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reaction centres. II. Anisotropic inversion of electron spin polarization
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An explanation is p d for the el spin polarization pattern in the Amg = + 1 EPR spelirum of the
donor triplet state in pre-reduced Rhodopseuda viridis tre:. ar tcinperatures above 20 K.
Calculations based on a simple model of the reaction centre indicate that rapid spin-lattice relaxation of the
iron-semiquinone complex (Qx Fe?*) can perturb the polarization of the donor triplet provided the EPR
frequency of Q1 Fe?* is close to that of P* (the cation of the primary donor) and 1~ (the anion of the
intermediary acceptor). In agreement with experimental observations, this mechanism only operates in the
presence of a large exchange interaction between I~ and Q; Fe?*. The observed anisotropy of this effect is
attributed to the ani of the fi of Q;Fe?*,

P q

Introduction X is an iron-quinone complex, Q,Fe?*. When
forward clectron transfer from I~ to X is blocked,
by reduction of X (to X~ = QxFe?*), an excited
triplet state of P (°P) is formed by electron-hole
recombination in the radical pair P*17:

The primary steps of bacterial photo
may be summarised as follows:

PIX2SPIX - P* "X > P* IX™ m \

PIX™ 27,pIX~ = P* 17X~ = PIX" @
P, the primary electron donor, is a bacteriochloro- )
phyll dimer with an electronically excited singie
state, 'P. I is a bacteriopheophytin monomer and

The donor triplet state is formed with strong
electron spin polarization, as revealed by its elec-
tron paramagnetic resonance (EPR) spectrum [1,2]
(for reviews, see Refs. 3-5). The steady-state
polarization pattern of triplets created by continu-
ous illumination at low temperatures (found in

* Present addre:s: AKZO Research, Corporate Research Dept. photosyntt y plants as well
(CRL), P.O. Box 60, 6300 AB Amnhem, The Netherlands. as bactena) is denoted AEEAAE. A signifies en-
4 Sch Molecul b jon and” E for the six
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Physics, Wageningen Agri Uni De Dreijen 11, resolvable features in the “powder spectrum. This
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pattern has been satisfactorily explained in terms
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of the radical pair mechanism (RPM) {2] and
indeed is sufficiently well understood that it is
generally accepted as evidence for full photochem-
ical activity in photosynthetic systems.

Recently, van Wijk et al. [6—9] found that the
steady-state polarization of ‘P in pre-reduced
Rhod de viridis ct d (to AEAEAE)
at temperatures above about 20 K. From a variety
of experiments it emerged that this inversion of
the central portion of the spectrum only occurs
when the Q7 Fe2?* complex is intact and in the
presence of 2 large exchange interaction between
I~ and Q. More direct information on the origin
of this effect is available from time-resolved EPR
of the donor triplets formed by pulsed illumina-
tion, as described in the preceding paper (part I:
Ref. 28). Using a 10 ns laser flash for excitation,
initial electron spin polarizations could be de-
tected at times (approx. 1 ps) short compared to
the decay and spin-lattice relaxation times of the
three triplet spin states, but long compared to the
lifetime of the radical pair P*I~ (approx. 10 ns in
pre-reduced reaction centres [10,11]). Thus, while
steady-state polarizations are complicated func-
tions of the por g and de-populating rates of
the triplet spin lcvels, the initial polarizations de-
pend only on the relative populating rates of these
states. At 8 K the initial polarization pattern is

servatlon, while at 100 K it is -EAEA- where ‘-

an at of d bl 5|gnal That is,
the central portion of the spectrum is inverted
while the two outer features have very little initial
polarization.

It has been suggested [6-9) that rapid spin
relaxation of paramagnetic Fe?* is transmitted to
P*1~ via the I"Q coupling and that this disturhs
the development of electron spin polarization in a
way that is not completely understood. In what
follows we provide theorctical support for this
idea. We describe calculations that reproduce these
curious effects in a model reaction centre, and
offer some sp ions on the h of in-
version.

Theory

We first review the origin of the convemional‘

stage any effect of X~. In high magnetic fields the
appearance of the EPR specirum of P at thermal
equilibrium is governed principally by the aniso-
tropic zero-field splitting, i.e., the dipolar interac-
tion between the two unpaired electron spins that
comprise the triplet state. In this simple discussion
g-tensor anisotropy and hyperfine interactions are
ignored. The zero-field interaction causes the reso-
nance frequency of P to depend on its orientation
in the magnetic field: the spectrum for a randomly
oriented collection of triplets is shown schemati-
cally in Fig. 1A [12]. The main features are asso-
ciated with the transitions occurring when the
magnetic field is parallel to one of the principal
axes of the zero-field splitting tensor. For each of
the three principal directions (X, Y and Z) there
are two components (+ and —) corresponding to
the allowed transitions |+1>—-)0> and
10> «|—1>, respectively (the triplet spin stales

are"“’by the gr ic
ms) To emphasize the six pnncnpal features and
the sp to be di d were all re-

corded using field modulation, we show the first
derivative of this spectrum in Fig. 1B. As all
transitions are in absorption at thermal equi-

trum of *P one must consider the radical pair
P*P~. This entity is formed from 'P in a spin-cor-
related singlet state, '[P*1~], which must be con-
verted into a triplet state, 3[P*1~], before it can
collapse to give *P (Fig. 2). Singlet—triplet inter-
conversion in P*I” is brought about by hyperfine
interactions which, at high field, produce 3{P*1-]
in its T, state (mg = 0) only. Electron-hole recom-
bination may then take place, with conservation of
spin angular momentum, to give P in state
10> . In this simple picture, the other two states,
{+1> and |- 1> are not populated. Thus, the
|—1>«|0> transitions are i enhanced ab-
sorption and the |0 > —|— 1> transitions are in
emission: hence the AEEAAE pattern (Fig. 1C).
The interconversion of singlet and triplet radical
pair states in this way (known as the radical pair
mechanism) is at the heart of the majority of
electron-spin polarization effects in free radicals
in liquids [13,14] as well as in photosynthetic
systems [5] and also accounts for the effects of

gnetic fields on ch ] reaction yields [15,16].




requires that the central pair of peaks (Y* and
Y ~) should have inverted polarization. That is, for
triplets oriented such that the magnetic-field di-
rection coincides with the Y axis of the zero-field
splitting, the |+ 1> and |— 1> states of >P must
be more heavily populated than the | C> state.
Similarly, the -EAEA- initial polarization pattern
indicates that when the magnetic field is aleng the
Z axis of the zero-field splitting, the three states of
3P must be almost equally populated. A large
initial population of one of the triplet spia states
can be identified with a rapid rate of formatina of
the corresponding state of >[P*1”].

The main theme of this paper will be to dis-
cover processes that can affect the rawe of
singlet—triplet interconversion in P*1" and in par-
ticular those that can cause the T,, and T_,
(mg = +1) radical pair states to be formed more
rapidly than T,. To do this we ha-e used a rather
crude model of the bacterial reaction centre. Our
philosophy has been to retain the basic minimum
of interactions and properties necessary for aniso-
tropic inversion of polarization and to ignore any
interaction that did not seem to be essential; and
our aim to discover the physical principles un-
derlying this effect without trying 10 reproduce it
quantitatively.

The calculation centres on the spin evolution
and chemical dynamics of three unpaired elec-
trons (each spin $). one on each of P*, I "and X~.
Fe?* (spin 2) is not treated explicitly, even though
it couples strongly to Q [17]. As basis states, we
use the following combination of singlet and tri-
plet states of P*I” and a and B (mg= + }) states
of X7: Ty, T, 18, Toa, TyB. T_1a, T_,8, Sa,
SB.

There are several sources of anisotropy in thic
three-spin system: probably the largest originate
in X~ (zero-field splitting, Zeeman and exchange
i ). These i are modelled by
allowing the g-value of X~ to be anisotropic.
Calculations are in fact performed for different
values of an isotropic g-value, g(X~), with the
understanding that different g-values correspond
to different (but unknown) orientations of the
reaction centre in the magnetic field. All other
anisotropic effects (e.g., dipolar interactions be-
tween P* and 1, between I~ and X~ etc.) were
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ignored. The g-values of P* and 1, g(P*) and
g(17). are regarded as isotropic and are set equal
{0 one arother. We include an isotropic exchange
interaction, between I~ and X, characterised by
the parameter J(1-X ™). All other exchange inter-
actions, eg., P*I7, P*X~, PX", etc., were
ignored.

Thus the three-spin Hamiltonian may be writ-
ten (in anguiar frequency units):

= pgBoh ' [g8T + gS] + g(X )8}
- I X7)[1+28"5%] 3

where g = g(P*)=g(I"), B, is the magnetic field
strength and py is the Bohr magneton. S* and S
represent the spin angular momentum operator
and its z component for spin 4 (A=P,1,X),
respectively. This Hamiltonian has two very simi-
lar 3 X 3 blocks of non-zero matrix elements cor-
responding to the states: Sa, T, T_,;8 and SB.
ToB, T ja:

Sa> [Toa> T8>
<Seof [ Ax~-d/2 Js2 —JINz
<Toal | J/2 Ax—~Jd/2 ~INZ @
<TOBI| —JINZ —INZ 28-ax
s8> M8 > T_ja>
<SBl | —Ax—-J/2 -Jn2 Inz
<TBl | —J/2 —Ax—J72 ~I/H3Z 4
<T o | IV2 —Jn2 —24+A4x
where
A=gupBy/h
Ax=1g(X" YppBo/h
J=a(1"X") )

All other matrix elements of # are equal to zero
apart from:

<T, 0| F|T,a>=28+4x~-J
<T_\BI#IT_\B>=-24-Ax—J )

Thus the electron on X~ plays essentially the
same role as the numerous magnetic nuclei on P*
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and 17, namely to mix singlet and triplet radical
pair states. For this reason and also because
J(I™X7) (at least in Rhodopseudomonas viridis
[18]) is much larger than any hyperfine coupling in
these radicals, nuclei were excluded from the
calculation. It should be noted that at high fields,
hyperfine interactions can only cause significant
mixing of S and T, states of P*I~ [16,19,20).
whereas, because of the larger Zeeman interaction
ol ile electron, the I X~ exchange interaction
couples the S state with T_, and T_, as well as T,
[21]. This is the essential difference between unre-
duced or quinone-depleted and pre-reduced reac-
tion centres, which leads ultimately to modifica-

'
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Fig. 1. Schematic EPR spectra of the donor triplet stale, 3P m
Rps. viridis. (A) Unpolari (x"). (B) L
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Fig, 2. Simplified reaction scheme for blocked photosynthetic
reaction centres.

tion of the normal AEE\AE pattem

The next step is toi 1 ti
ity. The essential events (Fig. 2) are the formation
of the radical pair P*I” in a singlet state and the
collapse of 3[P*I7] in state |mg> to give P in
state |mg > . The former is assumed to be instan-
taneous. The latter is assigned a first-order rate
constant k- (independent of mg). The reaction of
'[P*I7] to give P in its electronic ground state
(Fig. 2) is assumed to be negligibly slow (kg =0)
in agreement with the nearly 100% quantum yield
of 3P at low temperaiures [22).

Finally, we introduce spin relaxation, without
which there can be no inversion of polarization in
this simple model. Except at the lowest tempera-
tures, Fe?* will relax rapidly and induce efficient
relaxation in Q5 to which it is strongly coupied.
To model this process, we let X~ undergo spin-
lattice relaxation at a rate: 77 ' = kg and ignore
the equilibrium population difference between the

= + } states. Cross relaxation of 1™ and X~
ignored for the moment. Spin—spin relaxation of
X~ may also be ignored because the Hamiltonian
has no non-zero matrix elements of the type
<ga|l#|gB> (=S8, T,,, To, T_;) and so can-
not give rise to a coherent superposition of the
mg=+1}% states of X~. Thus X~ has no transverse

ization to be relaxed

Puttmg together the spin evolution, chemical
reactivity and relaxation, one obtains the follow-
ing differential equation for the time dependence
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Fig. 3. Calculated relative populating rates of *P in states T, ,, T, and T_, as a function of g(X~ ). (A) kg =0; (B) kg =10% s~*;
©) kk=10° s~ (D) kg= 10'° 5=, Other parameters: g(P*)=g(17)=2.002; k4= 3.10%s-1; J(I™ X~ )= -20.0 mT.

of p, the density operator for the three-spin sys-
tem P*I7X™:

%=—i[-¥»pl—%kT[WMp?THQﬂ ®)
7 is the triplet projection operator:
PT=|T,a> <T, al+|Tea> < Ta| +|T_ja> <T_,a|
HT. B> <T, Bl+|TeB> < T8l
+IT_18> <T_,8l (&)

which projects out the triplet components of P*1°,
2 is a Redfield-type superoperator describing the

relaxation of X ™. This equation is solved numeri-
~ally [21,23] using the initial condition:

p(0) =}{Sa> <Sa|+ }ISB> <SB| 10y

to give the relative amounts of *P in states |+ 1>,
|0> and |—1> at a time long compared to the
lifetime of P*1~, but short compared to the re-
laxation and decay times of *P. These quantities
are simply the relative populating rates (p,,, p,
and p_,) of the three states (defined such that
P41 +po+poy =1). The differences p,—p,, and
P — po are thus proportional to the initial elec-
tron spin polarizations observed in a time-resolved
EPR experiment.
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Results

Fig. 3 shows the calculated p; (i= +1,0, —1)
of *P in the thiee states |+ 1>, (0> and |~ 1>
as a function of g(X~) for four values of the
relaxation rate, k. In ail the calculations de-
scribed here the rate of formation of *P, kr, was
3.10% 5! and g=g(P*)=g(I™) was 2.002. For
Fig. 3, a value of —20.0 mT for J(1"X7) was
chosen to maich the experimental value for Rps.
viridis [18]. In this diagram the relative populating
rates for g(X~) < g are shown: symmetrical be-
haviour is found for g(X™)> g (except that the
T,, and T_, labels are interchanged).

In Fig. 3A, where kg =0, the populating rate
of the central state |0 > is always greater than
(or, when g(X ™) = g, equal to) the rates for | + 1 >
and |—1> . However as kg increases (Fig. 3B, C
and D) p, falls below p,, and p_, over a range
of g-values close to 2.002. This corresponds to
inversion of initial polarization in the EPR spec-
trum of *P.

To determine which relaxation pathways are
important, the triplet yields were computed under
identical conditions but with the spin-lattice re-
laxation rate between Tya and T,8 and between
Sa and SB reduced to zero. The results differ only
slightly from those of Fig. 3. However when, in-
stead, spin-lattice relaxation between T,,a and
T,18 and between T_,« and T_,f is removed,

08
P
06 o
04
+
o2 4
00 &y + + +
1984 1990 199 2002
g(x’)

Fig. 4. Calculated relative populating rates of >P in states T,

Tp and T_, as a function of g(X™ ) for J(I"X™)=-02 mT.

Other parameters: kg =10 s™'; g(P*)=g(I™)=2.002; ky
=3.108s71,

the inversion effect disappears, for all values of
kg, and the graphs of p; against g(X~) are essen-
tially identical to Fig. 3A. (i.e. kg =0).

Finally, the relative populating rates were
calculated under the same cenditicns as Fig. 3 but
with a much smaller value of J(I"X™). For
J(I"X7)= —0.2 mT, the inversion effect almost
disappears (Fig. 4).

Discussion

The previous paragraphs describe the results of
calculations based on a model photosynthetic re-
action centre. The aim was to elucidate the aniso-
tropic inversion of electron spin polarization ob-
served for P in pre-reduced Rps. viridis reaction
centres at temperatures above about 20 K. In this
simple approach, inversion of initial polarization
is predicted whenever the populating rate of *P in
its mg = 0 state ( p,) is smaller than both p, and
p_,, the populating rates for the mg= +1 states.
It has been shown that p,, and p_, are indeed
larger than p, when the three conditions are
fulfilled: the g-value of X~ is close to those of P*
and I~; the exchange interaction of I~ with X~ is
large; and X~ undergoes rapid spin-lattice relaxa-
tion.

Before c« ing on the cc between
these results and the experimental observations,

we first attempt to rationalise them in a simple

qualitative way. The argument is couched in terms
of the Sa, Ty, T, B, etc., basic states of the
P*I™X" three-spin system. To simplify matters
we ignore off-diagonal el of the th i
density matrix and on the diagonal
elements, which give the probabilities of finding
the spin system in each of the basic states. As we
shall demonstrate, a satisfactory physica! picture
of what is happening can be developed without
reference to coherent superpositions of the basic
states.

Let us first di what happens in the
of relaxation. From the structure of the Hamilto-
nian (Eqns. 4-7) one can see that states T,,8,
Tya, ToB and T ,a become populated by virtue of
the I X~ exchange interaction, but that T, ,a and
T_,B, which are not connected by 5 to any of
the other states, do not. When |4 —Ag|> |},
T, B is not strongly mixed with Sa because the




mixing term |<SalX#(T,,8>| is then much
smaller than the difference in diagonal matrix
elements < Saj#|Sa > — < T, B|H#T, B>
Similarly, there is little indirect mixing via T,a
because < Tya|#°[T, BB > is small compared to
| < Toe#Tox > = < T, BT, ,8>|. Similar
argumenis apply io mixing of T_,a with S8 and
ToB. So, when |A—Ax|>|J| the radical pair
P71 never acquires much T,, or T_, character,
and hence p,, and p_, are much less than p,.
When 4= Ay, it turns out that the mixing of Sa
(SB) with T, ;8 (T_,a) is exactly twice as strong
as it is with Tye (TyB). Remembering that T,
and T_,B are not populated at all when kg =
this means that p,,=p,=p_,. Fig. 3A shows
clearly the equality of the three populating rates
when g=g(X"7) and the drop in p,, and p_,
when g(X7) differs from g.

When X~ undergoes spin-lattice relaxation,
however, the situation is changed. The formation
of T, a and T_,8 from T, ;8 and T_,a, respec-
tively, opens up the possibility of a new pathway
to the |+1> and |—1> states of >P. Clearly
this will only be significant when there are rea-
sonable amounts of T,,8 and T_,a in the first
place, which in turn requires that |4 — Ay} is not
large pared to |J] as di d above. Under
these circumstances, radical pairs that would have
proceeded via Tyer and Ty8 to give *P in its | 0>
state are diverted along the new routes via T &
and T_;8. In this way, the number of radical
pairs reacting separately via the T,, and T_,
routes may exceed the number going through T,.

One can see that kx must be greater than or
similar to k+ to get much inversion. When this is
not the case, all of the radical pairs will have
disappeared before there is time to populate T,
and T_,B by relaxation. Fig. 5 izes the
important reaction pathways in the absence and

of r‘ Yatts 1 ion.
The above interpretation is supported by the
time dependence of the yields of PX ™ in each of
its six states (labelled |+ 1la>, |+18>, Qa>,
108> ,1-1a>, |- 18> todistinguish them from
the states of P*17X 7). Fig. 6A and B shows these
yields as a function of time for g(X™) = 2.002 and
1.990, respectively, in the ab of rel n
with ky=3-10% s™! and g =2.002. Note that the
asymptotic values of these yields give the relative

P
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Fig. 5. The important pathways involved in the reactions:
P17 )X~ =3[P* 17 |X~ = PIX". The steps indicated by
dashed arrows are only important when X~ undergoes rapid
spin-lattice relaxation. The three types of interconversion are
labelled as follows: J, coh mixing mediated principally by
J(I~ X7 ): kg, spin lattice relaxation of X~; kT. clectran-hole
recombination of P* 1™,

populating rates of the various states. The be-
haviour described above can clearly be seen from
these graphs: the states |+ la> and |—18> are
not produced; when A=Ay (Fig. 6A) |+18>
and |- la> are formed exactly twice as fast as
0a> and [08>; when |A-Ay|> 0 (Fig. 6B) the
formation of 0af and |08 > is favoured at the
expense of |+ 18> and |~ 1a>. In addition, it
is clear from these curves that spin-lattice relaxa-
tion between the radical pair states Toa and T8 is
indeed unlikely to be important because their
populations (as reflected by the yields of {0a>
and |08 >) are very similar. The oscillations on
the rising parts of the curves result from the
coherent interconversion of singlet and triplet
radical pair states.

The time depend: in the p of relaxa-
tion (kg =10° ™) is shown in Fig, 6C and D for
8(X7)=2.002 and 1.990, respectively. In both
cases the yields of |+ la> and j—if> are
appreciable and there is a corresponding drop in
the amounts of the other four states. When 4 =4y
(Fig. 6C) the yields of | 0a > and | 08 > are most
strongly affected while the opposite is true for
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larger |A — Ag| (Fig. 6D). The former corresponds Conclusion
to inversion, the latter does not. The slightly

sigmoidal growth of the populations of |+ la> In the preceding pages we have indicated how
and |~ 1B > in Figs. 6C and 6D reflect the indi- rapid spin-lattice relaxation of X~ can alter and,
rect formation of the corresponding radical pair under the right conditions, invert the electron spin
states, by relaxation. polarization of *P. We now make the connection
C35
B
030 0 Op
\
025
020 5
3 o
B
010
0-05
+la -1
0-00 " e ﬁ r
035
c D
030
025 g o 0Oa
; 0
020 " B
k]
3 o *la -1 “la
= +la
ol0 0a 0p
N
005
0-00
(o] 20 40 60 [0} 20 40 60
time / ns time / ns

Fig. 6. Calculated yields of *PX ™ in each of the states |+ 1a>, 1+18>, Pa>, 0B >, |~1la>, |-18> as a function of time. (A)
8(X7)=2002, kg=0; (B) g(X™)=1.990 kg=0; (C) g(X~)=2002, kg=10° s™'; (D) g(X~)=1.990, kg =10° s~. Other
parameters: J(I~ X7 )= ~200 mT; g(P* ) =g(I~)=2002; ky=3-10%s"".



to the experimemal observation (part 1: Ref. 28)

al8K o —EAEA- at 100 K. The above treatment
is based on a drastically simplified model of the
bacterial reaction centre. We should not expect,

therefore, to be able to account q ively for
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work indicates that relaxation of I~ caused by
rapid spin-lattice relaxation of X~ (scalar relaxa-
tion of the second kind [27]) widens the range of
g-values over which inversion is predicted but
decreases the size of the effect by tending to

this observation. However, qualitatively, we can
see that two conditions must be satisfied. First,
the rate of spin-lattice relaxation in X~ must
become comparable to Ay ai a temperatuie ciose
to 20 K. Second, to account for the inversion of
the Y peaks and the loss of signal for the Z peaks,
the effective g-value of X~ should be reasonably
close to 2.002 when the field is di 4

jualise the populating rates of the three levels of
3P. Other aspects that need to be considered in-
clude anisotropic relaxation of X~ and the aniso-
tiopic intcraction of I and X~
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