electrons have exclusively isotropic spin-spin interactions:
spherical averaging should cause any CISS contribution to the spin
polarization to reduce to a uniform scaling of the amplitude of the
whole spectrum making it difficult to assess the extent or even the
existence of a CISS effect.!” However, as argued by Chiesa et al., this
is not true of an EPR experiment on dipolar-coupled radical pairs.”’
CISS effects may then survive spherical averaging because EPR sig-
nals with equal and opposite polarizations do not necessarily appear
at the same position in the spectrum so that cancellation is no longer
complete.

In this report, we start from the premise that CISS polarization
does indeed arise in radical pairs formed in photoinduced electron
transfer reactions and aim to identify the magnetic properties that
would optimise its visibility in time-resolved EPR spectra without
the need to orient or align the reactants.

Il. EPR SIMULATIONS

Continuous-wave, time-resolved EPR spectra were simulated
using an approach”"”*”’ previously employed to interpret spectra
of light-induced spin-correlated radical pairs (SCRPs) in photosyn-
thetic reaction centre proteins”"****” and in a variety of model
compounds.””” ” Briefly, the amplitudes of individual EPR tran-
sitions are calculated as the products of their polarizations and
their transition probabilities; spin coherences are ignored by virtue
of fast dephasing, interference effects, and experimental timing;
hyperfine interactions are assumed to give rise to isotropic inhomo-
geneous line-broadening; spin-lattice relaxation is assumed to be too
slow to affect the observed polarizations; and molecular motion is
ignored.” "%’

ARTICLE pubs.aip.org/aipl/jcp

Simulations were based on the four-level system comprising the
high-field spin states of the unpaired electrons in radicals labelled
P and Q:

1) = Jarag) = [T.1)
|2) = cos y| S) + siny|To)
|3) = —siny|S) + cos y|To)
4) = [BeBa) = [T-1)

IS) = Jslara) = 5lfraq)  and  [To) = =|apfa)
+ %'ﬁP(XQ% with « and f denoting the m = +1/2 and m = -1/2
electron spin states, respectively. The mixing angle y characterises
the coupling of the two spins (of which more below). For each
orientation of the radical pair, a stick spectrum was constructed
by calculating the magnetic fields, By, at which the four allowed
EPR transitions (k) — |j)) occur and assigning them amplitudes,
Iix, equal to the appropriate population differences scaled by the
corresponding transition probabilities:

2

where

4
L= t(pe-p)s ke (12,34,13,24% Y pe=1. (3)
k=1

The four line positions, By, are the solutions of:*

1 1\
w= (@ +gumBu/h—\/(1+ D) +a% - (- D),

1 1_\2
w=3 (@ + guBu/h—\[ 1+ D) + 8+ (- D),
2 2
. 4)
1 1
w= (@ +gumBu/h+\[(1+1D=) +a% - (- D),
1 1 o,
w = E(gP+gQ)HBBZ4/h+ (]+ EDZZ) + Ay + (IﬁDzz))
and the transition probabilities, ¢, are:*
tiy =ty = Sinzl//; t13 = t3q = C0S21// (5)
with:
D, = D(cosz«f - %) (6)
1
Aji = - (g0 ~ go)usBji/h 7)
gk = Z (qu)2 coszeKq; Ke{P,Q} (8)
qe{xy.z}
g - B/h
v = 1 arctan | 2°°—2>2 (g0 ~ ga)unB/ 9)
2 J+1/2D,,
= 1
B= ZZ Bj. (10)
ik

w is the EPR spectrometer frequency; J and D are, respectively, the
strengths of the exchange and dipolar interactions; & is the angle
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between the magnetic field and the dipolar axis; g, , and Oxq are,
respectively, the principal components of the g-tensors and the
angles between the magnetic field vector and the principal axes of
the g-tensors.

In the conventional SCRP model, for a radical pair formed in
a singlet state, the fractional populations of the four spin states are
independent of orientation:

p1=ps=0;pr= COSZI//; p3 = sinzt// (11)
giving EPR intensities:*
112 = 113 = —124 = —134 = SinZI//COSZV/ (12)

In this case, with no CISS polarization, each single-orientation stick
spectrum comprises two antiphase doublets [Fig. 1(a)]. The phase of
this multiplet polarization for a singlet-born pair (EA or AE, read-
ing from low field to high, where E and A denote emission and
absorption, respectively) is determined by the sign of ] — D,..*

CISS polarization was incorporated phenomenologically'” by

writing the initial density operator of the radical pair, |® )(CD" ,asa
superposition of | S) and |To):
|(DH>:cos(§)|8)+sin(%{)|To) (13)

where the | subscript indicates that the magnetic field is parallel to
the CISS polarization axis. When y = 0, the radical pair is formed
in a singlet state with pure SCRP polarization (no CISS). In the
other extreme, of 100% CISS polarization, y = +7/2 and the ini-
tial state is either |apfq)(apfq| or |Braq)(Braq|, depending on the
sign of y. In practice, the magnitude and sign of y would be deter-
mined by a number of factors including spin-orbit coupling and the
chiral properties of the medium through which the electron is trans-
ferred when the radical pair is formed.'® ' For simplicity, the CISS
polarization axis was assumed to be parallel to the dipolar axis (the
vector connecting the centres of spin density of the two radicals).
From Eq. (13), when the CISS axis is aligned with the magnetic field
(£ = 0), the initial polarization is given by the density operator:"’

"DH ><<DH| = iE —Sp=Sa: + %(ﬁpz — Sqz)sin x (14)

(@) |

meé—| —>>

(b) |

FIG. 1. Schematic spin-polarized EPR spectra of a pair of coupled electron spins
with no hyperfine interactions. The horizontal axis is the magnetic field strength,
B. (a) EA-EA polarization pattern expected for a radical pair formed in a pure sin-
glet state with J — D, > 0. (b) A CISS contribution adds equal and opposite net
polarizations for the two spins, here EE-AA, distorting the inversion symmetry of
the antiphase doublets in (a).
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where E is the identity operator, Sp, and Sq, are spin operators, and
the third term is the CISS contribution.

In the general case (¢ # 0), the fractional populations of the four
energy levels are (Appendix A):

p1=ps= %[sin(%{) sin(f)]z,
P2 = [sin(%) sin(y) cos(&) + cos(%() COS(‘//)]

ps = [sin(%{) cos(y) cos(&) - COS(%{) Sin(‘/’)]

2
, (15)

2

The resulting stick spectrum [Fig. 1(b)] is now composed of the
multiplet (antiphase) SCRP polarization [Fig. 1(a)] superimposed on
a net (in-phase) CISS polarization with equal and opposite ampli-
tudes for the two spins. The phase of this polarization is determined
by the sign of y, i.e. whether the CISS effect favours population of
|apBa) or |Braq)-

Finally, the total stick spectrum of a randomly oriented ensem-
ble of radical pairs was calculated by summing the individual stick
spectra over an isotropic distribution of magnetic field directions,
and modelling the unresolved hyperfine interactions by inhomo-
geneous line-broadening. The latter was implemented by convolv-
ing the total stick spectrum with the Gaussian function, f(B)

=/2/(m AB*) exp [—Z(B/AB)Z], in which the linewidth, AB, is the
separation of the points of inflection or, equivalently, twice the stan-
dard deviation of f(B). For simplicity, the two radicals are assumed
to have the same AB.

lll. RESULTS
A. Dipolar-coupled radical pairs

Figure 2 shows the appearance of one of the EPR doublets of a
prototype dipolar-coupled radical pair as a function of the magnetic
field direction, ¢, for five values of . Here, the electrons were treated
as weakly coupled (i.e. 1|gp — go|usB/h > |] + 1D..|), the g-tensor
was isotropic, and there was no exchange interaction (J = 0). The
x-values were chosen to give evenly spaced values of X =1 - cosy
in the range 0 < X < 1. We refer to X as the “CISS fraction” (see
Appendix B for a justification of this choice). X = 0 denotes no CISS,
and X = 1 corresponds to 100% CISS polarization.

The positions of the two lines are determined by the dipolar
splitting via Eq. (6). As the CISS fraction is increased, the antiphase
structure of the doublet becomes distorted such that the two com-
ponents no longer have equal and opposite polarizations (cf. Fig. 1).
When the field is aligned with the CISS/dipolar axis (£ = 0 or & = )
and X = 1, one of the two components has zero intensity, consis-
tent with the exclusive population of the |apfq) or |Bpaq) energy
level.

When the spectra in Fig. 2 are averaged over ¢ for an isotropic
distribution of radical pairs, the result for X = 0 (i.e. no CISS) is the
expected EAEA (antiphase Pake doublet) pattern, Fig. 3(a)." As the
CISS contribution is increased, the central AE components weaken
and eventually change sign to give an EEAA antiphase doublet when
X =1, Fig. 3(a). For comparison, Fig. 3(b) shows the correspond-
ing spectra for a non-zero (isotropic) exchange interaction with no
dipolar coupling. In this case, where the CISS polarization is the only
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FIG. 2. Schematic spin-polarized EPR spectra of one of the doublets of a dipolar-
coupled pair of electron spins. Spectra are shown as a function of orientation,
0< &<, for CISS fractions, X, between 0 and 1, as indicated. D < 0 and
AB = |D|/10.

ARTICLE pubs.aip.org/aipl/jcp

source of anisotropy, the EA doublet pattern is independent of X and
the only change is a (1 — 2X/3) scaling of the intensity of the whole
spectrum.

The reason that the CISS polarization survives spherical aver-
aging when D # 0 is that the positions of the lines in the spectrum,
as well as the polarizations, depend on the direction of the magnetic
field with respect to the radical pair (Fig. 2). Given the long-range
nature of the dipolar interaction, it is unlikely in practice that any
CISS contribution to the EPR spectrum would completely cancel for
an isotropic collection of radical pairs.

As noted by Chiesa et al.,”’ the spectrum of an isotropic ensem-
ble is insensitive to the sign of y, i.e. enantiomers should have
identical spectra. Fundamentally this stems from the property of
the line intensities that I (&, x) = Ijx(7 — &, —x) and because the line
positions, Bj, are unchanged by exact inversion of the magnetic field
direction relative to the radical pair.

B. Radical pairs in bacterial photosynthetic
reaction centres

For a real example, we turn to the radical pair formed by light-
irradiation of deuterated, Zn-substituted reaction centre proteins of
the photosynthetic bacterium Rhodobacter sphaeroides R-26, studied
by Bittl, van der Est, Lubitz, Mébius, Prisner, Stehlik and colleagues
in the 1990s.”% " Excitation of the primary electron donor, Pgss, a
bacteriochlorophyll dimer, induces an electron to hop via an inter-
mediary acceptor to a ubiquinone-10 acceptor, Qa, forming the
radical pair [Pgé; Q4 |- Samples were extensively studied using time-
resolved, field-swept EPR techniques at X-band (~9 GHz), K-band
(~24 GHz) and W-band (~95 GHz) frequencies. Deuteration was
used to reduce the inhomogeneous line-broadening arising from
unresolved hyperfine interactions.

The majority of the parameters needed for analysis of the
spin-polarized [PggsQ% ] spectra had been determined indepen-
dently from the crystal structure of the ground state protein
and from high-field continuous-wave EPR."*""**** Prisner et al.”’
obtained very satisfactory simulations using the SCRP simulation
method described above, without considering CISS (which was only
reported for the first time a few years later’”). With the excep-
tion of the inhomogeneous line-width (different for protonated
and deuterated samples), a single set of parameters accounted for
all spectra at all three EPR frequencies giving considerable con-
fidence that the SCRP model is more than adequate to account
quantitatively for the polarization of [PgsQ% ] in this protein
complex.”’

Figure 4(b) shows simulations of the X-band, K-band and W-
band spectra of the deuterated radical pairs using the parameters of
the original analysis” and the method outlined above.”* The vio-
let traces (X = 0) replicate the published simulations which in turn
agree well with the reported experimental spectra (not shown).”” As
can be seen from the thermally polarized spectra of the two radi-
cals in Fig. 4(a), Pggs and Q3 contribute mainly to the high- and
low-field regions, respectively, with a greater degree of overlap at the
lower spectrometer frequencies.

The changes in the spectra as the CISS fraction is increased are
visible in Fig. 4 at all three frequencies but are most pronounced
at X-band, presumably because the lower spectral resolution leads
to more severe cancellation of E and A contributions, and hence
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FIG. 3. (a) Isotropic averages of the spectra shown in Fig. 2 for CISS fractions, X, between 0 and 1, as indicated. D = —1 (arbitrary units) and AB = |D|/10. (b) The same as

(a) except that D = 0, J = —0.5 (same arbitrary units) and AB = |J|/5.

a o

(@) Pees
X-band K-band W-band

(b)

0.345 0.346 0.347  0.864 0.865 0.866 3.382 3.386 3.390
BIT BIT BIT

FIG. 4. Simulated EPR spectra of deuterated, Zn-substituted reaction centres of Rhodobacter sphaeroides R-26 at X-band (9.213 65 GHz), K-band (24.269 47 GHz) and
W-band (95.0 GHz). (a) Spectra of the separate, thermally polarized Pg¢; and Q3™ radicals (high-temperature approximation). (b) Spin-polarized spectra for CISS fractions
between 0 and 1, as indicated. Parameters: gp, = 2.0033, gp,, = 2.0025, gp, = 2.0021, g, = 2.0066, gq, = 2.0054, gq, = 2.0022, J = 0, D = —0.124 mT, AB = 0.315 mT.
The Euler angles defining the orientation of g, relative to go were ap = 23.0°, B, = 119.3°, y, = 18.3°, and the polar angles that specify the dipolar axis relative to g, were
0p = 71.6°, ¢, = 68.5°. The linewidth used here, AB, was the mean of those used in the original work (ABp = 0.33 mT, ABq = 0.30 mT).%0

greater sensitivity to small changes in the individual transition inten-
sities. This is confirmed by Fig. 5 which shows the total spectrum
of [PgzQa7] (black) as the sum of Iy + I3 (red) and Ij3 + Iz
transitions (green). The former arises mostly from Pggs, the latter
mostly from Q}". This assignment is only approximate because the
spins are not strictly in the weak coupling limit (%|gp - gqlusB/h
> ‘ ]+ %DZZ‘). As an aside, we note that although the weak coupling
approximation appears to work well in the absence of CISS, even at
X-band, it does a poor job of reproducing the exact simulations when
CISS polarization is included, especially at X-band. For this reason,
the weak coupling approximation was not used for the simulations
presented in Figs. 4-6.

As the CISS fraction was increased from 0 to 0.15, the Q}~
component in Fig. 5 hardly changed. Almost all of the dependence
on X comes in the high-field region and stems from Pgg; proba-
bly as a result of its smaller g-anisotropy and hence more extensive
cancellation of E and A polarizations.

C. Model radical pairs

The conditions required for a small CISS polarization to make
a large difference to the spectrum of a spin-correlated radical pair
can be seen more clearly still from Fig. 6 which shows W-band
simulations of a model dipolar-coupled radical pair in which one
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FIG. 5. Simulated spin-polarized EPR spectra of deuterated, Zn-substituted reaction centres of Rhodobacter sphaeroides R-26 at X-band (9.213 65 GHz) for CISS fractions
between 0 and 0.15, as indicated. Red: sum of 12 and 34 transitions. Green: sum of 13 and 24 transitions. Black: sum of all four contributions. Same parameters as Fig. 4.

All four plots have the same vertical scale.

D=-0.03mT D=-010mT
21 61
A Lo .
14
- -
N !
]
o f
0 f
X=0.1 -2 A
-1 =
X=0.0 4

3.382 3.386 3.390
BIT

D=-0.30 mT D=-1.00mT
ol ﬂi\
101 . 50 1 %,A_
5 \'V 25 1 A
0 1 0 W
5 25 {——
10 -50 1 B
15 75 1 A*
—

FIG. 6. Simulated spin-polarized EPR spectra of a model radical pair at W-band (95.0 GHz) for dipolar couplings between —0.03 and —1.00 mT, and CISS fractions of 0
(black) and 0.1 (red) as indicated. Parameters: gx, = ga, = g, = 2.0020, gg, = 2.0070, gg, = g5, = 2.0050, J = 0, AB =03 mT. ap = B, = y, = 0, 6p = 20°, ¢, = 0.
The dipolar couplings correspond to radical-radical separations of 4.5, 3.0, 2.1 and 1.4 nm. The X = 0.1 spectra have been offset for clarity.

radical (A®) has an isotropic g-tensor and the other (B*) an axial
g-tensor. Calculated spectra are shown for four values of the dipolar
coupling, with X = 0.0 and X = 0.1. The spectral features at 3.3819
and 3.3853 T come from B*® and those at 3.3903 T from A°®. As
D is increased, both the intensity and the resolution of the X = 0.0
spectra increase as a result of the reduced overlap and consequent
cancellation of E and A polarizations.

The spectrum of A® is much more sensitive to a 10% CISS
fraction than that of B®. In particular, when D is smaller than the
linewidth (0.3 mT), one sees dramatic changes in the amplitude
and shape of the A® spectrum: a small CISS contribution changes
its EAEA pattern to EA (most easily seen for D = —0.10 mT). This
occurs because an increase in X weakens the inner (AE) peaks of
the EAEA pattern and strengthens the outer (EA) peaks such that,
when broadened, the inner peaks tend to cancel, allowing the outer
peaks to dominate. The form of the A® spectrum ceases to be so sen-
sitive to D as soon as dipolar splitting is well resolved (|D| > 0.3 mT).
By contrast, the shapes of the B® spectra, which are much broader
because of the g-anisotropy, are essentially the same for X =0
and X = 0.1.

IV. DISCUSSION

The aim of the simulations presented above was to iden-
tify the magnetic properties that would maximize the visibility of
CISS polarization in the EPR spectrum of randomly oriented spin-
correlated radical pairs. To do this we have used a well-established
spectral simulation procedure,” with CISS polarization incorporated
phenomenologically.'” Experimental conditions were considered
in which zero-quantum coherence is not detected, such that the
EPR spectrum reflects the initial polarizations of the coupled rad-
icals. As a consequence of this approximation, the validity of the
simulations presented here is not restricted to our choice of ini-
tial state.!” Volker et al’’> have suggested a more general form
of Eq. (13), which allows for all possible superpositions of |S)
and |To):

‘d)”) = cosa [S) + e” sina|To) (16)

and corresponds to the density operator
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Lo owoa Lo wy
’(DH ><(DH’ = ZE — SpzSqz + E(SPZ —8qz)sin2 a cos B
—ZQy cos2a+ZQ, sin2«a sinf 17)
where the zero-quantum operators are:*’

ZQX = SPXSQX + SpySQy; ZQy = SpySAQx - SAPXSAQ),. (18)
Discarding the coherent terms, Eq. (17) is identical to the form we
have used, Eq. (14), if sin2acosp is identified with siny. Equa-
tion (14) is also consistent with the non-coherent, phenomenolog-
ical density operator used by Chiesa et al.:*’

(1;P)Iapﬁq)<apﬂql + (%)wPaQ)(ﬁpad (19)

with the replacement, p = siny. Furthermore, Eq. (17) has the same
form as the density operator derived by Fay and Limmer'’ by
considering consecutive charge transfer states, except that in their
treatment, the amplitudes of the CISS polarization and the zero-
quantum terms can be calculated from the properties of the radicals,
the spin-orbit coupling, and the details of the electron transfer
steps.

Prior to the first report of CISS, it was demonstrated that mul-
tifrequency EPR spectra of [Pge; Q4 ] in bacterial reaction centres
could be very satisfactorily simulated using the conventional SCRP
model as the source of polarization.”” This analysis was particularly
convincing because so many of the required parameters were reliably
known from independent measurements. Had there been a signifi-
cant CISS polarization under the conditions of those experiments,
it is unlikely (in our view) that such good agreement with exper-
iment would have been obtained using a model that did not (and
could not at that time) account for CISS. Although qualitatively,
[P3es QA ] satisfies one of the conditions for non-zero CISS polar-
ization (formation by sequential electron hopping'”), its immediate
precursor, [Pggs @5 ] (D4 is a bacteriopheophytin), may not have the
properties required for a measurable CISS polarization in [Pges Q%]
(Appendix C). The corresponding spin-correlated radical pair in
plant photosystem I ([P55,A]™]) has also been extensively studied
by EPR, again with no suggestion of a component in the polariza-
tion that could not be accounted for within the SCRP model."'*
However, these measurements are not directly comparable to the
study of CISS in photosystem I by Carmeli et al’* and one can
imagine several reasons for the discrepancy. First, the electron trans-
fer pathway in photosystem I extends beyond the phylloquinone
acceptor A; to the [4Fe 4S] iron-sulphur clusters Fx, F5 and Fg
which might have contributed to the polarization. Second, the two
experiments were done at different temperatures: Carmeli et al.
report a maximum in the polarization at 300 K and a drop-off at
lower temperatures, reaching zero by 150 K; the EPR measurements
were done at 50-77 K.* Third, as Carmeli et al. acknowledge,”
it is possible that polarization arises from the passage of elec-
trons from the Fe-S clusters through the chiral protein. Fourth,
the alignment of the proteins in Carmeli’s study should enhance
the effect by reducing the cancellation of absorptive and emissive
contributions.

Many published studies of spin-polarized EPR spectra have
focussed on radical pairs about which far less is known in advance
than for [Pggs Q3 . If several of the simulation parameters can only

ARTICLE pubs.aip.org/aipl/jcp

be estimated by spectral fitting, there is a possibility that CISS polar-
ization might have been mistaken for SCRP polarization, with the
difference between the two obscured by the values of the para-
meters obtained by fitting. It seems clear that there is a better
chance of identifying a (possibly small) CISS component if more
parameters (g-tensors, dipolar and exchange interactions, relative
orientations of radicals, etc.) are known in advance and fewer have
to be determined by spectral analysis.

V. CONCLUSIONS

Consideration of the reported spectra of light-induced radi-
cal pairs in photosynthetic bacterial reaction centres®’ reveals no
significant CISS component in the polarization generated by the
conventional spin-correlated radical pair mechanism.

The main conclusion to be drawn from our simulations of ran-
domly oriented, dipolar-coupled radical pairs is that if CISS does
contribute to the polarization then it should be most obvious when
at least one of the radicals has a small g-anisotropy and an inhomo-
geneous linewidth larger than the dipolar interaction. Under these
conditions there is extensive cancellation of absorptive and emissive
polarizations which makes the spectrum sensitive to small deviations
in the individual EPR line intensities from those expected for pure
SCRP polarization. Although these cancellation effects are more pro-
nounced at lower spectrometer frequencies, the spectral changes
are easier to appreciate with the enhanced resolution afforded by
high-frequency EPR.

Undoubtedly, CISS polarization will be easier to detect in the
EPR spectra of aligned samples than for isotropic solutions. Nev-
ertheless, measurements on randomly aligned molecules have the
merit of experimental simplicity and avoid the complication in spec-
tral analysis that the degree and nature of the molecular alignment
may not be well defined.
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APPENDIX A: ENERGY-LEVEL POPULATIONS

An outline derivation of the energy-level populations in
Eq. (15) follows. The high-field spin Hamiltonian of the two coupled
electrons, P and Q, is:

H = wpSp, + wSq. — (J - Dzz)( E+2 ) spstk) (A1)
k=x,y,z

where all the symbols have been defined in the main text. From
Eq. (13), the initial state of the spin system when the magnetic field
is parallel to the CISS axis can be written as the vector:"’

Q= %(O,cos(%),sin(%),O)T (A2)

in the {T4+1, S, To, T—;} basis from which:

Q= %(O,COS(%() +sin(§),sin(%{) - cos(%),O)T (A3)

in the {apaq, apfq, Pfraq, PrPq} basis. When the magnetic field
makes an angle & with the CISS axis, the initial spin state becomes:'”

D = exp [—if(gpy + SQ}’)]Q“ (A4)

Transforming to the eigenbasis of H, we have:

V2 0 0

0
1 cosy +siny siny-cosy 0
0

0

D=

21 0 cosy-siny cosy+siny
0

0 0 V2

from which the energy-level populations, p,, may be obtained as:

(o} (A5)

= (@), ", ke {1,2,3,4). (A6)

APPENDIX B: CISS FRACTION

In the main text, we have used X =1 —cosy to denote the
“CISS fraction,” i.e. the degree to which CISS contributes to the
spin polarization of the radical pair. The justification for this choice
follows.

When there is no CISS, xy = 0 and the initial state is | Dscre)
=|S). When there is 100% CISS and y = /2, the initial state is
|Daiss) = [|S) +|To)]/v/2 = |#B) (omitting the P and Q labels). For
intermediate situations, we can write the initial spin state as a
superposition of |®scrp) and |Ociss) with real-valued coefficients,
aand b:

|(D) = a\GDSCRp) + b|®c1§s) = ([l + %)B) \/—|T0> (B1)

where b* (= 1 — %) is interpreted as the CISS fraction, X. Compar-
ing Eq. (B1) with Eq. (13) gives:

:bzzzsinz(%():l—cosx. (B2)
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APPENDIX C: ESTIMATE OF CISS POLARIZATION
IN BACTERIAL REACTION CENTRES

Fay and Limmer'” give the following expression for the CISS
polarization of a radical pair formed by two sequential electron
transfers (corresponding to Pggs — [Pges @ | — [Pses Q4] in bac-
terial reaction centres, where Py is the photo-excited singlet state
of Pges):

2Jpokpq sin2 0

P=- . C1
klz)Q +4J3p + 0% + 4Jpe e cos 2 6 (C1)

Jpo is the exchange interaction in [Pgs @3 ], kpq is the rate constant
for the second electron transfer, [Pgez®% | — [Pges Q4 |, and the
mixing angle 6 depends on the relative sizes of the diabatic coupling
(Vpo) for the first electron transfer and the spin—orbit coupling
(Apo). The “shift term” Je is a function of Vpe, Apo, the reorga-
nization energy and the thermodynamic driving force for Pggs®@a

— [Pl @3 ]
The lifetime of [Pggz @3 | in Zn-substituted reaction centres of
Rhodobacter sphaeroides is 255 ps,’¢ giving kpq = 3.9 x 10° s™" and

the exchange interaction is 0.9 mT," so that Jpg = —1.6 x 10° sfl.
With these values, the maximum polarization, P ~ 0.08, occurs when
0 = /4 and d¢ = 0. This value corresponds to y ~ 5° and X ~ 0.003.
The polarization is small because, with |kpq/Jpo| ~ 24, there is little
time for the exchange interaction to change the phase of the singlet-
triplet coherence in [Pggs @3~ ] before it reacts to form [PgsQy " ]."”
P would be more than an order of magnitude smaller for 6 = 77/4 and
|0e] = 10 peV.
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