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Radical-pair decay kinetics and molecular triplet quantum yields at various magnetic fields are reported for 
quinone-depleted reaction centers from the photosynthetic bacterium Rhodopseudomonas sphaeroides R26. 
The radical-pair decay is observed by picosecond absorption spectroscopy to be a single exponential to within 
the experimental uncertainty at all fields. The decay time increases from 13 ns at zero field to 17 ns at 1 kG, 
and decreases to 9 ns at 50 kG. The orientation averaged quantum yield of formation of the molecular triplet 
of the primary electron donor, 3p, drops to 47% of its zero-field value at 1 kG and rises to 126% at 50 kG. 
Combined analysis of these data gives a singlet radical-pair decay rate constant of 5-  107 s - t ,  a lower limit 
for the triplet radical-pair decay rate constant of 1- 10 s s - t  and a lower limit for the quantum yield of 
radical-pair decay by the triplet channel of 38% at zero field. The upper limit of  the quantum yield of 3p 
formation at zero field is measured to be 32%. In order to explain this apparent discrepancy, decay of the 
radical pair by the triplet channel must lead to some rapid ground state formation as well as some 3p 
formation. It is proposed that the triplet radical pair decays to a triplet charge-transfer state which is strongly 
coupled to the ground state by spin-orbit interactions. Several possibilities for this charge-transfer state are 
discussed. 

Introduction 

Reac t ion  centers  are the p igment -p ro te in  com- 
plexes  respons ib le  for pho to induced  charge  sep- 
a ra t ion  in pho tosyn the t i c  organisms  [1-7].  One  

way  to s tudy  the in te rac t ions  in the reac t ion  center  
is to in te r rup t  the no rma l  e lec t ron flow by  re- 
moving  or  p re reduc ing  one  or  more  of  the e lect ron 
carr iers  [8,39]. W e  present  here bo th  the decay  
kinet ics  of  the p r ima ry  radical  ion pa i r  and  the 

Abbreviations: P, primary electron donor; BChl, 
bacteriochlorophyll a; 1 p, excited singlet state of P; 3p, excited 
triplet state of P; I, electron-acceptor complex; BPh, 
bacteriopheophytin a; LDAO, lauryldimethylamine oxide; 
RYDMR, reaction yield detected magnetic resonance; S, sing- 
let; T, triplet. 

q u a n t u m  yield of  the t r iplet  s ta te  of  the p r imary  
e lec t ron donor  at three magnet ic  fields af ter  pulsed 
exc i ta t ion  of  reac t ion  centers  i so la ted  f rom 
Rhodopseudomonas  sphaeroides R26 and  deple ted  
of  the secondary  e lec t ron acceptor ,  ubiquinone .  
These  da t a  are shown to be incompa t ib l e  with the 
mode l  cur rent ly  accepted  for decay  of  the p r imary  
rad ica l  pa i r  when e lec t ron t ransfer  to the quinones  
is b locked.  Our  da t a  suppor t  a modi f ied  mode l  
s imi lar  to one p roposed  b y  Schenck et al. [10] to 
expla in  results  ob ta ined  with  reac t ion  centers  con- 
ta in ing singly reduced  ubiquinone.  We discuss what  
such a modi f i ca t ion  m a y  imply  abou t  the na ture  of 
the ear ly in te rmedia tes  in the charge separa t ion  
process.  

The  p r ima ry  e lect ron donor  (P) in reac t ion  
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centers from Rps. sphaeroides R-26 is thought to 
be a dimer involving two bacteriochlorophyll a 
(BChl) molecules [1], although the physical proper- 
ties of the donor remain the topic of much discus- 
sion [11]. The current view [2-4,6] of the primary 
charge-separation process is that photoexcitation 
of P to the excited singlet state (1p) leads to the 
formation of the singlet radical pair, 1(P~-I~), 
within 10 ps of excitation. This event is followed 
by transfer of an electron from I ~ to Q in about 
200 ps at room temperature. The electron-acceptor 
complex, I, appears to involve both bacterio- 
pheophytin a (BPh) and BChl. On the basis of the 
temperature dependence of the absorption changes 
near 800 nm at low redox potential, Shuvalov and 
Parson [12] suggested that 1(P~-I~) may be an 
equilibrium mixture of 1 ( p ,  BChl~) and ] (p~-BPh ~). 
Picosecond measurements have been taken to indi- 
cate [13] that BChl is an electron acceptor prior to 
BPh in the charge-separation process. 

With Q removed or reduced prior to excitation, 
electron transfer from I ~ to Q is blocked and 
l ( P t I ~ )  decays by alternative pathways. The sim- 
plest current model of the decay of ](P*I~) in 
quinone-depleted reaction centers is shown in Fig. 
1A. l (P t I~ )  can decay by three routes: (i) by 
reverse electron transfer to give the ground state, 
(it) by reverse electron transfer to give the singlet 
excited state ]P followed by deactivation to the 
ground state or (iii) by spin conversion to give the 
triplet radical pair, 3(P±F) .  Routes (i) and (it) 
occur with the total rate constant k s. Route (iii) is 
due to the differing hyperfine and Zeeman interac- 
tions in the two radicals, denoted as a coupling 
frequency, to. 3(P-~F) can decay to the molecular 
triplet state, 3p, with rate constant k T [14] or 
return to the singlet radical pair. The radical pair 
lives 10-20 ns [10]; 3p lives 10-100 #s [12]. 

In quinone-depleted reaction centers, the quan- 
tum yield of 3p decreases monotonically to ap- 
prox. 50% of the zero-field yield on application of 
a 1 kG magnetic field. This has been ascribed to 
the loss of the near degeneracy of the singlet 
radical pair with the T+ and T_ spin sublevels of 
the triplet radical pair [15,16]. The 3p yield in- 
creases again on increasing the field from 1 k G  to 
50 kG, asymptotically approaching a value higher 
than the zero-field value [17]. This increase and 
leveling off of the triplet yield are due to the 
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increasing difference in the Zeeman energy of the 
two radicals with increasing field; that is, to in- 
creases with field. At high enough fields, the S and 
T o states equilibrate prior to charge recombination 
[17]. Microwave irradiation in the presence of an 
appropriate magnetic field also affects the 3p yield 
by mixing T O with T+ and T , thus disturbing the 
spin dynamics prior to charge recombination 
[18,19]. This effect is known as reaction yield 
detected magnetic resonance (RYDMR).  

These magnetic-field effects indicate that P t I ~  
is a weakly coupled radical pair; that is, the elec- 
tron-electron exchange interaction must be very 
small (approx. 10-3 cm-1)  [15]. In order to recon- 
cile the rapid rate of I (P*I~)  formation from 1p 
with this very small exchange interaction, Haber-  
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Fig. 1. Various models of the primary photochemistry in reac- 
tion centers in which electron transfer from I ~ to Q is blocked. 
(A) Simplest model. (B) Model incorporating a close and 
distant radical pair. Magnetic field-dependent spin conversion 
occurs in the radical pair labelled U(P*I~)D. (C) Model 
incorporating decay of the triplet radical pair to the ground 
state. 
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korn et al. [20] proposed a modified model (Fig. 
1B) in which one of the unpaired electrons resides 
on one of two sites: one site close to the other 
radical to explain rapid electron transfer and one 
site distant to explain the small observed exchange 
interaction. The authors introduced electron-trans- 
fer rate constants k c and k D for transfer from the 
close site to the distant site and back again, respec- 
tively. They demonstrated that the theoretical ex- 
pression for the 3p yield would be similar to that 
for the simpler model (Fig. 1A), though the physi- 
cal meaning of the parameters would be somewhat 
different. One example of this model was consid- 
ered by Ogrodnik et al. [21], who suggested that 
the close form of the radical pair might be 
I"3(peBChI~), while the distant form might be 
1.3(p~- BPh~). 

Schenck et al. [10] provided the first indication 
that neither of these two models was sufficient. 
Their measurements of the P*I ~ lifetime and 3p 
yield at zero field and 650 G in quinone-contain- 
ing reaction centers at low redox potential 
(blocked) could not be reconciled with either of 
the models discussed above. The lifetime of P~-I = 
increased too much on application of the 650 G 
field to be explained by the observed decrease in 
the absolute 3p yield, even for extremely disparate 
values of the singlet and triplet radical-pair decay 
rate constants, k s and k T. These authors proposed 
an additional triplet radical-pair decay path lead- 
ing rapidly back to the ground state to account for 
the apparently large fraction of triplet radical-pair 
decay which does not lead to 3p formation (Fig. 
1C). Thus, we are careful here to distinguish the 
quantum yield of 3p formation from the quantum 
yield of radical-pair decay by the triplet channel. 

Support for this additional radical-pair decay 
path in quinone-depleted reaction centers can be 
found by contrasting the reported values of k s and 
k T with the apparent high-field asymptote of the 
3p quantum yield. Values of k r of (5-10)- 108 s -1 
have been suggested by analyses of the RYDMR 
linewidth [18] and of the magnetic field depen- 
dence (0-500 G) of the 3p concentration at vari- 
ous times during 3p formation [21]. With such a 
large value of kT, k s must be less than the recipro- 
cal of the P t I~  lifetime, so less than about 5 • 10 7 
s-1. These values imply a high-field asymptote of 
the 3p quantum yield near unity. Taking ~ to be 

large in the model in Fig. 1A, one obtains: 

~ T ( H  = oo) = k T / ( k  S + k T )  ---~ 0 .9  

In contrast, data on the field dependence of the 3p 
yield [17] suggest the asymptote to be about 0.50 
at room temperature. However, were the decay of 
the triplet radical pair to lead to some rapid ground 
state recovery as well as 3p formation (Fig. 1C), 
then the 3p yield would represent only a fraction 
of the total decay of the triplet radical pair and a 
lower high-field asymptote of the 3p yield than 
that expected from the model in Fig. 1A. 

In order to test this new model further, we have 
performed radical-pair lifetime measurements sim- 
ilar to those of Schenck et al., but for quinone- 
depleted reaction centers at 0, 1 and 50 kG using 
picosecond optical techniques to obtain both 
near-infrared transient difference spectra and de- 
cay kinetics. We find the decay of P*I ~ to be 
slower at 1 kG than at zero field, but faster at 50 
kG than at zero field. In addition, the 3p quantum 
yield has been measured on the microsecond time 
scale by comparison with the known quantum 
yield of P*I ~ in quinone-containing reaction 
centers. These results strengthen the contention 
that an additional triplet radical-pair decay path 
exists and provide numerical estimates or con- 
straints for the values of k s, k T and the quantum 
yield of radical-pair decay by the triplet channel. 

Materials and Methods 

Sample preparation 
Reaction centers were purified from Rps. 

sphaeroides R26 cells by the procedure of Schenck 
et al. [10]. Purity was judged by the ratio, 
A280nm//.Zls02nm = 1.25, of the protein-to-pigment 
absorptions at 280 nm and 802 nm, respectively, in 
0.1% lauryldimethylamine oxide (LDAO), 10 mM 
Tris-HC1 (pH 8.0) [1]. Ubiquinone was removed 
by binding the reaction centers to a small DEAE- 
cellulose column, and washing for 14 h at room 
temperature with 2 ml 4% L D A O / 1 0  mM o- 
phenanthrol ine/10 mM Tris-HC1 (pH 8.0) per 
O D V s o  2 ( O D V s o  2 = A s o 2 n  m • pathlength (cm).  
volume (ml)) [22]. They were then washed with 
several column volumes of 0.025% cholic ac id /10  
mM Tris-HC1 pH 8.0 (buffer 1) to remove LDAO 



and  removed  f rom the co lumn with 1 M N a C I  in 
buf fe r  1. N o t  all  reac t ion  centers  could  be  re- 
moved  under  these condi t ions .  Al l  exper iments  
were done  with those that  were removed.  They  
were  d ia lysed  agains t  buf fe r  1, concen t ra t ed  to 

Aa02n m -----40 in a 1 cm pa th leng th  and  s tored  at 
- 50 ° C. Samples  for  exper iments  were d i lu ted  with 
0.1% Tr i ton  X-100, 10 m M  Tr i s -HCl  (pH 8.0) 
(buffer  2), deoxygena ted  by  repea ted ly  evacuat ing  
and  f lushing a smal l  f lask conta in ing  the s t i r red 
reac t ion  centers  with argon,  and  t ransfer red  

anae rob ica l ly  to the a p p r o p r i a t e  cuvette.  As02n m 
was abou t  0.8; the pa th leng th  was 1 m m  except  for  
the low field, mic rosecond  measurement s  when it 
was 1 cm. In  some exper iments ,  in o rder  to remove  

res idual  oxygen,  1 -5% ( v / v )  200 m M  Na2S204/ /1  
M Tris-HC1 (pH 8.0) was added .  Al l  da t a  were 

taken  at r oom tempera ture .  

Microsecond measurements 

The  f lash- induced  b leaching  of  the 868 n m  ab-  
so rbance  on  the mic rosecond- to - second  t ime scales 
was measured  with  a t rans ient  abso rp t ion  spec- 
t romete r  employ ing  a pulsed,  f r equency-doub led  
N d : Y A G  laser  (6 ns, 532 nm)  and  a cont inuous ,  
868 nm d iode  laser.  W e a k  flashes were used to 
ensure  a l inear  response.  He lmhol t z  coils or  a 
superconduc t ing  so lenoid  suppl ied  the magne t ic  
field [23]. In  qu inone-con ta in ing  p repara t ions ,  the 
868 n m  bleaching  decays  in 0 .05-5  s with no  r ap id  
componen t .  In  qu inone-dep le t ed  p repara t ions ,  the 
b leach ing  decays  to 2% with  an approx .  4 0 / t s  t ime 
cons tan t  character is t ic  of  3p decay  [12]; the re- 
ma in ing  2% is due  to res idual  qu inone-con ta in ing  
reac t ion  centers.  The  ra t io  of  the b leaching  of  the 
868 n m  abso rp t i on  per  p h o t o n  a b s o r b e d  in 
qu inone -dep le t ed  to that  in qu inone-con ta in ing  re- 
ac t ion  centers  was measured  2/~s af ter  a less than  
10% sa tura t ing  flash (less than  2 5 0 / t J / c m  2 at  532 
nm)  with small  cor rec t ions  for (i) the approx .  2% 
b leach ing  due  to qu inone-con ta in ing  reac t ion  
centers  in the qu inone-dep le ted  sample,  (ii) the 
l i fe t ime of  the b leaching  in qu inone-dep le t ed  reac- 
t ion centers  and  (iii) the sl ightly di f ferent  ab-  
sorbances  of  the two samples  at  532 nm (see 
Results) .  

Picosecond measurements 
The  d u a l - b e a m  p icosecond  t rans ient  abso rp t ion  
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spec t romete r  used here has  been  descr ibed  [24,27]. 
I t  is based  on a pass ively  mode- locked  N d : Y A G  
laser  sys tem that  del ivers  35 ps, 1064 nm, 10 mJ  
pulses  at  a 10 Hz repe t i t ion  rate.  Exci ta t ion  flashes 
at  the 532 nm, second ha rmon ic  were a t t enua ted  
to cause approx .  75% sa tu ra t ion  of  the 870 n m  
absorp t ion .  'Wh i t e - l i gh t '  (700-950  nm)  p r o b e  
pulses  of  approx.  35 ps  du ra t ion  were genera ted  in 
CHC13/CC14 f rom a de layed  po r t i on  of  the 
fundamen ta l  and  were expanded  in the ver t ical  
d i rec t ion  in o rde r  to pass  th rough  exci ted and  
unexci ted  regions of  t h e  sample,  def ined  b y  two 
pinholes .  W i t h  a var iab le  de lay  l ine and  an add i -  
t ional  f ixed delay,  t imes up to 25 ns af ter  the 
ac t in ic  flash were p robed .  Care  was taken  to insure  
that  the add i t ion  of  the fixed de lay  d id  not  change  
spat ia l  over lap  of  the p u m p  and  p robe  pulses  at 
the  sample.  To help  achieve this, the focussing 
opt ics  were set up  so that  at the sample  the p r o b e  
l ight  was approx.  1 m m  wide, while the p u m p  l ight  
was approx.  2 m m  in d iameter .  The  electr ic vectors  
of  the po la r ized  p u m p  and  p robe  pulses  were at  
45 ° to each o ther  and  bo th  at  90 ° to the magne t ic  

field. 
Samples  were agi ta ted  every 600 flashes to b r ing  

fresh sample  in to  the small  exci ta t ion region. This  
p reven ted  not iceable  change  of  the t rans ient  dif-  
ference spec t rum at a given de lay  over  a 5 h 
exper iment .  Trans ien t  spec t ra  somet imes  con- 
ta ined  a small  offset  in AA (smal ler  than 0.01) 

TABLE I 

ORIENTATION AVERAGED RELATIVE 3p YIELD AND 
868 nm OBSERVATION ANISOTROPY [23] AS A FUNC- 
TION OF MAGNETIC FIELD STRENGTH 

H(G) laY(H) a a(H) a 

0 1.00 0.00 
10 0.99 + 0.01 
20 0.92 5:0.01 
40 0.75 ± 0.01 

100 0.57 ± 0.02 
1000 0.47 ± 0.02 
5000 0.48 5:0.02 

12500 0.60 ± 0.02 
25 000 0.86 ± 0.04 
37 500 1.08 ± 0.05 
50000 1.26 ± 0.07 

+ 0.035 + 0.002 
+ 0.015 + 0.005 
- 0.047 + 0.012 
- 0.120 ± 0.005 
- 0.146 5:0.004 
-0.1505:0.005 

a Uncertainties are standard deviations of at least threee mea- 
surements. 
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across the 170 nm wavelength interval investi- 
gated. Therefore, decay kinetics were determined 
using the time dependence of the difference in A A 
between two wavelengths. 

Results 

It is our experience and that of others [25], that 
the numerical values of various properties of 
quinone-depleted reaction centers, such as the 
radical-pair lifetime and the magnetic-field effects, 
often vary noticeably among different prepara- 
tions, although all preparations are qualitatively 
similar. At present it is not clear that any one 
preparation best represents the 'native'  case. Here, 
we present results on one quinone-depleted pre- 
paration. We believe similar conclusions would be 
obtained with all quinone-depleted reaction 
centers, but caution against exacting numerical 
comparisons among preparations. 

Microsecond experiments 
As observed previously [23], the extent of 3p 

formation in quinone-depleted reaction centers as 
probed by the 868 nm bleaching at 2 #s decreases 
on application of small magnetic fields (less than 1 
kG) and then increases with larger fields. The 
orientation-averaged 3p yields relative to zero field, 
IaV(H) = ~V(H)/~V(H = 0), are shown in Table 
I. The field at which half the low field decrease in 
IaV(H) is observed, B1/2, was found to be 42 _ 2 
G. Also shown in Table I is the 868 nm observa- 
tion anisotropy of 3p formation in viscous buffer, 
a(H), a measure of the dependence of the 3p yield 
on the orientation of the reaction center in the 
magnetic field (see Ref. 23 for details). 

In order to compare the extinction coefficients 
of quinone-depleted and quinone-containing sam- 
pies, the absorption spectra of two identical sam- 
pies of about 3 #M quinone-depleted reaction 
centers were measured before and after addition of 
1% by volume 1 mM ubiquinone-50 (Sigma Chem- 
ical Co.) in ethanol to one and 1% by volume pure 
ethanol to the other. Microsecond measurements 
showed no 3p formation in the quinone-recon- 
stituted sample. Rather a bleaching lasting seconds 
was seen which is characteristic of charge separa- 
tion in samples containing two quinones [2]. Very 
minor differences between the two samples were 

observed in the near-infrared absorption bands. 
The maximum difference in absorption after re- 
constitution was about 5%; at 868 nm, there was 
no effect to within 0.5%. 

The ratio of bleaching of the 868 nm absorption 
per photon absorbed in quinone-depleted to that 
in quinone-containing reaction centers was found 
to be 0.32 __+ 0.04. This uncertainty represents the 
extremes obtained from many measurements with 
several samples both with and without the re- 
ductant Na2S204 added to the quinone-depleted 
sample. No effect of pulse intensity below 10% 
saturation could be detected. If one condition is 
met, this quantity is the absolute quantum yield of 
3p formation from 1(P~-I~), because the quantum 
yield of p t Q ~  formation from l(p~-I~) in 
quinone-containing samples is unity [26]. That 
condition is that the difference of the ground state 
and 3p extinction coefficients at 868 nm in 
quinone-depleted reaction centers be equal to the 
difference of the ground state and P*Q~ extinc- 
tion coefficients at 868 nm in quinone-containing 
reaction centers. We also assume that the quantum 
yield of I(P~-I~) for 532 nm excitation is the same 
in both types of preparations. The major un- 
certainty in obtaining the quantum yield of 3p is 
its unknown extinction coefficient. As the exact 
nature of the ground state absorption of P is not 
understood, there is the possibility of residual 868 
nm absorption in 3p. An upper limit on the quan- 
tum yield of 3p can be obtained from saturation 
studies with quinone-containing preparations at 
low redox potential [8]; strong, 20 ns flashes cause 
about 70% as much bleaching at 865 nm on the 
microsecond time Scale in reduced quinone-con- 
taining samples as in unreduced samples. These 
results provide an upper limit of about 0.46 on the 
quantum yield of 3p in quinone-depleted reaction 
centers if the extinction coefficient of 3p is as- 
sumed to be the same in the two types of reaction 
centers. This is only an upper limit because the 20 
ns flash used in the measurement cited here was 
not long enough to insure more extensive recycling 
through P*I ~, which would be required to drive all 
reaction centers into the 3p state. In the discussion 
that follows, ~ V ( H  = 0) is taken to be 0.32 __+ 0.04. 

Picosecond experiments 
Near-infrared absorption difference spectra at 



0.04 
h A  r -w  

-0041 
t -200 ps 

A. 

~ . A J I , . , . ,  ._A . . . . .  , .  ,. , . ,  L a t _ ~ / ~  
" ,~;v,V~,vxr '~¥.-~v, . ,v~/y~,  ,Tr , "  

0.04 
AA 

-0.04 

g .  ~ ? ~  0.1 ns 
5.8 ns . . . . .  
25 ns . . . . .  

i 
~ r , / i  I "  i i 

L / ' $ 1  ~ ,  i i i i i i i 

I, i1" .J. '4 ~P" 
P ~^., ~.~. t .4Y 

A 0.8 C ~  

0.4 

750 800 850 900 
Wovelength (nm) 

Fig. 2. Absorption difference spectra obtained at several delay 
times following excitation of quinone-depleted Rps. sphaeroides 
reaction cen te r s  with subsaturat ing 532 nm 35 ps flashes at 
room temperature. (A) Absorption changes obtained when the 
probe flash arrived at the sample before the excitation flash 
(zero field). The spectrum is the average of spectra obtained 
using 300 excitation flashes. (B) Difference spectra at delays 
after the excitation flash in a 50 kG magnetic field. The 0.1 and 
5.8 ns spectra are each the average of spectra obtained using 
600 excitation flashes, while the 25 ns spectrum is the average 
of spectra obtained using 1200 excitation flashes. (C) Ground  
state absorption spectrum (zero field). 

three times after the flash are shown in Fig. 2B for 
quinone-depleted reaction centers in a 50 kG mag- 
netic field. The ground-state absorption spectrum 
at zero field is shown in Fig. 2C for comparison. 
Similar difference spectra were found at zero field 
and at 1 kG, but the time dependence of the 
absorption changes were not the same, as dis- 
cussed below. The hill absorbance changes ob- 
served in Fig. 2A at the negative delay, where the 
probe pulse arrives at the sample prior to the 
excitation pulse, indicate that the reaction centers 
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have relaxed completely between flashes, so that 
no transient species remain in the excited volume. 

The positive and negative features at 786 and 
812 nm, respectively, and the zero crossing near 
795 nm in the 0.1 and 5.8 ns difference spectra in 
Fig. 2B are characteristic of the formation of P*I ~ 
[12,27]. These absorption changes and those for 
PYQ= in quinone-containing samples are quite 
complex and not fully understood. They are prob- 
ably due to a combination of an electrochromic 
blue shift and alterations of pigment-pigment in- 
teractions caused by oxidation of P and reduction 
of I, though additional possibilities have been dis- 
cussed [2-5,27]. The absorption changes in the 800 
nm region in Fig. 2B at a 25 ns delay are similar to 
those seen for 3p by Shuvalov and Parson [12]. 
Thus, in our spectra as P t I=  decays and 3p forms, 
the absorption changes between 780 and 815 nm 
decrease in amplitude, the negative feature shifts 
to shorter wavelengths from 812 to near 800 nm, 
and the zero-crossing point shifts to the blue by 
about 5 nm. 

The room-temperature difference spectra of 
P-hi= and 3p presented by Shuvalov and Parson 
[12] indicate that the difference in AA between the 
peak at 786 nm and the trough at 812 nm in the 
PYI ~ spectrum is at least 10-times greater than the 
difference in AA for the same wavelengths in the 
3p spectrum, when both spectra are normalized at 
870 nm. We thus take the difference in AA at 786 
and 812 nm as a measure of the PYI = concentra- 
tion. Below, we discuss the possible effects on the 
interpretation of our results of any small contribu- 
tion of 3p to this AA difference. The negative 
feature at 870 nm is due to ground-state bleaching 
(Figs. 2B and 2C) and will be taken as a measure 
of the total concentration of P*I = and 3p. The 
assumption here is that 3p and P*I ~ both have 
small extinction coefficients compared to that of 
the ground state at 870 nm. This is essentially the 
same assumption as that made above in the de- 
termination of ~3p(H = 0). 

Examples of the time dependence of these fea- 
tures are shown in Fig. 3. The absorption changes 
in the 800 nm and the 870 nm regions are plotted 
as a function of time for three magnetic fields. In 

"both regions, the differences in the absorption 
changes at two wavelengths are plotted. This pro- 
cedure removes any small (less than 0.01) baseline 
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Fig. 3. (A) Plots of the radical pair decay in the 800 nm region. 
The solid curves are nonlinear, least-squares fits of  the 
(AA786n m -  AAs12,m) data to single exponentials with zero 
asymptote; the lifetimes of these exponentials are 13.0, 17.3 
and 8.5 ns at zero field, 1 kG and 50 kG, respectively. (B) Plots 
of  the ground state recovery in the 870 nm region at three 
magnetic fields. The solid curves are fits of  the (AAgoon m -- 
AAsT0,m) data to single exponentials with asymptotes of  32%, 

fluctuations (see Materials and Methods) and en- 
sures maximum sensitivity to the PtI~  decay in 
the 800 nm region. In each case, the circles are the 
experimental points for one set of  measurements. 
There is no evidence of any rapid decay (shorter 
than 100 ps). The solid curves through the 
( A A T s 6 n  m - - A A a 1 2 n m )  data in Fig. 3A represent 
nonlinear least-squares fits to single exponentials 
with zero asymptote. The decay times determined 
from such fits of the data from three samples at 
zero field, two at 50 kG and one at 1 kG are listed 
in the second column of Table II, (radical-pair 
decay time, zero asymptote). We were unable to 
obtain difference spectra at a very long delay (over 
25 ns) and so unable to exclude a small asymptote 
for the ( A A 7 S 6 n  m - A A s l 2 n m )  data. The asymptote 
should scale with the 3p yield; so, the 50 kG data 
would be most affected (see Table I). Using the 
transient absorption data of Shuvalov and Parson 
[12] mentioned above, the maximum asymptote is 
0.1 ¢,p(H). The lifetime determined with this 
asymptote is listed in the third column of Table II 

15% and 46% at zero field, 1 kG and 50 kG, respectively (see 
Table II, text and footnote on p. 431); the lifetimes of  these 
exponentials are 11.3, 15.2 and 8.1 ns, respectively. The dashed 
curves in (B) are fits in which both the lifetime and the 
asymptote are fit. The lifetime and asymptote (in parentheses) 
are 11.8 ns (23%), 15.4 ns (12%) and 12.5 ns (30%) at zero field, 
1 kG and 50 kG, respectively. Average values determined from 
measurements on a number of samples are listed in Table II. 

TABLE II 

PICOSECOND MEASUREMENTS 
SU M MARY OF KINETICS 

The relative asymptotes (given in parentheses) are defined to be: 

a A 7 s ~ . m ( t  = o o ) -  A As12.m( t = or) AA900.m( t = oo ) -  A As7 o .m(  t = ~ )  
x ~- and: y 

A A T a 6 n m ( t  = 0)--AAsl 2 n r n ( t  = 0) AA900nm(t = 0 ) -  AAs70nm(t = 0) 

O3v(H ffi 0) is taken to be 0.32. I ( H )  values are taken from IaV(H) values in Table I and from the equation given in the footnote on p. 
431. Errors reported are standard deviations of three sets of measurements at zero field and two sets of measurements at 50 kG. The 
measurements at 1 kG were not repeated. 

Magnetic field Radicai-pair decay time Ground-state recovery time 
(kG) (ns) (ns) 

Zero asymptote Non-zero asymptote Fixed asymptote Fit asymptote 
(x  = 0.103p(H ffi O)I(H)) (y  = O ' p ( H  = O)I(H)) (y) 

0 13.3 +0.3 12.6 +0.3 (0.032) 10.1 + 1.0 (0.32) 12.8 + 1.0 (0.21 +0.01) 
1 17.3 16.9 (0.015) 15.0 (0.15) 15.5 (0.12) 

50 9.2 4-1.0 8.3 4- 0.8 (0.046) 7.4 4-1.0 (0.46) 9.2 4- 4.7 (0.40 4- 0.15) 
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(radical-pair decay time, non-zero asymptote). The 
asymptotes are in parentheses; see footnote to the 
table. These non-zero asymptotes did not improve 
the fits significantly. Larger asymptotes yielded 
poorer fits in all cases. 

Examples of the time dependence of the quan- 
tity (AA90On m - - A A 8 7 0 n m )  are shown at three mag- 
netic fields in Fig. 3B. The solid curves are fits to 
single exponentials with fixed asymptotes equal to 
the 3p yield appropriate to that field (Table I *) 
using O3p(H= 0 ) =  0.32. The ground state re- 
covery times thus determined from several sets of 
data, and the asymptotes (in parentheses) are listed 
in the fourth column of Table II. Comparison of 
the solid curves with the experimental data in Fig. 
3B shows that the 870 nm bleaching recovers to a 
lower asymptote than expected. This suggests that 
the absolute 3p quantum yield measurement dis- 
cussed earlier may be high; it certainly argues 
against it being too low. Thus, the value of 0.32 for 
O 3 ( H  = 0) is likely to be an upper limit. However, 
because of the nature of the two methods and the 
associated errors, the microsecond measurements 
should give better relative 3p yields than the pico- 
second measurements. 

The quality of the fits to the (AAg0On m -- 

AA870nm) data is improved, and the agreement 
with the radical pair decay times better, when the 
asymptote is not fixed, but rather is fit along with 
the ground state recovery time (dashed curves in 
Fig. 3B). The ground state recovery times and 
asymptotes (in parentheses) determined from this 
procedure are shown in the last column of Table 
II. 

* In the picosecond measurements, the electric vector of the 
polarized probe light was perpendicular to the field. The 
relevant 'observed' 3p yield, here called simply O3p(H), is 
approximately that appropriate for an immobilized reaction 
center [23]: 

*3p(H) = ( 1 - a ( H ) } ~ v ( n )  

This is because the rotational correlation time for a 100 kDa 
complex in a buffer of 1 cp viscosity is approx. 40 ns [28], 
several times longer than the average time before detection of 
the 3p in this experiment. Similarly, the relative observed 
yield, here called simply I(H), is taken to be {1- 
a(n)}laV(H). 

The agreement between the radical pair decay 
times and the ground state recovery times in Table 
II at a given magnetic field is good, considering 
the difficulty of the measurements; they are the 
same to within the error of the measurements. A 
clear trend in lifetime as a function of  magnetic 
field is established. Application of a 1 kG field 
slows the decay but leads to a more complete 
decay of the 870 nm bleaching (reflecting the 
diminished 3p yield). Increasing the field to 50 kG, 
accelerates the decay of all features but also leads 
to less complete decay of the 870 nm feature (now 
reflecting the increased 3p yield at 50 kG). We 
conclude that the radical-pair decay and ground- 
state recovery times are the same to within the 
experimental uncertainty, and that the best values 
of the radical-pair lifetime, T(H), are: 13 + 1, 17 
-t- 1 and 9 _ 1 ns at zero field, 1 kG and 50 kG, 
respectively. 

Discussion 

Analysis of data 
From Fig. 1 one deduces that the increased 

P*I  ~ decay time with decreased 3p yield at 1 kG 
and the decreased decay time with increased 3p 
yield at 50 kG imply that k T is greater than k s. In 
fact, k T is greater than 1/(9 ns), and k s is less 
than 1/(17 ns). This is in contrast to the earlier 
conclusion that k s was greater than or equal to k T 
drawn from the field dependence of the 3p yield 
alone [23]. This previous conclusion was based on 
the apparent high-field asymptote of the 3p yield 
(approx. 50%) and the assumption of the model in 
Fig. 1A that triplet radical-pair decay leads exclu- 
sively to 3p formation (in which case O3p(H = oo) 
= k x / ( k  s + k r )  ). Thus, the present results suggest 
that radical-pair decay by the triplet channel does 
not lead exclusively to 3p, and that some rapid 
ground state recovery occurs by this decay chan- 
nel. With this addition to the model, the difference 
in relative magnitudes of k s and k T deduced from 
the two types of measurements can be reconciled. 

In order to interpret this new data more 
quantitatively, we define, as others have [16], a 
generalized, field-dependent, radical-pair lifetime, 
~-(H), as the time integral of the concentration of 
the radical pair normalized to its initial concentra- 
tion: 
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~(H) =- 
Cs(n , t=0)  

where Cs(H,t ) and CT(H,t ) are the concentra- 
tions of singlet and triplet radical-pairs, respec- 
tively. This lifetime has the advantage of being 
equal to the conventional lifetime for a single 
exponential decay and so may be readily equated 
with the measured decay times. In fact, Tang and 
Norris [29] have shown that with k r > ks, the 
decay should be very ne~irly single exponential. 
This lifetime can also be related to the yields of 
decay of the radical pair by the singlet and triplet 
channels, ~ s ( H )  and ~ T ( H ) ,  respectively, and the 
singlet and triplet decay times, ~'s - l / k s  and ~T -- 
1/kT,  respectively: 

~ - ( H )  = f f~s(H)  ~'s + # T ( H ) * T  (1)  

This relation comes directly from the following 
expressions for the yields: 

*~( H ) fo °°ksCs( H, t  ) dt 

Cs( H,t =O ) 

f f~T(H) 
fo °°kTCT( H,t  ) dt 

Cs(n , ,=0)  

Finally, the total yield of radical-pair decay by 
both channels is unity: 

dPs( H ) +  ~T(  H ) = 1  (2)  

Ideally, one would like to take advantage of 
Eqns. 1 and 2 to obtain expressions for ~'s and ~'T 
in terms of measured quantities. However, the 
discussion above indicates that the yield of radical 
pair decay by the triplet channel, ~ T ( H ) ,  appears 
not to be equal to the 3 p  yield, ~3 (H) .  In the 
following analysis, we will assume ~ , ( H )  and 
• T ( H )  to be proportional but not necessarily 
equal (see footnote on p. 431): 

I(H) =- ~3,(H)/~3p(H= O) = ~T(H)/~T(H = O) (3 )  

This assumption is justified if the inequality of 
• 3p(H) and ~ T ( H )  is due to competition be- 
tween two field-independent decay processes from 
3(P*I~). We then solve for T s and (~'s - ~ 'T)~T(H 

= 0) from Eqns. 1-3:  

"I( HO~( H~)-~( n2)~( H1) 
• s = I(H2)-I(H1) (4) 

"i( H,)-'i( H~) 
(~'s - ~'T)~T(H = 0) I(Hz)_ I(H1 ) (5) 

These quantities are overdetermined because there 
are data at three fields. Various pairs of fields give 
the same values within the uncertainty. The values 
and limits of error are: 

"is = 20.6 + 1.6 ns  

and: 

( ' l  S -- "iT) O T ( H  = 0)  = 7 . 9 + 1 . 5  ns 

Because ZT must be positive, we can also extract a 
lower limit for ~ T ( H  = 0) from Eqns. 4 and 5: 

+(H,)-+(H~) 
• T(H= 0) ~ r(H1)I(Hz)-  r(H2)I(H1) = 0.38+0.05 (6) 

This should be contrasted with ~3p(H = 0) of 0.32 
_+ 0.04. The lower ~-(50 kG) values which would 
result f rom including a 3 p  yield-dependent 
asymptote in fits to the ( A A 7 8 6 n  m --  A A 8 1 2 n m )  data 
(third column of Table II)  would increase the 
values of the expressions in Eqns. 4-6.  Further- 
more, if, as the (AA900n m - A A 8 7 0 n m )  data in Fig. 
3B and Table II  suggest, the microsecond measure- 
ment of ~ ,p(H = 0) = 0.32 is in fact too high, then 
the difference between ~ ,  and ~T is further 
accentuated. 

We next examine calculations of the triplet 
radical pair decay yield [23]. These calculations are 
based on the kinetic and magnetic parameters of 
the radical pair (see footnote on p. 433). We use 
the value of k s = 5 . 1 0  7 s - 1  obtained above and 
look for values of kT which fit the relative 3p yield 
data subject to the constraint that: 

(~'s - ~'T) @r  ( H = 0)  = 7 . 9 + 1 . 5  ns  

We choose parameters for the difference in the 
hyperfine and Zeeman interactions of the radicals 
based on ESR data of trapped radicals in the 
reaction center [5]. That  is, at high field (H>~ 1 
kG), we choose a Gaussian distribution of the 
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TABLE III 

FITS TO 3p YIELD AND P*I* DECAY DATA 

lk T and Agis o were  varied; other parameters were fixed as described in the text and footnote on this page. No fit was possible for 
values of J and D left blank. 

D/ge f l  c (G) J /g , ,8 .  (G) - 15 - 10 0 + 10 + 15 + 20 

k.r(s -1) 

0 Agis o 

e T ( H  = 0)  

k T ( S  - 1  ) 

-- 50 Agis  o 

¢ ~ T ( H  = O) 

k T (S - 1  ) 

- 7 5  Agis 0 

~ T ( H  = O) 

k T (S -1 ) 
- 100 Agis o 

• T ( H  = O) 

7.108 8.108 
8.10 -4 8.10 -4 
0.45 0.47 

7.108 
8.10 -4 
0.48 

4.108 
9.10 -4 
0.46 

3.108 
9.10 -4 
0.41 

d i f f e r e n c e  in  h y p e r f i n e  e n e r g i e s  o f  t he  t w o  r a d i c a l s  

o f  s e c o n d  m o m e n t  ( A i ~ J 2 )  2 a n d  a d i f f e r e n c e  in  

t he  i s o t r o p i c  g - t e n s o r s  o f  Agi~ o w h e r e  [23]: 

A i ~ / g e f l  e = 16 G 

a n d :  

A giso ~ 1 0 -  3 

( ge  a n d  fie a r e  t h e  f ree  e l e c t r o n  g - f a c t o r  a n d  t h e  

B o h r  m a g n e t o n ,  r e spec t i ve ly . )  A t  l ow  f ie ld  o n e  

h y p e r f i n e  i n t e r a c t i o n  w i t h  a s p i n  ½ n u c l e u s  for  

e a c h  r a d i c a l  is c h o s e n  [30]: 

A p . / g v 8  e = - 9.5 G 

a n d :  

A r / g , B  e = +13 G 

Fig .  4 s h o w s  o n e  e x a m p l e  o f  a f i t  t o  t h e  r e l a t i v e  3 p 

y ie ld  d a t a  f r o m  t h e  m i c r o s e c o n d  m e a s u r e m e n t s  *. 

T a b l e  I I I  s h o w s  t h e  v a l u e s  o f  k T a n d  Agis o w h i c h  

g ive  f i ts  to  t h e  d a t a  f o r  v a r i o u s  v a l u e s  o f  t h e  

e x c h a n g e  p a r a m e t e r ,  J ( t h e  a v e r a g e  d i f f e r e n c e  o f  

t r i p l e t  a n d  s i ng l e t  ene rg ies ) ,  a n d  t h e  e l e c t r o n  di -  

t The development of the theory until this section does not 
depend on more subtle details of the model chosen for the 
dynamics of the radical pair. Effects due to electron hopping 
from close to distant sites or reformation of ~P have been 

p o l e - e l e c t r o n  d i p o l e  p a r a m e t e r ,  D.  V a l u e s  o f  J a n d  

D w e r e  e x c l u d e d  w h e n  n o  p a i r  o f  k T a n d  Agis o 

v a l u e s  c o u l d  b e  f o u n d  to  g ive  a r e l a t i v e  3p  y ie ld  vs. 

m a g n e t i c  f i e ld  s t r e n g t h  c u r v e  t h a t  f i t  t h e  expe r i -  

m e n t a l  d a t a  (Fig .  4). O n l y  a l i m i t e d  r a n g e  o f  J a n d  

D a l l o w s  f i ts  to  t h e  d a t a ;  m o r e o v e r ,  J a n d  D h a v e  

o p p o s i t e  s igns  fo r  s i g n i f i c a n t  v a l u e s  o f  D;  t h e y  

c o m p e n s a t e  to  p r o v i d e  a s m a l l  a v e r a g e  s e c o n d  

m o m e n t  o f  t h e  s i n g l e t - t r i p l e t  s p l i t t i n g  a t  h i g h  f ield.  

T h e  v a l u e s  o f  k T o f  3 - 8  • 10 8 s -  1 l i s t ed  in  T a b l e  

I I I  a r e  in  r o u g h  a g r e e m e n t  w i t h  t h e  v a l u e s  o f  k T o f  

( 5 - 1 0 ) - 1 0  8 s - 1  o b t a i n e d  b y  b o t h  N o r r i s  e t  al.  [18] 

a n d  O g r o d n i k  e t  al.  [21]. T h u s  h a v i n g  a b a n d o n e d  

t h e  a s s u m p t i o n  t h a t  al l  t r i p l e t  r a d i c a l - p a i r  d e c a y  

p r o d u c e s  3p,  we h a v e  d e t e r m i n e d  a k s v a l u e  o f  

considered by others [21], but are neglected here, as they 
have been by others (see, e.g., Refs. 18, 19, 25 and 29). 
Although this may not be a valid approximation, there is, in 
our opinion, insufficient quantitative information at present 
to allow a reasonable guess of their magnitude. As further 
approximations, we have neglected anisotropic hyperfine ef- 
fects: A.~ = 0; D is chosen to be negative as expected for a 
radical pair; and non-axial electron-dipole-electron-dipole 
effects are neglected: E = 0 [23]. flo is chosen to fit a (1 kG). 
We find it impossible to fit both the very negative a ( H )  data 
near 50 kG and, with the same parameters, laY(H). We are 
not sure of the origin of this difficulty. Since the parameters 
Agis o = --2Agax, Agrh = 0 and fls = 0° give large negative a 
(50 kG) values, they are used throughout. However, we have 
chosen to fit la" (H)  and the curvature of a ( H )  and not the 
absolute magnitude of a ( H )  at high fields. 
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Fig. 4. Expe r imen ta l  re la t ive 3p yield and  868 n m  observa t ion  

an i so t ropy  (O) and  ca lcu la ted  relat ive 3p yield and  an i so t ropy  

( ) for the fo l lowing pa ramete r s  (see text  and  footnote  

on p. 433): k s = 5 .107 s - l ;  k T = 3 .108 s - l ;  J/gcfle = + 1 5  G;  

D/ge f l  e = - 7 5  G;  E = 0; fin = 60°. H igh  field: Aiso/gcfl  ¢ = 16 
G;  A a x = 0 ;  A g i s o = - - 2 A g a x = - - 9 " l O - 4 ;  A g r h = 0 ;  f i g = 0  °. 

LOW field: A p + / g e f l ¢ = - 9 . 5  G; A F / g ¢ f l ¢ = 1 3  G; gp+ = 
2.0026; g r  = 2.0036. ~bT(H = 0) was ca lcu la ted  to be 0.41 for 
these parameters ,  a ( H )  was no t  ca lcu la ted  be tween 0 and  1 k G  
( . . . . . .  ). 

about 5 • 107 s-1 from the kinetic data and k z of 
(3-8) .108 S - 1  from the relative 3p yield data. 
With such large values of k r ,  the low-field data 
cannot be used to determine the magnitude of the 
dipolar interaction, D, unambiguously [17,30]. 
However, given the relatively large absolute value 
of the exchange interaction, IJ/gefl~l  = 16 ___ 4 G 
(expressed in the convention for J used here), 
obtained by Norris et al. [18] from the dependence 
of the R Y D M R  effect on microwave power, a 
r_elativelv large absolute value of the dipolar inter- 
action D/g¢f l¢  ~ - 75 G is required (see Table III  

and Fig. 4). This value of D is in rough agreement 
with the value obtained by Norris et al. [18], 
D / g e f l  e = - 50 _+ 10 G, but the required sign of J 
is in contrast to the conclusion of Norris et al. that 
J < 0. Their determination of the sign of J is not 
based on the R Y D M R  effect, but rather on a more 
complex analysis involving the magnetic field ef- 
fect. 

The calculated yield of radical pair decay by the 
triplet channel at zero field in Fig. 4, ~bT(H = 0) = 
0.41, is at the low end of the range of the values in 
Table III ,  but is still substantially greater than the 
3p yield observed assuming the extinction coeffi- 
cients of p!-Q~ and 3p at 868 nm to be the same. 
If  only a fraction of the decay actually gives 3p, 
then the low values of the 3p yield, ~3p, can be 
reconciled with the higher values of the yield of 
radical pair decay by the triplet channel; ~b T. Our 
results indicate that at room temperature between 
50 and 80% of the radical pairs which decay by the 
triplet channel actually form 3p. The rest return 
rapidly to the ground state. This conclusion sup- 
ports the model in Fig. 1C originally proposed by 
Schenck et al. [101. 

Possible branching mechan i sms  

How does this fraction return to the ground 
state? Certain triplet biradicals formed by 
cycloalkanone photolyses give singlet products 
without prior spin conversion to the singlet biradi- 
cals [31]. De Kanter  and Kaptein [32] have re- 
cently discussed the role of spin-orbit coupling in 
promoting these reactions. A related mechanism 
may be responsible for the production of the sing- 
let ground state from a triplet radical ion pair in 
reaction centers. However, it is unlikely that 
3(p~-I~) is the radical pair coupled by the spin-orbit 
interaction to the ground state. A triplet radical 
pair with strong interactions between the radicals 
is a much more likely candidate. 

Spin-conserving electron transfer from a weakly 
coupled radical pair (e.g., 3(P+F))  to give another 
state of the same spin multiplicity depends on the 
perturbation of the initial state by the Coulomb 
interactions of the electrons on one radical with 
the nuclei on the other [33]. On the other hand, 
electron transfer from a weakly-coupled radical 
pair to give another state of different spin multipl- 



icity depends on perturbation by the magnetic 
(spin-orbit) interactions of the electrons on one 
radical with the nuclei on the other [34]. The 
Coulomb interactions are generally much larger 
than the spin-orbit interactions ~I. Thus, electron 
transfer is not expected to result in a spin change 
until a triplet state is reached that is stable with 
respect to spin-conserving electron transfer due to 
Coulomb interactions. One possibility is that 
branching takes place in an intermediate triplet 
state as illustrated in Fig. 5A. Another possibility 
(not illustrated in Fig. 5) is that branching occurs 
at 3(p+I~) leading to formation of 3p and another 
triplet state that can relax rapidly to the ground 
state. 

One possibility for the nature of either of these 
new states is a charge-transfer triplet state. In a 
charge-transfer state [36], as opposed to a weakly 
coupled radical-pair state, two 'radicals '  are 
strongly coupled and the system is best described 
by eigenstates of the Hamiltonian including the 
Coulomb interactions between the electrons and 
nuclei of these 'radicals ' ;  for this reason a charge- 
transfer state is stable with respect to those 
Coulomb interactions. In this model, electron 
transfer from 3(p~-I~) would populate quasi-sta- 
tionary triplet states. Spin-orbit coupling to the 
ground state could be significant in a charge-trans- 
fer triplet state if the or-electron systems involved 
were not parallel, a condition which allows spin 

S The first depend on the matrix elements of (zeffe2/r) where 
r is, for instance, the separation of the electron on I ~ from a 
nucleus of effective charge ZCffe on P~'. The spin-orbit inter- 
actions involve matrix elements of (h2/2rn~c2)(zcfre2/ra). 
Because the first factor, (h2/2m2¢c2)= (2.7-10 -]3 m) 2, is 

very small compared with atomic dimensions, these spin-orbit 
matrix elements are much less than the Coulomb matrix 
elements. The spin-orbit interaction also requires that the 
participating atomic orbitals have orbital angular momen- 
tum. The commonly used spin-orbit Hamiltonian [35] is: 

e 2 2  N n z e f f  

~-~ ~-~ ~K Ir.s. " ~ s o  2 2  A'd  /--~ 3 ~ t 
2mec K--li--1 riK 

where K is an index over all nuclei and i is an index over all 
electrons. For both this and the Couiombic interaction, the 
argument being made here neglects those possible relative 
orientations of the radicals which give no interaction. Such 
orientations are very unlikely; furthermore, small relative 
motions within the reaction center would lead to some inter- 
action. 

A 

B 

ip I 

I(p+ I-) w(H) 3(p-k I-) 

P l  
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ip BChl BPh~= 

I(p+ eChl-) BPh -~ 
~ /  ~.. 1,3[P'I'BChl BPh-] 

hv 3(p.+ BChI-. ) BPh 
3p 1 

BChl BPh / 
P BChl BPh 

C I(BChll BChl 2) I 
\ T I(BChll+BChl2 - )  I ".~ 

/ "- I, ~[(BChl I B C h12)-l- I- ]  
h~' / 3(BChlI'I'BChl2-) I *'* 

j ~ (BCh l  I BChl 9 I 

(BChI,BChl2) I 

Fig. 5. (A) A model of the initial photochemistry in blocked 
reaction centers incorporating an unknown triplet state which 
is coupled by spin-orbit interactions to the ground state and by 
vibronic interactions to 3 p. The possibility that some or all of 
the branching of the triplet decay channel occurs from the 
weakly-coupled radical pair, 3(p+I~) is not illustrated here, but 
is not ruled out by our analysis. (B) A model incorporating two 
electron acceptors: BChl and PBh. BChl participates in a 
charge-transfer state with P. (C) A model incorporating 
charge-transfer states of the dimeric electron donor. The energy 
differences between states illustrated in these figures is only for 
clarity of presentation. It is possible, for example, that the 
triplet charge-transfer state lies above the energy of the 
weakly-coupled radical pair. Magnetic field-dependent spin- 
conversion, to (H) ,  occurs in the radical pairs labelled 1,3 [ p t  I ~ ]. 

and orbital angular momenta  to be exchanged on 
electron transfer. Such a state might well go unde- 
tected if it is formed more slowly than it decays. 

What  is the chemical nature of this charge- 
transfer triplet, if indeed it does exist? Current 
ideas about the reaction center suggest several 
possibilities. One possibility (Fig. 5B) is based on 
the proposal of Shuvalov and Parson [12] that 
P-+I ~ is an equilibrium mixture of P~-BChl ~ and 
P+BPh ~. As pointed out in the introduction, it has 
been proposed that ] (P*BChF)  may be an inter- 
media te  charge- t ransfer  state en route to 
](PtBChlBPh=). 3(p~-BChF) could be the triplet 
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charge- t ransfer  s ta te  p receed ing  3p format ion .  It 
should  be po in t ed  out  that  the role we suggest for 
3 ( p t B C h l  ~) is i ncompa t ib l e  with cer ta in  deta i l s  of  
the model  of  Shuvalov and Parson.  In  par t icu lar ,  
f rom the t empera tu re  dependence  of  the 3p decay  
rate,  they suggest that  the in t r ins ic  t ime cons tan t  
for  3 ( p t B C h F )  in te rsys tem cross ing to the g round  
s tate  is 3 /ts. In  contras t ,  the in t r ins ic  t ime con- 
s tant  for the in te rsys tem crossing in the tr iplet-  
charge  t ransfer  s tate that  we are  cons ider ing  mus t  
be at  least  two orders  of  magn i tude  faster  to 
account  for the small  observed 3p yield. 

A n o t h e r  poss ib i l i ty  is that  P, cons idered  to be  a 
d imer  of  BChls  [1], could  i tself  have charge- t rans-  
fer states. P*I  ~ might  be best  descr ibed  as 

(BChl  tBChl  2 ) t  I~ and the t r iplet  charge- t ransfer  
s ta te  as 3(BChl~-BChl~)I, local ized on the d imer  
(Fig.  5C). A charge- t ransfer  s ta te  of P has been 
p r o p o s e d  to account  for  the spectral  and  kinet ic  
results  in reac t ion  centers  with bo th  I and  Q 
reduced  pr io r  to exci ta t ion  [9]. Al ternat ive ly ,  P t I ~  
might  co r respond  to a d i s tan t  radical  pa i r  with the 
posi t ive  charge  on one  half  of the dimer,  
BChl~BChI2 I~, and  the t r iplet  charge- t ransfer  
s ta te  might  co r re spond  to a t ight ly  coup led  ' r a d i -  
cal pa i r '  with the posi t ive  charge on the o ther  half  
of  the dimer,  BChl13(BChI2*F). 

The  3p yield increases  subs tan t ia l ly  with de- 
creas ing t empera tu re  in qu inone-con ta in ing  reac- 
t ion centers  [10] and  in qu inone-dep le ted  ones 
[37]. The  singlet  r ad ica l -pa i r  decay  pa thway  m a y  
be  t empera tu re  dependen t ,  and  the b ranch ing  of  
the t r iplet  r ad ica l -pa i r  decay  pa thway  m a y  also be 
t empera tu re  dependent .  Both effects should  con- 
t r ibute  to the t empera tu re  dependence  of  the 3p 
yie ld  and poss ib ly  could  be d is t inguished by  the 
t empera tu re  dependence  of  the radical  pa i r  decay  
kinetics.  Unfor tuna te ly ,  the s t rong t empera tu re  de- 
pendence  of  the 870 n m  abso rp t ion  band  [38] 
makes  molecu la r  in te rp re ta t ions  of  o ther  tempera-  
t u re -dependen t  effects difficult .  

In  conclusion,  we have p resen ted  evidence that  
the t r iplet  radical  pair ,  3 ( p t F ) ,  decays  not  only  to 
the molecu la r  tr iplet ,  3p, but  also, to a s ignif icant  
extent ,  by  ano ther  pa thway  that  r ap id ly  regener-  
ates  the g round  state. We  suggest  this m a y  be due 
to fo rma t ion  of  a s t rongly  coupled  ' r ad i ca l  pa i r '  (a 
charge- t ransfer  t r iplet  state),  which exper iences  
re la t ively s t rong sp in-orb i t  coupl ing  to the g round  
state.  
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