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ABSTRACT Photoinduced electron transfer generates radical pairs which recombine
within 10~°-10-% s by electron back-transfer to either singlet or triplet products. The
product distribution determined by the spin motion of the unpaired electrons in the
-radical pairs is affected by external magnetic fields. The analysis of the magnetic field
effect furnishes new information about electron transfer processes. Light-induced
electron transfer in polar solvents and in the bacterial photosynthetic reaction center
are discussed as examples.

INTRODUCTION

- Unpaired clectron spins in radicals experience various interactions (e.g. spin-orbit, ex-
change, hyperfine, Zeeman) and as a result carry out coherent.and stochastic motions.
In aromatic radicals without heavy atom substituents the electron spin motion over
short periods of about 100 ns is coherent, because of the intramolecular hyperfine in-
teraction between the unpaired electron spins and their surrounding nuclear spins.
This motion entails the precession of the unpaired electron spins around an axis given
by a combination of the nuclear magnétic moments with a frequency of 107-10° s~
An additional precession can be induced through the Zeeman interaction by an ex-
ternal magnetic field.

When radical pairs are generated in‘a pure quantum state, e.g. by a photon-induced
electron transfer in a singlet spin state, this motion can be observed through the radical
recombination products, the spin multiplicity of which is determined by the relative
orientation of the electron spins at the instant of recombination (e.g. electron back-
transfer). External magnetic fields alter the electron spin motion and, thereby, also the
yields of (singlet versus triplet) recombination products (1). An analysis of the hyper-
fine coupling-induced recombination yields and their magnetic field modulation fur-
nishes valuable information about the existence of a short-lived radical pair and its
microscopic diffusion in a solvent-mediated force field, and about the reaction pro-
pensities to form singlet and triplet products (1-3).

The transformation of light into chemical energy in the photosynthetic apparatus of
bacteria and plants originates also from a photoinduced electron transfer reaction. In
the case of the bacterium Rhodopseudomonas spheroides under conditions that enforce
electron back-transfer, the reaction processes are also affected by external magnetic
fields (4-6). These magnetic field effects originate from the hyperfine coupling in the
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radicals but, more interestingly, depend also on other spin-dependent interactions

characteristic of the primary electron transfer in photosynthesis.

ELECTRON TRANSFER PROCESSES IN SOLUTION

The electron transfer system employed in the study described in this chapter is pre-

sented in Fig. 1 by its relevant energy levels. In polar solvents (e.g. methanol, acetoni-
es A (pyrene) are excited b

from the singlet ground state 'A to the singl)et excited statey '?‘i.n agcsjﬁog)iiltzst?;nﬂ?ﬁ};
electron affinity of the acceptor molecules is increased so that when they collide with a
donor molecule 'D (N,N-dimethylaniline) an electron is transferr
formation of a radical jon pair (A~ + 2D+
ferred back. For this process there are, ho
singlet ground state ('A + 'D) or the tri

'D) 1s produced. The state obtained depends on the relative alignment of the two un-
paired electron spins at the moment of the electron back-transfer: singlet alignment
leads to the singlet ground state and triplet alignment to the triplet st.ate ’
Actu:?lly the recombination (i.e. electron back-transfer) takes placc; over two dif-
ferent t‘1me periods. A slow, so-called homogeneous, recombination occurs after
separa.tlon of the initially formed radical ion pairs. Because of the small concentration
of the initial pairs, the radicals have to diffuse for about 10 us before they encounte
other f"ree radical ions with subsequent electron transfer. In these random encounte :
of radicals the electron back-transfer can result in singlet as well as triplet roductr
Since the relative orientation of the electron spins of 2A- and 2D+ is randomp one haS .
a 25%; probability for singlet and a 759 probability for triplet alignments. Hc;nce pr:

ed, resulting in the
). In this pair the electron can be trans-
wever, two possibilities in which either the
plet excited state of the acceptor (A +
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dominantly triplet products are to be expected in the homogeneous recombination
phase of the radical pairs.

A fast so-called geminate recombination results from the direct back-transfer of the
electron within the initially formed radical pairs. These pairs, however, are generated
from singlet precursors and it is, therefore, to be expected that they are produced in a
singlet spin state, i.e. '(?A~ + 2D*). ‘Hence, only singlet products ‘A + 'D should
result from the electron back transfer, except if during the lifetime of the pairs the
hyperfine interaction succeeds in bringing the electron spins to a triplet alignment, i.e.
*CA- + D).

The question of whether triplet products are formed in recombinations of radical ion
pairs can be settled by observing the concentration of the ions 2A- + 2D* and the
triplet products 3R by means of time-resolved absorption spectroscopy. Fig. 2 shows
for the acceptor/donor system pyrene/N,N-dimethylaniline in the solvent methanol the
observed radical ion and triplet concentrations obtained from the absorption of 2A-
(at 470 nm) and *A (at 412 nm). The radical ion signal shows a very rapid rise after the
laser flash and a decay in two time domains, a fast process lasting for several nano-
seconds and a slow one extending over much longer times. The different decay modes
of the radical ions entail the geminate and the homogeneous recombination (1). It is
clearly seen in Fig. 2 that triplet products are formed at short as well as longer times.
The early triplet products originate from the gerﬁinate phase of the radical ion pair
recombination.! This implies that the hyperfine induced spin motion leading from
singlet to triplet alignments takes place within the time the radicals spend in each
other’s neighborhood before they separate. Fig. 2 also demonstrates that the radical
ion as well as the triplet product concentrations are affected by an external magnetic
field. In a field of 500 G the triplet product concentration is reduced and the radical
ion concentration slightly increased. This effect originates from the influence of the
magnetic field on the electron spin motion and is demonstrated schematically in Fig. 3.
For radical pairs with predominating hyperfine interaction (zero-field-splitting in the
triplet radical pair and exchange interaction [J] negligible) the singlet and three triplet
spin states are virtually degenerate at zero field and the hyperfine-induced transitions
between these states occur at optimum rate. However, an applied external magnetic
field lifts the degeneracy of the two triplet levels 7, and, thereby, reduces the transi-
tions from the initially occupied S, state to the T, states, until at fields which ex-
ceed appreciably the sum of the hyperfine coupling constants in the radicals (i.e. ca. 100
G for the pyrene/N, N-dimethylaniline system) these transitions are totaily abolished.

The magnetic field reduction of the triplet yield is seen in Fig. 2 to build up during
the geminate phase and to remain constant during the later homogeneous phase, i.e.
the magnetic field modulation filters out the most interesting fast geminate process of
the radical recombination. To abstract from the observations presented in Fig. 2 in-
formation on the detailed dynamics of geminate electron transfer processes, a ‘theoreti-

!The fast decay of the ion signal at short times does also reflect the disappearance of an exciplex ](A' D*)
by intersystem crossing to give A + 'D.
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FIGURE 3 Magnetic ﬁ.eld dependence of the radical ion pair singlet and triplet state energies
(J = exchange interaction energy). The observed magnetic field effects demonstrate that the

hypcrﬁqe interaction coupling, inducing coherent ST transitions in the radical pairs, is
predominant. v ‘

FIGURE 4 Reaction scheme for the primary electron transfer processes in bacteriochlorophyll

rgaction centers with reduced primary acceptor X. Singlet, doublet, and triplet states are in-
dicated by the left-hand side superscripts 1, 2, and 3, respectively.

cal analysis is necessary (2, 3). Two results of such an analysis should be mentioned
here. Firstly, one can show that any intrapair exchange interaction between the 2A-
and 2D* radical ions exceeding the weak intramolecular hyperfine interaction
aboli.shes singlet . triplet transitions. The observed magnetic field effect, hence
Prowdes unequivocal evidence for the formation of free radical ions after the photo:
induced electron transfer which engage in a Brownian motion in their respective
Coulomb fields before they interact. Secondly, theory predicts that isotopic replace-
'me.nt changes the hyperfine interaction and shifts the magnetic field modulation (3).
This could be confirmed experimentally by using the perdeuterated pyrene/N,N-

dimethylaniline system, where the magnetic field modulation occurs at considerably
lower fields than with the protonated system (7).

ELECTRON TRANSFER PROCESSES IN BACTERIAL PHOTOSYNTHESIS

The transformation of light energy in the photosynthetic apparatus of bacteria is based
on a photoinduced electron transfer reaction in a membrane-bound complex of pig-
m?nts and proteins, the reaction center. The reaction system is presented in -Fi‘g. 4. The
primary electron transfer follows in this case excitation of the donor 'D, probably a
bacteriochlorophyll dimer. The electron acceptor 'A is generally assumed to be
bacteriopheophytin. Under normal conditions the electron is being transferred within
100-250 ps from A~ to a second acceptor X, probably an iron-ubiquinone complex
(8). If X is reduced chemically (‘X — 2X-) or removed, the electron transfer is
blocked and the lifetime of the initial radical pair (*D* + 2A-) increases to about
10 ns, this time reflecting the electron back transfer to 2D*. The spin multiplicity of
the donor molecule in the reaction center, i.c. ('I*) + 'A), (3]*) + 'A), ('D + 'A) de-
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pends in this case again on the relative alignment of the two electron spins at the in-
stance of the electron jump, the system behaves very similarly to donor-acceptor pairs
in solution. In fact, the yield of triplet products (*D + 'A) generated in the reaction
centers of Rhodopseudomonas spheroides with a reduced X is also lowered by external
magnetic fields (4, 5). It was found, however, that the relative magnetic field effect
depends sensitively on the preparation of the reaction center samples (5). This. de-
pendence originates from intermolecular interactions characteristic of the electron
transfer processes in the reaction center. '

The magnetic field effect on the geminate recombination process of radical pairs in
solution reflects solely the intramolecular hyperfine coupling. Other interactions which
influence the electron spin motion, the exchange interaction between the unpaired elec-
trons, and the existence of spin-selective electron transfer channels come into play only
during the short collision times of the diffusing radical pair and are therefore not in-
fluential. The photosynthetic reaction center is, however, a “solid-state” system, the
2D+ and 2A- moieties are in permanent contact, and the above interactions influence
the electron spin motion continuously and, therefore, contribute to the magnetic field
dependence of the yield of triplet products *D. For a lheoretical demonstration, one
can consider the case where the reversible electron transfer (‘D + 'A) == (*D* +
2A-), as well as exchange interactions, can be neglected and where for the rates kg
and k of irreversible clectron transfer holds: ks = kr = k. Fig. 5 displays the pre-
dicted magnetic field dependence of the relative triplet yield ¢7.(B)/¢:(B = 0) for
various values of k. One finds that with increasing k the magnetic field modulation
shifts slightly to higher fields. The reason for this behavior is that fast electron trans-
fer (large k) samples the short time domain of the spin motion when larger fields are
needed to affect the spin motion. However, this effect cannot account solely for the
high field effects observed by Hoff et al. (5).
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FIGURE 5 Magnetic field dependence of the relative triplet yield ¢r(B)/¢7r(B = 0) from the
(ZD+ + 2A7) radical pairs calculated with the sums of the hyperfine coupling constants Zap+
~24 G (for the bacteriochlorophyll radical) and Za,- ~32G (for the bacteriopheophytine rad-
ical) and withkg = k7 = kfora, k = 0.1 x 10° s'l;b,k =05x10%s Y,k = 1.0 x 10°s~} (ex-
change interactions Jp o = Ja,x = 0).
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The irreversible electron transfer processes *(*’D* + 2A~) — *(°D + 'A) and
'’D* + A7) = '('D + 'A) bring about lifetime broadenings fiks and #iky of the
energy levels of the singlet and triplet radical pair states, respectively. Higher mag-
netic fields are necessary in order for the Zeeman splitting to overcome the relative
energy band width 7(ks-k ), separating sufficiently the S, and T,  States and inducing
areduction of triplet products. The reversible electron transfer (‘D + 'A) == (3D* +
?A~) has a similar effect as high kg = k, = k values in that it restricts the spin motion
to the short time regime, thereby shifting the magnetic field modulation up-field.
Further effects on the electron spin motion are exerted by the exchange interaction be-
tween D+ and A~ and between 2A- and 2X~. The first interaction tends to abolish
the magnetic field modulation. The fact that a magnetic field modulation of the triplet
yield is observed implies that this exchange interaction is smaller than the weak intra-
molecular hyperfine coupling, a finding with important ramifications with respect to
the electron transfer mechanism. The exchange interaction between 2A- and 2X- has
the net effect of donating a random spin to the (3D* + ’A~) pair and, thereby,
giving rise to a magnetic field independent formation of triplet pairs. From a com-
parison between observed yields of triplet states, their magnetic field modulation, and
results of model calculations one can estimate electron transfer rate constants and the
magnitude of the exchange interactions in the bacterial photosynthetic reaction cen-
ters (6).

Received for publication 23 December 1977.
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NOTE ADDED IN PROOF

Photoinduced electron transfer processes produce in a picosecond to nanosecond time range
high energy intermediates: exciplexes, radical ion pairs, and separated free radical ions. The
fast processes involved are fundamental for oxidation-reduction processes as they occur in
chemical, electrochemical, and biological (for example photosynthesis) systems. Since these
reactions involve the motion of an electron, they should be extremely fast (~107" s) ex-
cept that they are coupled to slower degrees of freedom, which are rate-limiting and, therefore,
the focal point of most studies. Degrees of freedom coupled to electron transfer are those of
the microenvironment, of internal vibrations, and of the relative distance of the reactants
(Fig. D).

Electron transfer reaction between electron donors, (e.g. dimethylamiline)*in the ground
state, D, and electron acceptors (e.g. pyrene) in the excited singlet state, 'A, produce the
following intermediates (sequentially):

radical ion pairs free radical ions
(in the overall singlet statefwith unrelated spins)

l(/\‘D*) — I(ZA— + 2D+) > ZA— + 2D+.

singlet exciplexes

From these triplet products are formed via three different pathways: (a) intersystem crossing in
the exciplex; (b) gefminate (or intrapair) recombination of the solvated radical ion pairs;
(c) homogeneous (or interpair) recombination of the free radical ions.

. Only the gefminate triplet production (pathway b), due to the hyperfine coupling between the

EXCIPLEX SINGLET FREE TRIPLET
ION PATR  RADICAL IONS ION PAIR
1 1 1"
A+ D —— "AD

i 2A— " 2D+
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FIGURE 1 Reaction scheme for electron transfer involving exciplex formation followed by
radical ion pair formation; only the electron spin motion in the radical ion pairs is influenced
by external magnetic fields which modulate the hyperfine coupling-induced (singlet versus
triplet) recombination yields.
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FIGURE 2 'Magnetic field dependance of the radical ion pair singlet and triplet state energies
(4 = exchange interaction energy).

FIGURE 3 Magnetic field dependence of the radical ion pair singlet and triplet state energies
under the condition that the exchange interaction energy, J, is much greater than the hyperfine
coupling energy, E} (. (indicated by the energy bar ).

nuclear spins and the unpaired electron spin in each radical, is reduced by weak external
magnetic fields between 0 and 100 G (Fig. 2).

This reduction of the gefminate triplet production is based on the fact that at zero magnetic
field strength the three triplet states T, , T, T_, are degenerate and can all be populated within
the hyperfine coupling energy range (indicated by the bar T) from the initially populated
singlet state Sy, which can lead to a maximum of 75% triplet population, whereas at higher
magnetic field strengths only- T, can be populated from S,, which leads at the most to
only 509 triplet population.

It is important to point out that triplet production from the exciplex and triplet production
through homogeneous recombination of the free radical ions are not affected by weak magnetic

fields. Therefore, from the magnetic field-modulated signal of the recombination products

inferences can be drawn about the mechanistic aspects of the radical ion recombination
process.

An important aspect is the magnitude of the exchange interaction between the radicals in
the radical ion pair (Fig. 3).

The hyperfine interaction energy (indicated by the barT) may be typically of the order of
50 G, which corresponds to a rate of 1.4 x 10% 57!, Now, if J is 100 times greater (i.e. 5,000 G),
populationof T, |, Ty, T_, from S, by the hyperfine mechanism is not possible anymore. The
repopulation now requires that an energy of the order of 2J (10,000 G) be exchanged between
the spin-system and the heat bath environment. The required spin-lattice relaxation time,
T\, to do that is of the order of 1 us, so that the triplet population rate now is only 7' = 10°
s~!. Thus no triplets are formed from the gefminate radical pair because its lifetime is too
short by at least one or two orders of magnitude. :

It should be pointed out that the value assumed here for J, namely 5,000 G or 0.6 x 10~*
eV, is still very small. A very rough guess suggests that it corresponds to a radical pair center
to center distance of about SA (Fig. 4).

Bacterial photosynthesis in three different preparations investigated by Hoff and co-workers
(5) shows a magnetic field effect, in that the relative triplet yield decreases with increasing
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FIGURE 4  Magnetic field dependence of the yield of bactcridchlorophyll triplets generated in
reaction centers of Rhodopseudomonas spheroides with reduced acceptor X (from Hoff et al.,,
rcf. 5).

magnetic field by 15-60%;, depending on the type of the reaction center and its preparation.
This shows that the electron exchange interaction J p+1- (between oxidized bacteriochlorophyl
[dimer] and reduced bacteriopheophytin) must be smaller than 100 G or 106 eV, This smali
value is very remarkable in view of the “solid state” character in the membrane environment
of the reaction centers, in which the electron cannot be transferred over large distances within
the short times available except by tunneling. '

In the exchange interaction J,-y- between reduced bacteriopheophytin (/7) and the reduced
iron-ubiquinone complex (X ~), the aligned electron spin on /- (aligned with respect to the spin
on P*)is replaced by a random spin (from X~ ) and thus introduces more triplet character to
the P*I~ systems thereby reducing the relative magnetic field effect. Since the chromatophore
preparations still have an intact iron-ubiquinone complex, one may assume that with the chro-
matophores J,- - is greater than with the other reaction center preparations so that the mag-
netic field effect is weaker, but that J,. - is still not great enough to wipe out the magnetic field
effect completely.

DISCUSSION

SWENBERG: I would like to know whether the overall photosynthetic yield is affected by an
external magnetic field. i

WELLER: Under normal photosynthetic conditions the previously formed radical ion pair in its
overall singlét state decays in about 120 ps, according to Kaufmann, by donating the electron
to a secondary acceptor, ubiquinone. There does not seem to be any substantial leakage
through which the primarily formed radical ion pair would go over into the bacteriochlorophyll
triplet state. In other words, the lifetime of the primary formed radical ion pair, 120 ps, is
much too short for a magnetic field effect to be operative under normal photosynthetic condi-
tions.
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SWENBERG: I agree with your answer. There is no magnetic field effect on the photosynthetic
yield. We may say that the triplet pair state is not operating in series to the product of the
reaction. If there are ever any magnetic field effects in biological systems, whether they be birds
migrating or photosynthesis, it is necessary for the triplet states to be direct precursors to the
reaction.

This leads to my second question: Do you know of any biological systems in which triplets
are precursers to products that will eventually form and have biological effects?

WELLER: Our explanations for the lack of the magnetic field effect on the overall yield are
essentially similar. With respect to the question of triplet intermediates I am a bit at a loss.
Perhaps in the magnetic sensory system of birds such intermediates may occur,

SWENBERG: I have one more question. It is clear that the exchange -interaction has to be
greater than 1078 eV, yet if it is there is no magnetic field effect. I find 10-% hard to reconcile
with the fact that at short distances the tunneling has elements with comparable exchange
* values. From the theoretical point of view, there must be some sort of renormalization of
the Heisenberg exchange term going on here, because, as Dr. Rentzepis just told us, the distances
between the dimer and the acceptor are quite small. Do you have any comments on that?

WELLER: No.

GEeaciNTov: From your Fig. 5, it appears that the relative yield of triplets in high magnetic
field to that in zero magnetic field depends on the lifetime of the intermediate radical ion ‘pair
state. Are there any other parameters on which this relative yield depends, and if so what
else can be learned about the bacteriochlorophyll reaction centers from the magnitude of the
magnetic field?

WELLER: The relative yield of triplets in high magnetic field to that in zero magnetic fields
depends indeed on the lifetime of the intermediate radical ion pair state. It also depends on
the relative rates by which the intermediate ringlet radical ion pair state decays to the ground
state and the triplet radical ion pair state decays to the local triplet state: the faster the
former process, the smaller the relative triplet yield.

Similar arguments apply to the exchange interaction between bacteriochlorophyll radical ca-
tion and pheophytin radical anion, which, if large enough, can completely prevent any triplets
from being formed. This shows that the electron exchange interaction (between oxidized
bacteriochlorophyll dimer and reduced bacteriopheophytin) must be smaller than 10-¢ eV

and that the primary electron transfer must occur over comparatively large distances, probably

by electron tunneling.

RoDGERS: On the formation of radical ion-pair state in the pyrene-dimethyl aniline homoge-
neous system, your work and that of others have shown quite clearly that this requires a highly
polar matrix to effect separation. In low polar media one gets exciplex formation mainly.
In the bacterial situation, are you telling us now that charge-separation occurs in membrane
lipids that are low-polar media? Can you rationalize this difference?

WELLER: This is a very important question and part of the answer is given in our paper. The
situation is indeed different between the homogeneous part of the reaction solution ‘and the
electron transfer reactions, which probably occurred in the bacterial chlorophyll system in a
lipid membrane. The main, difference is that the lifetimes of the intermediate radical ion pair
state singlet and lripletal’?&‘&g’nﬁ)y the rate by which the species disappear and this has

to be taken into account. This argument differs slightly from that applied to the system in a

oo/asr cooles solvent.
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MauzeraLL: With reference to Fig. 5, to what do you physically assign the small lag in the
plot of triplet yield versus the magnetic field strength? And do your data actually show this lag?

WELLER: Fig. 5 shows calculated curves. They indicated what kind of calculations can be used
to understand the behavior of the systems; the details are not important.

JAkoBssoN: Since the question of birds migrating in magnetic fields has been introduced, may I
insert for the record and in the interest of ecumenicity that electrophysiologists do not know
how to deal with it; we eliminate it from our formulas. In our experiments, we impose a kind
of geometric symmetry and, using Maxwell’s equation, we eliminate magnetic field effects.
Yet of course magnetic fields are biologically important, not only in migration as cited, but
also as associated with neural activity. So I would just like to reinforce the idea that this
is a biological question of major importance, undealt with so far on the cellular level.

AusTIN: What is the rate at which radical pairs diffuse away from one another? Have you tried
solvents of differing viscosities? .

WELLER: Well, it depends on course on viscosity, but it is a very complicated process that
cannot be described by a single exponential, because the radicals in the solvent will separate
to some extent and then re-encounter again.

DorrmaN: Is there anything analogous to the Onsager escape radius that comes out the data
or in a calculation?

WELLER: This is indeed the first step: the escape radius describes the first separation of the

- radical ion pair. What Onsager has not taken into account is the re-encountering of the radical

ions. One can probably forget the re-encountering for neutral species or for systems where
only one species is charged.

MAUZERALL: We have analyzed in detail the probelm of the escape of ions from the initial pair
at separation Ry with reaction at a smaller R,,. Our equation for the yield of escaped or uncor-
related ions reduces to Onsager’s, exp. (—R,/R,) where R, is the Coulomb radius (e?/¢kT),
when R,, is negligible. It reduces to the simple equation 1 — (R,, /Ro) when R, is zero, i.c., an
infinite dielectric constant. The yield for neutral species therefore need not be unity. It is
typically 0.5 when the electron transfer distance, Ry, is about twice the collapse distance, R,,.
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