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Magnetic field-dependent recombination measurements together with magnetic field-dependent triplet 
lifetimes (Chidsey, E.D., Takiff, L., Goldstein, R.A. and Boxer, S.G. (1985) Proc. Natl. Acad. Sci USA 82, 
6850-6854)  yield a free energy change A G ( P + H  - -  3 P * ) = 0 . 1 6 5  eV +0 .008  at 290 K. This does not 
depend on whether nuclear spin relaxation in the state 3 p .  is assumed to be fast or slow compared to the 
lifetime of this state. This value, being (almost) temperature independent, indicates AG(P + H - - 3  p . )__ .  
A H ( P  + H - - 3 p .  ) and is consistent with AG(l p .  _ p + H - )  and AH( t p .  _ 3 p .  ) from previous delayed 
fluorescence and phosphorescence data, implying A G - - A H  for all combinations of these states. 

Introduction 

The primary electron transfer process in reac- 
tion centers (RCs) of Rb. sphaeroides proceeds 
from the bacteriochlorophyll dimer in its excited 
singlet state ( l p , )  to bacteriopheophytin (H) for- 
ruing the radical pair (RP) state P + B H -  with a 
rate k I = 3.6 10 al s -a [1] at room temperature, 
Femto- and picosecond time-resolved spec- 
troscopy excludes any kinetic involvement [2-4] of 
the accessory bacteriochlorophyll (B) located be- 
tween P and H as revealed in the X-ray structure 
analysis [5-7]. A complementary experimental key 
to the mechanism of the primary charge sep- 

Abbreviations: RC, reaction center; RP, radical pair; HFI, 
hyperfine interaction; LDAO, lauryldimethylamine N-oxide, 
SLR, spin lattice relaxation. 

Correspondence: M.E. Michel-Beyerle, lnstitut f'fir Physika- 
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aration is the magnetic-field-dependent recombi- 
nation dynamics of P+ B H -  [8-10] leading to either 
the triplet state ( 3 p . )  or the ground state (PBH). 
For any mechanistic interpretation [11-15] of the 
forward and the reverse electron transfer rates, the 
free energy difference AG between 1p.  and 
P+ B H -  and between P + B H -  and 3p .  is essential. 

Recombination of P + B H -  occurs when elec- 
tron transfer between H and the ubiquinone is 
blocked, e.g., by extraction of the quinone (Q). In 
this case the RP initially formed in its singlet state 
I ( p + B H - )  undergoes singlet-triplet mixing under 
the influence of hyperfine interaction (HFI), yield- 
ing the triplet-phased RP 3 (p + BH-) .  Recombina- 
tion of 3 (P+BH-)  into the state 3p .  with the rate 
k v competes with recombination of 1 (P+BH-)  
leading to the ground state (PBH) with the overall 
singlet rate k s. This rate k s has a contribution 
from direct recombination into the ground state as 
well as a contribution involving recombination 
into 1p. ,  a minor part of which can subsequently 
deactivate into the ground state, while the gross 
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Fig. 1. Reaction scheme for charge separation and recombina- 
tion of singlet and triplet excited states connected via the RP 

mechanism. 

majority forms again the RP ](P+BH ). The en- 
ergy splitting between the singlet and the triplet 
RP states, as indicated in Fig. 1, impedes HFI-in-  
duced singlet-triplet mixing. This allows the 
manipulation of the singlet and triplet recombina- 
tion yields by splitting the triplet levels via Zee- 
man interaction in an external magnetic field (H) .  

The observation of a magnetic field dependence 
of the thermally activated contributions to the 
observed 3 p .  decay rates [16] points to a decay 
path of 3 p .  in addition to conventional intersys- 
tem crossing. This magnetic field dependence is 
qualitatively the same as for the radical pair life- 
times, being sensitive to rather small magnetic 
fields, a feature exclusively typical of the radical 
pair mechanism. In fact, it proves an additional 
pathway to be operative, involving temperature- 
activated back-transfer of the electron to form 
3[p+BH ] with the rate k T, HFI-induced forma- 
tion of I ( p + B H - )  (this step being magnetic-field 
dependent) and final decay to PBH with the rate 

k s . 
From the magnetic field dependence of the 3p .  

lifetimes reported by Chidsey et al. [16], together 
with the magnetic field dependence of the triplet 
yield and the knowledge of the parameters k~ and 
kT, the rate k_T is evaluated at various tempera- 
tures. Temperature-dependent  measurements of 
the remaining parameters are presented. The ratio 
k T/kT allows the determination of the free en- 
ergy difference A G ( R p - 3 p  *) at different tem- 
peratures. The result is related to AG(Ip*  - RP) 

and AG(1P * - 3 p ,  ) as derived from delayed fluo- 
rescence [17-19] and to the recent phosphores- 
cence data [20] yielding A H ( 1 p .  _ 3 p .  ). All these 
data and others mentioned throughout the text 
refer to quinone-depleted RCs of Rb. sphaeroides 
R26, if not explicitly stated otherwise. In particu- 
lar, we caution against mixing such data with 
those obtained from RCs blocked by quinone 
reduction. 

Analysis of magnetic-field-dependent triplet life- 
times 

In the simplest model (a) the distribution of 
nuclear spins is neglected and only one repre- 
sentative HFI  coupling constant is considered. 
Such an analysis described in the following shows 
the basic relations most clearly. A more realistic 
analysis will account for the effects of the statisti- 
cal alignment of nuclear spins as an inhomoge- 
neous distribution of RCs with different effective 
H F I  coupling constants [21,22]. As has been dis- 
cussed in Ref. 22 the observed triplet lifetime may 
depend on the nuclear spin lattice relaxation (SLR) 
time. Since we have no knowledge of its value, we 
analyse our data assuming two extreme cases: (b) 
nuclear SLR being (infinitely) slow, and (c) nuclear 
SLR being (infinitely) fast as compared to the 
triplet lifetime. In this way we obtain two sets of 
data (b) and (c) embracing the real value, respec- 
tively. 

Model neglecting nuclear spin distribution 
After charge separation the initially formed RP 

I (P+BH ) has a time-integrated probability, H T, 
to form the triplet state 3 ( p + B H - )  due to 
singlet-triplet mixing [23]. This state subsequently 
recombines with the rate k T to the lowest triplet 
state of the system, 3p . .  Its yield is given by 
~v = kTHT and implies the recombination yield 
in the singlet channel, being ~s = 1 -  ~-r- The 
magnetic field removes the degeneracy between 
the singlet level and two of the triplet sublevels, 
thus reducing the mixing efficiency, H v, and con- 
sequently also ~v" 

If the RP is repopulated by charge separation 
from 3p .  with the rate k_ v, the triplet state 
3(p+BH ) is the initially formed spin state of the 
RP. Following a suitable treatment of radical pair 



spin dynamics [23], the relation H s = HT/3 has 
been derived [16], where H s is the time-integrated 
probability for the change from 3 (p+BH-)  to 
I (P+BH-) ,  which can be expressed by ~T and 
k T, both quantities being accessible in experi- 
ments. The fraction, ~s, of the initially populated 
3 (p+BH-)  state, which changes multiplicity and 
recombines to the electronic ground state PBH, is 
given by ~b s = ksH s. The product of this fraction 
with the rate k_ T yields the decay rate of 3p .  via 
3(p÷BH-) .  Since H s can be expressed by /-/T and 
thus in terms of the experimentally accessible 
quantities ~T and k T, the overall decay rate of 
3 p . ,  kDEC is given by [16]: 

+ i  kS ~T(H)k  T kDEc(H) =kmc 3 kT (1) 

with kis C denoting the rate of intersystem crossing 
3p .  ~ p .  

Alternatively to Ref. 16, we take advantage of 
the magnetic field dependence of kDE c and of ~T 
to eliminate k~s c from Eqn. 1. The rate k T for 
the charge separation from 3p.  is expressed by 
the difference of these parameters when changing 
the magnetic field from H 1 to HE: 

kDEc(H1)-- kDEc(H2) 3kT 
k-T = ~T(H1) - ~T (H2) ks (2) 

Model including nuclear spin distribution 
As pointed out in Refs. 21, 22, we are dealing 

with an inhomogeneous distribution of RCs with 
respect to the nuclear spin configuration of each 
individual RC. To account for the consequences 
of such an inhomogeneous distribution on the 
triplet lifetime, we follow the approach given in 
Ref. 22. Each nuclear spin configuration corre- 
sponds to a different effective HFI  coupling con- 
stant ~ with a distribution R°(oa, H).  The second 
variable, H, indicates that the distribution de- 
pends on whether a magnetic field is applied or 
not (Eqn. 4 or 6, respectively in Ref. 22). Those 
RCs with nuclear spins alligned parallel feel a 
stronger effective hyperfine interaction (large ~) 
driving singlet-triplet mixing and achieve a higher 
triplet recombination yield than RCs in which the 
hyperfine contributions of the various nuclei 

363 

cancel. This means the triplet evolution is selective 
to the larger HFIs leading to nuclear spin polari- 
zation of the 3 p .  state. Instead of the equilibrium 
distribution of HFIs, the new distribution is given 
by Eqn. 3 (Ref. 22): 

R3(to, H) = ~T(O~, H)RO(to, H) (3) 

As emphasized in Ref. 22, the apparent (or 
observed) triplet lifetime 1 / k o a  s of the inhomoge- 
neous distribution can be obtained by averaging 
over the individual decaytimes 1/kDE C given in 
Eqn. 1. 

fR3(to, H) dt.0/kDEc(~T(60, H)) 
(4) koss(H) 

fR3(~, H) d¢o 

Since t/iT(O~), the triplet yield as a function of 
the hyperfine field, is no more experimentally 
observable, we utilize Eqns. 7 and 8 of Ref. 23. 
The linear relationship between kDE c and the 
triplet yield in Eqn. 1, in general, breaks down. 
Only in the case of extremely high magnetic fields 
(AgflH>> HFI),  when singlet-triplet mixing 
would be dominated by the difference in g values 
(Ag _- - - 1 . 1 0  -3 [24]) of the two radical ions, P+ 
and H - ,  can the integration over the distribution 
of HFI coupling constants be formally neglected. 
Then, however, attention should be paid to the 
anisotropy of the g values [24]. As in the simple 
approach leading to Eqn. 2, we again make use of 
the magnetic field modulation of both the triplet 
yield and the observed triplet lifetime to de- 
termine the two unknown rates, k_ T and k ls c. 
Eqn. 4 given at the two field values 0 G and 700 G 
provides two equations for koas, thus allowing the 
determination of k T and kmc by a least-squares 
fit of the experimental data to Eqn. 4 with a 
Marquardt algorithm. This method implicitly as- 
sumes that nuclear SLR is not effective throughout 
the triplet lifetime. Data derived under the as- 
sumption of such slow SLR are listed in Table I 
under (b). 

If during the lifetime of 3 p .  the spin polariza- 
tion accumulated on this state decays due to 
nuclear SLR, the effective HFI  decreases on aver- 
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age and thus triplet-singlet mixing becomes in- 
creasingly slower. In the limiting case that nuclear 
SLR is much faster than the triplet decay, the spin 
distribution is equilibrated instantaneously, and 
we merely have to use the equilibrium distribu- 
tion, R °, instead or R 3 in Eqn. 4. Data derived 
from such an assumption are subsequently listed 
in Table I under (c). Note that microscopic re- 
versibility of the singlet-triplet transition (and 
vice versa) is now broken for each ensemble of 
RCs with a distinct nuclear configuration, due to 
the fast SLR occurring between the two transi- 
tions, in contrast to the situation when SLR is 
slow. In Ref. 22, Eqn. 1 is used to describe the 
case of fast SLR, tacitly assuming that the averag- 
ing procedure implicit in Eqn. 4 is equivalent to 
averaging the triplet yields ~ T ( H ,  ~0) (by mea- 
surement) before inserting into Eqn. 1. Since both 
averaging procedures are quite different, compari-  
son of cases (a) and (b) is not adequate to dis- 
tinguish between fast and slow SLR. In addition, 
only case (c) takes account for the irreversibility of 
SLR. For this reason we compare cases (b) and (c) 
with respect to the influence of SLR, both 
accounting in the same way for the inhomogeneity 
in the nuclear spin distribution. 

For the evaluation of k x the experimental 
derivation of temperature-dependent values for 
~ x ( H ) ,  k s and k T will be presented in the fol- 
lowing. 

Temperature- and magnetic-field dependent recom- 
bination measurements 

Materials and Methods 
Phototrophically grown cells of Rhodobacter 

sphaeroides R26 were used for RC isolation. Chro- 
matophores,  isolated by standard preparation pro- 
cedure, were suspended in 20 mM Tris (pH 8.0) to 
an absorbance of 50 at 860 nm. This suspension 
was t rea ted  with l a u r y l d i m e t h y l a m i n o x i d e  
(LDAO), 0.5% final concentration, and 100 mM 
NaCI for 60 min at room temperature, followed 
by ultracentrifugation (200000 × g, 100 min). The 
resulting supernatant was directly applied onto a 
DEAE-cellulose column and subsequently washed 
with increasing concentrations of NaC1 (110 mM 
+ 155 mM) in 20 mM Tris/0.08% LDAO (pH 

8.0). Pure RC were eluted at 190 mM NaC1 con- 
centration. 

For quinone removal, dialyzed RCs were 
adsorbed onto a second DEAE column and subse- 
quently treated with 2 1 quinone extraction buffer 
(10 mM Tris /4% L D A O / 1 0  mM o-phenanthro- 
line) at 22°C.  After reequilibrating the column 
with 20 mM Tris/0.1% Nonidet  P40 (pH 8.0), RC 
elution was affected by 200 mM NaC1. After 
dialysis, RCs were concentrated to about 160/~M 
by ultrafiltration. 

Pump and probe experiments were performed 
with two dye lasers (pulse width 1.4 ns) being 
pumped by a N2-1aser. The concentration, c 0, of 
quinone-depleted RCs of Rb. sphaeroides, R26 
(50% vol. glycerol) was adjusted to give an ab- 
sorbance of 0.5 at the detection wavelengths 
(pathlength d = 2 mm). The samples were excited 
at 600 nm with an energy density of 0.5 m J / c m  2, 
corresponding to an excitation yield of ~Exc = 
30% excited RCs/pulse .  Time-dependent  absorp- 
tion changes, AAp, were detected in the Qy transi- 
tion of P around 880 nm between 0 and 92 ns 
after excitation. Measurements were performed at 
zero magnetic field and at the saturating field 
strength of 700 G in the temperature range 295-90 
K. 

Since a small fraction of RCs still contain 
residual quinone, there may be a contribution 
AAQ to AAp due to the state P + B H Q - .  Because of 
the long lifetime of this state, it can easily be 
discriminated from the nanosecond components.  
We measured the 100 ms decay of such residual 
bleaching at 880 nm in situ with the pulsed laser 
by applying a pulse sequence of one excitation 
pulse, followed by five probing pulses at the maxi- 
mum repetition rate (15 Hz) of the system. The 
contribution of the 100 ms component  at very 
short times, AAQ, was extrapolated from this 
measurement and subtracted from AAp (see Eqn. 
5), leaving the light-induced absorption changes 
due to the Q-depleted RCs only. 

On the time-scale of the RP lifetime, the excita- 
tion pulse can be regarded as a delta-function, 
ensuring that no nuclear spin polarization can be 
built up due to multiple turnovers during excita- 
tion [22]. Since the average turnover-rate is smaller 
than 2 s - l ,  the nuclear spin relaxation time in the 
RC ground state has to be considerably slower, 



while concomitantly in the 3 p .  state it has to be 
of the order of the triplet lifetime to build up a 
steady-state nuclear spin polarization. Preliminary 
checks show no changes in the experimental data 
when the repetition rate of excitation is changed 
to 0.02 Hz, indicating that nuclear spin relaxation 
in the ground state is much slower than 50 s, much 
faster than 0.07 s or does not accumulate at all. 

The radical pair  lifetime and triplet yields 
The absorption change AAp consists of a 

bleaching due to the contributions of both P÷ B H -  
and 3p . .  At time delay t = 0, only P + B H -  con- 
tributes to A A  e and decays completely with the 
RP lifetime ~'RP. At long delay times the long-lived 
3 p .  states remain, again bleaching the PBH 
ground-state absorption. The triplet yie!d is ex- 
pected to evolve approximately as the decay prod- 
uct of an exponentially decaying parent. Thus we 
fit our data to the relation 

Ahp(t) = AA 0 [e -t/'RP + ~T(1 -- e-'/'RP)] + AAQ (S) 

where ~T is the final triplet yield, A A  o the ab- 
sorption change at t = 0 for the RCs not contain- 
ing ubiquinone and AAQ is the extrapolated ab- 
sorption change at t = 0 for the quinone-contain- 
ing part of the RCs. In order to avoid overlap 
effects with the excitation pulse, we consider only 
those data starting at 3 ns delay time. Due to the 
quantum mechanical nature of singlet-triplet mix- 
ing, small oscillations are expected to be superim- 
posed on the exponential decay of the RP as well 
as on the triplet evolution, reflecting the quantum 
beats between the singlet and the triplet radical 
pair states. Such deviations, however, are expected 
to be small, since k T > > k  s and k T > > H F I  
throughout the temperature range, as we will see 
later. Once in the triplet state, the RPs have little 
chance to recombine into the singlet state. The 
coherent quantum mechanical spin motion is 
damped very quickly, since the stochastic recom- 
bination process dominates HFI. Finally, the large 
amount of different hyperfine couplings lead to 
rapid dephasing of the various oscillatory contri- 
butions. Only at the very beginning of the triplet 
evolution a slight lag is expected, since singlet-tri- 
plet mixing starts quadratically with time [23]. We 
have checked these assumptions experimentally by 
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probing the triplet evolution directly in the iso- 
sbestic points of the RP difference spectrum at 
533 and 552 nm. Except for the expected delay in 
the onset of triplet evolution at very early times 
( < 3 ns), the measured kinetics are consistent with 
the model implicit in Eqn. 5. This is another 
reason why we dismissed data at very early times 
from the fit. We attained similar results with mea- 
surements in the Qx band of H at 543 nm, al- 
though with somewhat poorer accuracy due to the 
smaller absorption change in this band. 

The RP lifetimes, TRp , are listed in Table IA, 
the triplet yields in Table IB. For comparison, at 
room temperature, lifetimes of 13 ns (0 G) and 17 
ns (1 kG) have been reported [25,26]; the room 
temperature triplet yield is also in good agreement 
with previous values [25,26]. Data presented in 
Ref. 27 partially agree, with considerable devia- 
tion, however, in the high-field lifetime (22 ns) 
and the low-field triplet yield (47% compared to 
30%). 

The recombination rates k s and k r 
In order to analyse the magnetic-field-depen- 

dent 3p .  lifetimes, 1/koBs, we need information 
about k s and k T. From the analysis of the life- 
time broadening of the RP state (as reflected in 
the half-width at half-maximum (HWHM) of the 
magnetic field dependence of the triplet yield of 
room temperature data [26]) we know that at least 
one of the recombination rates is about (3 -6) .  108 
s -1. Since the inverse RP lifetimes are consider- 
ably smaller than this value, a bottleneck has to be 
effective in this RP decay channel. Apparently, 
the hyperfine-induced singlet-triplet mixing con- 
stitutes this bottleneck and identifies the triplet 
recombination rate, k-r, as responsible for the 
lifetime broadening. Since a magnetic field re- 
duces HFI-induced singlet-triplet mixing, the RP 
lifetime is expected to increase or decrease, respec- 
tively if the triplet channel is faster or slower than 
the singlet channel [28,29]. An increase in the RP 
lifetime in quinone-depleted RCs at moderate 
magnetic fields (about 1 kG) was observed at 
room temperature [25,26] and at low temperatures 
[27], corroborating k- r > k s. The same conclusion 
was drawn for quinone-reduced RCs [29,30]. 

Low-temperature measurements of the mag- 
netic field dependence of the triplet yield, as re- 
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flected in the absorption changes 44 ns after exci- 
tation at 543 nm, showed an almost constant 
width of the singlet-triplet resonance as a func- 
tion of temperature [10], increasing by ---10 G 
between 295 and 90 K. As discussed previously 
[10], such an increase points to a slight increase of 
k T with decreasing temperature, as is expected for 
activationless electron transfer [31]. An increased 
H W H M  of the magnetic field dependence of the 

triplet yield can principally result from increased 
exchange interaction as well. Simulation, however, 
discard this possibility, since in this case the maxi- 
mum triplet yield should occur at nonzero mag- 
netic fields [10]. Even more clearly RY D MR spec- 
tra show an impressive temperature independence 
of the exchange interaction [32]. We performed 
improved measurements of the magnetic field de- 
pendence of the triplet yield probing changes in 

TABLE I 

T E M P E R A T U R E - D E P E N D E N T  R A D I C A L  PAIR (RP) LIFETIMES, TRIPLET YIELDS, ELECTRON T R A N S F E R  RATES 
INVOLVED IN R E C O M B I N A T I O N  DYNAMICS,  INTERSYSTEM CROSSING RATE 3 p .  ~ p A N D  FREE E N E R G Y  
DIFFERENCE,  zIG(RP - 3 p .  ). 
A: RP lifetime obtained from Eqn. 5 
B: Triplet yields obtained from transient absorption measurements  at 880 nm as described. 
C: Singlet recombination rates k s calculated according to Eqn. 6. 
D: Triplet decay rates from Ref. 18. 
E: Triplet charge separation rate k_ T, 

(a) calculated from Eqn. 2 with no account for inhomogeneous distribution of RCs with respect to HFIs.  
(b) allowing for very slow nuclear spin relaxation compared to koB s. 
(c) assuming very fast nuclear spin relaxation compared to koB s- 

F: Intersystem crossing rate; (a), (b) and (c) as in E. 
G: Free enthalpy difference A G ( R p - 3 p  *)  from E according to Eqn. 9; (a), (b) and (c) as in E. 

T(K): 290 270 250 230 185 90 

A Radical pair lifetimes 
"rap(0 G) [ns] + 8% 13.0 13.7 15.0 16.4 18.1 
~'ar,(700 G) [ns] + 8% 15.8 16.9 18.1 21.3 23.2 

B Triplet yields 
qbT(0 G) ___ 0.02 0.30 0.31 0.34 0.39 0.45 
~T(700 G) + 0.02 0.19 0.20 0.24 0.27 0.36 

C Singlet recombination rates (total) 
ks(0  G) [107 s -  1 ] + 0.6 5.8 5.4 4.8 4.0 3.3 
ks(700 G) [107 s - 1 ] + 0 . 6  5.3 4.9 4.4 3.6 2.9 

D Triplet decay rates 
koBs(0 G) [104 s 1] 1.96 1.55 1.28 1.06 0.86 
koas(1 kG) [104 s -  l] 1.48 1.32 1.12 0.99 0.84 

E Triplet charge separation rate 
(a) k T [ 105 S- l ]  +30% 7.1 3.7 3.1 2.0 0.48 
(b) k _  T [105 s - 1 ] + 3 0 %  4.1 2.1 1.6 0.9 0.20 
(c) k_ T [105 s - 1 ] + 3 0 %  3.3 1.6 1.2 0.6 0.14 

F Intersystem crossing rate 
(a) k l s  c [103 s - 1 ] + 3 0 %  6.5 9.0 7.4 7.9 7.9 
(b) k ls  C [103 s 1]+t-30% 9.6 10.5 9.2 8.7 8.2 
(c) kls  C [103 s-1]-t-30% 12.9 12.2 10.5 9.5 8.3 

G Free enthaipy difference AG(RP - 3 p .  ) 
(a) AG [eV]+0.008 0.151 0.156 0.148 0.147 0.143 
(b) zIG [eV] + 0.008 0.165 0.169 0.163 0.161 0.153 
(c) zIG [eV]+0.008 0.171 0.176 0.169 0.168 0.159 

21.2 
34.3 

0.71 
0.52 

1.5 
1.5 

0.73 
0.72 



the Qy absorption band of P at considerably 
longer delay times (92 ns), confirming that k- r = 
(3 -6 ) .  108 s -1 [10]. 

As shown previously [23], the RP lifetime can 
be calculated from 

~S ~T 
~" = ~ s  + k~- (6) 

Eqn. 6 is the basis for the determination of k s. 
Because of the singlet-triplet mixing constituting 
the bottleneck in 3 p .  formation, the triplet yield 
is smaller with respect to the recombination rate, 
k T, than the singlet yield with respect to k s. 
Therefore, the RP lifetime is closely connected to 
the decay rate, k s, in the singlet decay channel, 
and the contribution of the second term in Eqn. 6 
is small. The rate k s calculated from Eqn. 6 and 
the data given in Table IA and B are listed in 
Table IC using ~s  + @r = 1. The rates obtained 
from the measurements at high and low field are 
fairly consistent. The room temperature value of 
k s obtained from Eqn. 6 is in good agreement 
with the value k s = 5.6- 10 7 [26] obtained from a 
more rigorous analysis involving the explicit 
numerical solution of the stochastic Liouville 
equation, and its fit to a complete set of 
magnetic-field- and time-dependent data at room 
temperature. The small temperature-dependence 
of ~- refects the small temperature-variation of k s. 
The apparent activation energy for k s in this 
temperature range is 0.014 eV, somewhat smaller 
as the one deduced in Ref. 27. Such weak temper- 
ature-dependence can be expected for electron 
transfer reactions in the inverted regime involving 
free energy changes larger than the reorganization 
energy [33]. 

Since k s might have a temperature-activated 
contribution from recombination via the 1p .  state, 
this contribution in principle might be responsible 
for the temperature dependence of the overall 
rate. The overall singlet recombination rate, ks, is 
composed of the rate of direct recombination into 
the ground state, d k s ,  and of an effective r a t e  k~ ff. 
This arises from the recombination into the 1 p .  

state with the rate k_~, of which a small part  
subsequently decays into the PBH ground state 
with the rate k0, while the vast majority undergoes 
renewed charge separation, with the rate k~, k~ 
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exceeds k0 by at least 102 as known from the high 
quantum yield of charge separation [34]. If k_ ~ is 
large enough, hopping of the electron between the 
states 1p .  and P ÷ B H -  results before the RP 
decays. Such a process can severely disturb the 
spin-dependent recombination dynamics and can 
best be handled in a model introduced to describe 
hopping between two states with different 
spin-spin  exchange interactions at the two sites 
[35]. Replacing the state associated with the 'close' 
site in Ref. 35 (i.e., the one with the large ex- 
change interaction) with 1P*, makes the problems 
discussed here and in Ref. 35 isomorphous. 
According to Eqn. 2.11 in Ref. 35, the effective 
singlet recombination rate is given by: 

k° (7) 
k~ff = k-1  k 1 -t- k o 

i.e., k_ 1 weighted with the probabil i ty of 
deactivating into the ground state rather than 
carrying out renewed charge separation to form 
P ÷ B H - .  For the overall recombination rate we 
obtain: 

ks =dks  + k - l ( 1  - ~cs)  (8) 

with ~cs being the quantum yield for a single 
charge separation act forming P + B H - .  q~cs is at 
least as large as the quantum yield of P ÷ B H Q -  
formation, which was determined to be larger than 
0.98 [34]. A hopping process as described above 
would also lead to a broadening of the H W H M  of 
the magnetic field dependence of the triplet yield 
[26,35], if k_ 1 were larger than k- r. From Eqn. 9 
we can get an even lower boundary for k_ r 
Taking k 1 = 3.57.1011 s -1 and AG(1P*-RP)  = 
0.26 eV [17], we get k 1 < 9 - 1 0 6  s -1 for 
quinone-depleted RCs. Accordingly, only a negli- 
gible fraction of 4 . 1 0  -3 of the RPs recombines to 
the ground state via 1p . .  Therefore, this contribu- 
tion cannot be responsible for the observed tem- 
perature variation of k s. Since ~cs  is not expected 
to decrease at low temperatures because of the 
activationless nature of kl [4], this fraction is 
considerably smaller at low temperatures due to 
the reduction in k 1- 

The analysis of the quantum yield of fluores- 
cence and triplet formation of whole cells of Rb. 
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sphaeroides 2.4.1 [36] under reducing conditions 
led to k 1 = (4.3-8) .  l0 s s - k  a value which is 
larger by almost two orders of magnitude than the 
one considered here for quinone-depleted RCs. In 
this case, up to 28% of the singlet recombination is 
considered to proceed via the 1p.  state. The free 
energy difference of AG(1P * - R P ) =  0.045-0.075 
eV implicit in these data is much smaller than the 
one derived from time-resolved fluorescence data 
for reduced RCs [37,38] or the one derived in this 
paper for quinone-depleted RCs. 

Kinetics and energetics associated with [P +BH-I  
and Sp .  

The charge separation rate k T 
Inverse lifetimes of the triplet state 3p.  at 

magnetic fields of 0 G and 1 kG were extracted 
from Fig. 3 in Ref. 16 and are listed in Table ID 
for various temperatures. Table IE,a shows the 
charge separation rate k_ T calculated from the 
magnetic field modulation of the 3 p .  lifetime 
according to Eqn. 2, thus neglecting an inhomoge- 
neous distribution of RCs with respect to the 
effective HFIs.  Experimental triplet yields ob- 
tained at 700 G were put together with triplet 
lifetimes determined at 1 kG. This is certainly 
justified because the triplet yield is expected to be 
constant in this magnetic field range, since Zee- 
man splitting by far exceeds the hyperfine interac- 
tion and additional singlet-triplet mixing due to 
differences in g value of the two radicals is not 
yet significant. At 90 K, k T cannot be evaluated, 
since the change of koa s with the magnetic field is 
too small. 

In order to test the consistency of the obtained 
data, we calculate the intersystem crossing rate 
kls c from Eqn. 1. As shown in Table IF, a, kls C is 
almost constant with temperature, the low-temper- 
ature value coinciding with the value given in Ref. 
16. 

The rate k T obtained when nuclear spin dis- 
tribution is accounted for is shown in Table IE,b 
and E,c for the case of slow and fast nuclear SLR, 
respectively. These data differ only slightly from 
the ones obtained from Eqn. 2, qualifying Eqn. 2 
as a good working hypothesis. The true value for 
k_ T has to be within the limits given by the two 
extreme cases of nuclear spin relaxation. Since 

nuclear spin relaxation in general is considerably 
slower than koBs, we would favour the values 
given in Table IE,b. However, the influence of 
SLR on the data is smaller than the uncertainty of 
measurement. Thus, there remains no ambiguity 
of the data concerning SLR. We also calculated 
the accompanying intersystem crossing rates (Ta- 
ble IF,b and c) which again change only slightly 
for the two cases, and are quite temperature-inde- 
pendent. 

Surprisingly, the triplet decay rate, koEc, of 
RCs in which the quinone has been reduced is 
larger by a factor of 10 at room temperature than 
for quinone-depleted ones [16,39], and reveals no 
magnetic field dependence [16]. At low temper- 
atures the triplet decay rate is the same for 
quinone-depleted and quinone-reduced RCs. At 
higher temperatures it exhibits a larger apparent  
activation energy of 0.095 eV [39] for quinone-re- 
duced samples. Can this change reflect a change 
of the free enthalpy gap AG(RP -- 3 p . ) ?  In fact, 
one would expect a shift of the state P+BH to 
somewhat higher energies due to the Coulomb 
interaction with the additional charge on the 
quinone [37,38], thus reducing k v. Neither of the 
other contributions to kDEC could compensate for 
this decrease of k v in order to account for 
increasing kDEC: k s and k T differ only slightly 
for both preparations due to the similarity in the 
H W H M  and of the radical pair lifetimes [Ogrod- 
nik et al., unpubhshed results] and the triplet yield 
even decreases by more than a factor of two 
[27,30]. From these findings and Eqn. 2 one might 
expect kDEc(O G) - kDEC(1 kG) to be similar for 
samples with reduced quinone and samples de- 
pleted of quinone, i.e., kDEC(0 G ) -  kDEC(1 kG) 

5 • 103 s I also for reduced RCs at 295 K. Since 
kDE C of reduced RCs is 10-times larger than that 
of RCs depleted of quinone, the magnetic-field- 
dependent change in kDE C will amount  to less 
than 3% at room temperature, the effect being 
beyond the resolution of the experiment [16]. Thus, 
the apparent  absence of a magnetic field effect on 
the triplet lifetime can well be understood. In 
other words, the overwhelming part  of the 3 p .  
decay does not occur via the RP state. It is not 
magnetic-field-dependent and is comprised in the 
rate kis ~ ~kDE C. It is this part  of the observed 
triplet decay rate which is responsible for the 



increase in the apparent activation energy, and not 
as one might expect the term due to the decay via 
the radical pair state. Because of the large energy 
splitting between 1p .  and 3p . ,  an enhancement 
of kis  c due to the fast relaxing Fe 2+ is not ex- 
pected, in particular because the recombination 
dynamics of the RP, exhibiting only extremely 
small energy splittings, seem to be almost unaf- 
fected by the presence of Fe 2+ in reduced RCs. 
Thus, the mechanism of enhancement of ki~ in 
reduced RCs remains veiled. 

C h a n g e  in f r e e  energy  

In lines G,a, G,b and G,c of Table I the change 
in free energy A G ( R p - 3 p  *) as a function of 
temperature is calculated from 

k_ T = k T exp( - A G / k a T  ) (9) 

and the corresponding line of Table IE. Due to 
the logarithmic dependence on k_ T, the dif- 
ferences in A G  are very small and within the error 
of measurement for the cases (b) and (c). It should 
be noted that these values do not depend on k T, 
since k T cancels in Eqns. 2 and 9 *. In the other 
cases we explicitly calculated k_ T to be twice as 
large as indicated in line E,b or E,c of Table I, if 
we double the value of k T. The small reduction of 
AG(RP - 3 p . )  with temperature (295-185 K) by 
an amount of 0.011 ___ 0.015 eV (slow nuclear spin 
relaxation) and 0.012 + 0.015 eV (fast spin relaxa- 
tion) is almost within the uncertainty of the de- 
termination. Since spin relaxation is expected to 
be slower than koas, we will refer to the values in 
Table IG,b in the following, employing a room 
temperature value of A G ( R p - 3 p * ) = 0 . 1 6 5 _  
0.008 eV. 

Evaluation of the energy difference A H ( R P -  
3 p . )  from the temperature dependence of koB s 
[16] could not account for temperature-dependent 
changes o f  the parameters involved in Eqn. 1. We 
have recalculated A H (and the entropy change 

* According to Eqn. 6, k~ has a contribution from kT, which 
does not cancel. This contribution can be calculated to be 
less than 40% (using the high-field data, Table I), being 
considerably smaller than the uncertainty of measurement, 
and is therefore neglected. 
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AS) from the new experimental data. Assuming 
AH and AS to be temperature independent, a 
linear regression to the temperature-dependent 
data would give an estimate of the energy dif- 
ference and the entropy difference for the three 
cases: 

(a) AH(Rp-3p * ) = 0.123+0.05 eV 

A S(RP- 3p. ) = _ (1.05.10 -4 + 1.5.10- 4) eV/K. 

(b) A H(RP- 3 p.  ) = 0.130 + 0.05 eV 

A S ( R P -  3 p .  ) = _ (1.32.10 -4 + 1.5.10 -4) eV/K. 

(c) A H(RP- 3p. ) = 0.137 + 0.05 eV 

A S(RP- 31a * ) = --  (1.29.10-4 + 1.5.10 - 4 )  eV/K. 

The A H  values are in agreement with Ref. 16. 
The values for the entropy change upon charge 
separation from 3p .  are negligible within the un- 
certainty of measurement. In any case, it is con- 
siderably smaller than the one obtained for charge 
separation from t p . :  AS(RP 1 p . )  = 6.5 • 10 -4 
e V / K  deduced from temperature-dependent fluo- 
rescence data from RCs containing reduced 
quinone [38] and even opposite in sign. Discussing 
models of primary electron transfer, it seems 
justified to neglect the entropy contribution and 
regard AG(RP - 3 p ,  ) = A H(RP - 3 p .  ). 

Comparison with data from delayed fluorescence 
and phosphorescence measurements 

From the temperature dependence of the #s-de- 
layed fluorescence, A H(1 p .  _ 3 p .  ) = 0.4 eV was 
deduced [19]. Phosphorescence of the 3 p .  state 
has recently been detected at 1317 nm indepen- 
dently of temperature [20]. Together with the fluo- 
rescence peaks at 913 and 925 nm for 295 and 90 
K, respectively [38], estimates of A H Q P *  - 3 p .  ) 

0.42 and 0.40 eV can be made, being almost 
independent of temperature. 

Time-resolved fluorescence measurements have 
been performed on quinone-depleted RCs with 
subnanosecond [18] and nanosecond [17] time res- 
olution yielding free energy differences of AG(1p* 
- - R P )  = 0.148 and 0.26 eV, respectively. How- 
ever, these free energy gaps refer to two different 
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states since different kinetic models have been 
invoked in the analyses [38,40]. The smaller value 

per ta ins  to a postulated non-relaxed RP state, 
while the larger one refers to the relaxed RP state 

with a lifetime in the 10 ns range which gives rise 

to magnet ic- f ie ld-dependent  recombina t ion  dy- 

namics  and  which is relevant for the decay of 3p. .  
It can be shown that  A G Q P * - R P r ~ l ~ x ~  ) can be 

extracted from the ratio of the q u a n t u m  yields of 
the fastest (prompt)  and the slowest fluorescence 

componen t s  (Ogrodnik,  A, unpubl i shed  results), 
i ndependen t ly  of which model  is used to interpret  
one or more non-unde r s tood  in termedia te  fluores- 

cence components .  This holds even if any of the 
in termedia te  fluorescence componen ts  turns out  to 
be a prepara t ional  artifact. In  particular,  since 

nei ther  the fastest nor  the slowest componen t s  are 
expected to be distorted by background fluores- 

cence of damaged RCs or free pigments,  our anal-  
ysis is insensit ive to these kinds  of artifacts, in 
contras t  to the one carried out  in Ref. (18,38). 

Such an analysis of data  taken from Ref. 18 yields 
AGQP*  - RP) = 0.245 eV, in good agreement  with 

Ref. 17. 
Together  with A G ( R P - a P * ) = 0 . 1 6 5  eV we 

get A G ( 1 p * - 3 P * ) = 0 . 4 1 0 - 0 . 4 2 5  eV at room 

temperature.  Compar ing  this value with the phos- 
phorescence data  yielding A H(I  p .  _ 3 p .  ) = 0.42 

[20], we recognize that AG (1 p .  _ 3 p .  ) = A H(a p .  
3 p . ) ,  indica t ing  that 1p .  and  3p .  are similar 

in entropy.  Note  that the slight decrease in 
A G ( R P -  3 p . )  with temperature  is also accompa-  

nied by a corresponding decrease in A H Q P * - -  
3p .  ). Since A G ( R P -  3 p . )  has only little en t ropy 

cont r ibut ion ,  the ent ropy change between l p .  and  
RP has to be small, implying  A G - - - A H  for all 
combina t ions  of states l p . ,  RP and  3 p .  in 

quinone-deple ted  RCs. In  conclusion,  we propose 

for RCs of Rb. sphaeroides the following energy 

parameters  at room temperature  [41]: 

AGQP* -- RP) --- AH(lP * - RP) = 0.245-0.26 eV 

AG(Rp-3p *) = AH(Rp-3p *) = 0.165 eV 

AG(1p. _ 3p. ) = AH(1p. _ 3p. ) = 0.42 eV 

These values seem to be suited as a basis for 
the analysis of the various models for the pr imary  
electron transfer processes in RCs. 
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