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General equations are formulated to describe the competition between primary photochemistry (trapping) by photo- 
synthetic reaction centers (RCs) and bimolecular singlet-singlet annihilation which occur upon excitation with 
picosecond laser flashes. These equations are solved under the assumption of fast equilibration and free energy 
migration between photosynthetic units (lake model) with homogeneous antenna and of irreversible trapping (the initial 
charge separation does not repopulate an excited state). The yield and the kinetics of fluorescence and of trapping are 
calculated as a function of the energy of the picosecond flash and of the fraction of RCs closed before excitation. 
Theoretical curves are adjusted to fluorescence yield measurements in the purple bacterium Rhodospirillum rubrum 
(Bakker, J.C.G., Van Grondelle, R. and Den Hollander, W.T.F. (1983) Biochim. Biophys. Acta 725, 508-518) and are 
used to analyse time-resolved photovoitage measured on Rhodobacter sphaeroides R26.1 whole cells. From these 
analyses, a parameter that relates the competition between trapping and annihilation as well as the ratio of the 
quenching efficiency for open and closed RCs are determined. 

Introduction 

Upon excitation of photosynthetic membranes by 
very short laser flashes, the decay of the excitation 
involves two main processes: trapping and losses. Here 
trapping shall be defined as the formation of the first 
charge separated state. The losses can be divided into 
monomolecular (such as fluorescence and intersystem 
crossing) and bimolecular (such as singlet-singlet anni- 
hilation) processes. 

In the reaction center (RC) of purple bacteria, three 
essential molecules are involved in electron transport 
during the first redox reactions: P, the primary electron 
donor, H, the intermediary acceptor and QA, the first 
stable electron acceptor. Excitation of isolated RCs in 

Abbreviations: RC, reaction center; PSU, photosynthetic unit; P, 
primary donor; H, intermediary pheophytin acceptor; QA, first 
quinone acceptor. 
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the redox state PHQA gives rise to an excited state 
P*HQA which initiates, in about 3 ps, the primary 
charge separation P +H-QA before the electron is trans- 
ferred from H to QA on a 100-300 ps time-scale [1-3]. 

In the photosynthetic membrane, the migration and 
trapping processes occur in the subnanosecond time 
range. Thus, even in the case of excitation by picosec- 
ond flashes, the concentrations of RCs in the different 
states PHQA, P*HQA, P+H-QA and P+HQ~ vary 
during the lifetime of the excitons in the antenna. The 
reduction of P+ and the oxidation of Q~, by secondary 
electron carriers take place on a time-scale longer than 
10 ns [4-6] and the concentration of the RCs in a state 
resulting from these secondary reactions may thus be 
considered to be constant during the exciton lifetime. 

The appearance of the states P+ H-QA and P+ HQA 
has been detected by time-resolved absorption [7] and 
light-gradient photovoltage measurements [8]. On the 
other hand, the fluorescence decay kinetics monitor the 
lifetime of the exciton in the antenna [9,10]. 

In this work, we analyze the subnanosecond processes 
resulting from the excitation by a picosecond flash of 
the photosynthetic membrane of purple bacteria in 
which the concentration of two states of the RCs is 
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List of terms used 

a parameter relating the competition between annihilation and 
trapping (a  = ~, /2-F.  ko) 

E energy of excitation flash (photons- cm - 2) 
f proportionality factor in the light-gradient theory 
~b fluorescence yield 
~, bimolecular singlet-singlet annihilation rate constant  
F quan tum yield of primary photosynthetic charge separation 
l ( t )  intensity of excitation flash ( p h o t o n s . c m - 2 - s  -1)  (photon 

flux) 
k i rate constants 
n(t )  mean number  of excitons per RC 
N antenna size/size of PSU (average number  of antenna pig- 

ments per RC) 
qo(t)  fraction of open RCs 
Qo fraction of open RCs before the flash 
qor fraction of open RCs after the flash 
qc(t)  fraction of closed RCs 
o absorption cross section of one mean antenna pigment  
Ter r transmission of one membrane of an effective vesicle 
r i time constants  
V photovoltage 
V 0 photovoltage created by closure of all RCs in a single mem- 

brane 
z normalized excitation in hits per trap (z = o - N - E )  

varied before excitation. These two states, which have 
different quenching rate constants [11,12], are defined 
as: 
(i) the 'open' state, PHQ A, in which the RC is able to 
perform photochemistry. The trapping of an exciton by 
an RC in this state is defined by the appearance of the 
charge separated state P÷ H-QA; 
(ii) the 'closed' state, in which the primary donor is 
oxidized (P÷). This state exhibits a lifetime much longer 
than the exciton lifetime [4-6]. 

In the photosynthetic membrane, a statistical photo- 
synthetic unit (PSU) is defined as the ratio of antenna 
pigments to RCs. In addition, the excitons created in a 
given PSU may not stay confined within this unit but 
can migrate to neighboring units. These connected PSUs 
constitute a photosynthetic domain which, in the case of 
purple bacteria, has been shown to be large [13-15]. In 
many photosynthetic purple bacteria the light-harvest- 
ing system is heterogeneous, consisting of peripheral 
and core antenna. Since the latter lies at lower energy, 
the excitation is very quickly transferred from the pe- 
ripheral to the core antenna where it gets equilibrated 
and trapped by the RC [12,16]. It has been proposed 
that the connectivity occurs at the level of the core 
antenna [14]. 

At low intensity, when no more than one exciton is 
present per domain, the excitons decay by the usual 
monomoleeular processes, characterized by the rate 

constants ko and k c for open and closed RCs, respec- 
tively: 

k o= klo + kf + k s (1) 

kc = k k  + kr + k s (2) 

where k~o denotes the rate constant of trapping, k1¢ the 
quenching rate constant of P+, k f the decay rate con- 
stant by fluorescence and k s the rate constants of all 
other loss processes. 

At high intensity, when several excitons are created 
simultaneously in a domain, bimolecular exciton-exci- 
ton annihilation can occur in addition to the other 
decay pathways [12,13,17]. Upon excitation with pico- 
second flashes, the major bimolecular deactivation pro- 
cess is by singlet-singlet annihilation [17], which may 
lead to the disappearance of either one (Eqn. 3) or both 
(Eqn. 4) excitons: 

S~ + Sl Z~S~ +So (3) 

S~ + S~ ~SO + So (4) 

where ~'t and Y2 denote the corresponding bimolecular 
rate constants. 

The detailed mechanisms of energy transfer have 
been considered by several authors, including Knox 
[18,19]. Pearlstein [20] and Paillotin [21] and were sum- 
marized by Van Grondelle [12]. Several theories have 
been derived to determine the trapping time for photo- 
synthetic systems in the low energy limit [22-24]. Fur- 
thermore, several theoretical descriptions of the depen- 
dence of the fluorescence yield on the energy of a 
picosecond flash when exciton-exciton annihilation is 
present have been proposed. For example, Paillotin et 
al. have formulated a Master equation approach to 
extract the size of photosynthetic domains [25,26]. The 
theory is limited to the case where the RC is either in 
the closed state or altogether absent. Den Hollander et 
al. [27] also used a Master equation to derive the 
fraction of RCs closed as a function of the average 
number of excitons per domain when all RCs are in the 
open state before the flash. 

None of these theories covers the kinetics of fluores- 
cence and trapping as well as the case where a fraction 
of RCs is in the closed state before the flash. However, 
time-resolved photovoltage measurements have recently 
been shown to provide valuable information on the 
trapping time, both in the low and high intensity reg- 
ime, as well as on the trapping yield when a fraction of 
RCs is in the closed state before the flash [8,28]. 

In this work, assuming fast equilibration and free 
migration of the excitons between PSUs in a large 
domain (lake model), a combination of analytical and 
numerical treatment of the equations describing exciton 



trapping and annihilation in the photosynthetic mem- 
brane after picosecond excitation is presented. The yields 
and the kinetics of fluorescence and trapping are calcu- 
lated as a function of the intensity of the picosecond 
excitation flash and of the initial concentration of open 
reaction centers. These calculated curves are compared 
to a set of experimental data obtained by fluorescence 
and photovoltage measurements in purple bacteria. 

Theoret ica l  approach 

Trapping and excitation decay: general equations in the 
lake model 

We consider a domain consisting of many RCs (lake 
model) in which the average number of antenna pig- 
ments per RC is N. In this case, the time dependence of 
the mean number, n(t) ,  of excitons per RC and the 
fractions, qo(t) and qc(t), of RCs in the open and 
closed states when the domain is excited by an incident 
photon flux l ( t )  may be expressed [25,26] using the 
general Eqns. 5 to 7, in which o is the absorption 
cross-section per molecule of pigment in the antenna, 
2' = 2'1 + 2.2'2 is the overall bimolecular decay rate con- 
stant according to Eqns. 3 and 4 and F is the quantum 
yield of formation of the closed state (P+) when all the 
RCs are in the open state [25]. 

dn(t) 
dt oNl(t)-  kon(t)qo(t ) -  kcn(t)qc(t ) -  ½7n(t) 2 (5) 

dqo(t) dt Fk°n(t)q°(t) (6) 

dq~(t) 
dt Fk°n(t)q°(t) (7) 

For delta function excitation, l ( t )  = E .  8(0 ,  the ex- 
citon-generating term o. N .  I ( t )  in Eqn. 5 can be set 
equal to zero, and 

dn(t) 
dt n(t)[(k°-kc)q°(t)+kcl-~yn(t)2 (8) 

In the following, we define z as the initial number of 
excitons created per RC (z = n ( 0 ) =  o .  N - E )  and we 
introduce the dimensionless parameter a = 2 ' /2 .  F .  k o 
which measures the competition between singlet-singlet 
annihilation and exciton capture by open RCs. We also 
consider that only a fraction of RCs, Qo, is open before 
the flash. Then, Eqns. 8 and 6 give: 

( , o-ko d [qo(t)~= qo(t) ~ =+lr k 
dt~ Qo ] - Qo ] [ r k ° z + Q ° ~ +  

[qo(t)\ 2 ko-kc+[qo(t)'~kc 
) eo J (9) 
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and: 

1 ( q o ( t )  - '  d 
n(t)=-F"k~ol,'--~'-o ) dt(q°(t)]~ Qo ] (10) 

After the complete decay of the excitons in the 
antenna, d(qo( t ) /Qo) /d t  = 0. The fraction of RCs still 
open reaches its final value, qof, which can be de- 
temined from the following Eqn. 11, deduced from Eqn. 
9 in stationary state: 

( qot ~ ° [ FkoZ + k o - k¢ qof \ ko - kc kc 
~QoJ 

In the absence of annihilation, the extrapolation of 
Eqn. 11 for a ~ 0 gives: 

,nqo, 
qot Qo ( l la)  

It can be shown by numerical solution of Eqns. 5 to 
7 and by comparison with the value of qot deduced 
from Eqn. 11a that this equation contains the special 
case of longer excitation flashes (nanosecond laser 
flashes) in which singlet-singlet annihilation can be ne- 
glected. In addition for k o = kc, Eqn. 11a simplifies to: 

q°--!= e -rz (llb) 
Qo 

which is the exponential saturation law derived from the 
cumulative Poisson statistic in a separate unit model 
[29]. 

The fluorescence yield, O, is defined by: 

O= ~ fo°°n( t) dt (12) 

Integrating Eqn. 6 gives the relationship between • 
and the residual fraction, qof, of open RCs after excita- 
tion: 

kf . [ qof't 
o=---mrkoz [Qo)-- (13) 

Prediction for the yields and kinetics of trapping and 
fluorescence 

Trapping yield. Eqn. 11 can be used to calculate the 
residual fraction, qot, of open RCs after excitation as a 
function of the energy of the picosecond flash (parame- 
ter z), of the initial concentration of open RCs (parame- 
ter Qo), of the competition between exciton-exciton 
annihilation in the antenna and trapping by open RCs 
(parameter a), and of the relative quenching efficiencies 
of the RCs in the open and closed states (parameter 
ko/kc) .  
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Fig. I. Fraction of RCs closed after excitation by a picosecond flash, 
( 1  - -  qof), as a function of the average number of photons absorbed 
per RC, z. All the RCs are in the open state before excitation 
(Qo -1).  The quantum yield of primary charge separation is assumed 
to be F = 1. (a) Influence of the competition between exciton-exciton 
annihilation and trapping. Large values of a indicate a strong anni- 
hilation. For all curves, k o / k  c = 4. (b) Influence of the ratio of the 
quenching rate constants for the open and closed states of the 

RCs (a = 1). 

When  all the RCs  are open before  exci ta t ion  (Qo = 1), 
the fract ion (1 - q o r )  of  RCs closed by  the p icosecond  
exci ta t ion  is p lo t ted  as a funct ion of  z in Fig. 1. F o r  a 
given exci ta t ion intensi ty,  ( 1 - q o f )  increases when a 
decreases  and  when k o / k  c increases, i.e., when anni-  
h i la t ion and exci ton cap ture  by  RCs in the closed state 
compe te  less eff ic ient ly  with t r app ing  by  open RCs. 

When  only  a f ract ion Qo of  the RCs is open before  
exci ta t ion,  the fract ion of  RCs closed by  the p icosecond  

exci ta t ion ( Q o -  qot) can also be  ca lcula ted  from Eqn. 

~ 1.0 

~ .,.., 0.5 

k~/k l a l J L '  z I b l J L ' =  IclJ 

0.5 1 0 0.5 10 0.5 1 
Fraction of RCs closed before excitation 1- Qo 

Fig. 2. Relative fraction of RCs closed by a picosecond flash as a 
function of the initial fracdon of RCs in the closed state, (1-  Qo). 
The curves are normalized on the fraction of RCs closed by the 
picosecond flash when all the RCs are open before excitation. F = 1. 
(a) Influence of the ratio of the quenching rate constants for the open 
and closed states, k o / k  c (z =0.1, a-0.01). (b) Influence of the 
average number of photons absorbed per RC, z ( k o / k  c = 4, a = 0.01). 
(c) Influence of a, describing the competition between annihilation 

and trapping ( k o / k  c = 4, z = 0.5). 
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Fig. 3. Time-integrated fluorescence yield d~ measured on a picosec- 
ond flash excitation as a function of the average number of photons 
absorbed per RC. Al l  the RCs are in the open state before excitation 
(Qo = ]). The curves are normalized to the fluorescence yield ~o 
calculated in the low energy l imit (z --, 0). F = ]. (a) Influence of the 
competition between annihilation and trapping. Large values of a 
indicate a strong annihilation ( k o / k  c = 4). (b) Influence of the ratio 
of the quenching rate constants for the open and closed states, 

k o / k  c ( a = l ) .  

11. F o r  presenta t ion ,  this quan t i t y  is normal ized  to the 
fract ion of  RCs  that  would  be  closed by  the flash if all 
the RCs  were open  before  exci ta t ion  (Fig.  2). W h e n  all 
o ther  pa rame te r s  are  held cons tan t ,  a progress ive in- 
crease of  the f ract ion of  c losed RCs  causes a decrease  in 
the f ract ion of  RCs  c losed by  the p icosecond  exci ta t ion,  
but  this decrease  is less p ronounc e d  than  p red ic ted  by  a 
p ropor t i ona l i t y  to Qo. This  non l inea r i ty  is due  to the 
fact that  the c losed RCs  quench  the exci tons  less effi- 
ciently.  The  higher  the value of  k o / k  c, the higher  is the 
p robab i l i t y  of  exci tons  be ing  t r apped  by  open RCs  and  
the more  p ronounc e d  is the non l inear i ty  (Fig.  2a). This  
co r responds  to an increase  of  the a p p a r e n t  abso rp t ion  
cross-sect ion of  still open  RCs.  The  effect is more  
p r o n o u n c e d  when the exci ton dens i ty  is low (z  ~ 1) 
and  tends  to d i s appea r  a t  higher  exci ton dens i ty  (z  > 1) 
(Fig.  2b). In the la t ter  case the quench ing  eff iciency of  
closed RCs has l i t t le inf luence on the closure of  the 
remain ing  open RCs.  

W h e n  ann ih i l a t ion  is i m p o r t a n t  ( a  increasing)  the 
overall  f ract ion of  RCs  closed af ter  exci ta t ion  decreases  
(Fig.  2c). This  process  is ref lected in Fig. 2c only  by  the 
losses induced  in the popu l a t i on  of  exci tons  migra t ing  
f rom PSUs with c losed RCs towards  PSUs  with open  
RCs and  thus appea r s  as a second-orde r  effect. 
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Fig. 4. Stern-Volmer plots of the fluorescence yield induction as a 
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fluorescence yield calculated for the picosecond flash and @max is the 
value of @ calculated when all the RCs are closed before excitation 
( Q o = 0 ) .  F = I .  (a) Influence of the ratio of the quenching rate 
constants  for the open and closed states, k o / k  ¢. (b) Influence of a, 

describing the competition between annihilation and trapping. 

Fluorescence yield. The integrated fluorescence yield, 
• , can be calculated according to Eqn. 13 in which the 
residual fraction of open RCs, qof, after the excitation 
flash is determined from Eqn. 11. 

The dependence of the fluorescence yield, ~, on the 
excitation energy, z, when all the RCs are open before 
excitation is plotted in Fig. 3. • is normalized to the 
value ~0 calculated in the low energy limit (z --, 0) for 
which annihilation can be neglected. 

When bimolecular annihilation does not compete 
with exciton trapping (a  << 1), the fraction of RCs 
converted to the closed state increases with z (see Fig. 
la). If the quenching efficiency of the closed state is 
lower than that of the open state (k¢ < ko), this induces 
an increase in the fluorescence yield. The higher k o / k  ¢, 
the more pronounced is this induction phenomenon 
(Fig. 3a) which takes place during the lifetime of the 
excitons. 

At higher energy, or for large values of a, the fluores- 
cence induction phenomena get masked by bimolecular 
annihilation processes (Fig. 3a). The quenching of the 
fluorescence upon increasing z is less pronounced when 
k o / k  ~ is large (Fig. 3b). 

The progressive closure of a fraction (1 - Qo) of the 
RCs gives rise to classical induction phenomena. Stern- 
Volmer plots of ( ~ m ~ / @ ) -  1 as a function of (1-Qo) 
are shown in Fig. 4, where ~m~, is the fluorescence yield 
calculated for a picosecond probe flash when all the 
RCs are closed before excitation (Qo = 0). The fluores- 
cence induction increases with k o / k  ~ (Fig. 4a) and is 
attenuated when bimolecular annihilation processes in- 
troduce losses during excitation transfer between PSUs 
(Fig. 4b). 

Kinetics of trapping and fluorescence. The time depen- 
dence of the fraction of open RCs, qo, can be obtained 
by numerically solving Eqn. 9. The calculated value 
qo(t) can then be used in Eqn. 10 to determine the 
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kinetics of the decay of the exciton concentration, n(t) ,  
in the antenna. 

A set of trapping kinetics and exciton decay curves, 
corresponding to different values of a and for a given 
value of the other parameters, is depicted in Fig. 5. 
Singlet-singlet annihilation causes an apparent accelera- 
tion of trapping (Fig. 5a), due to a shortening of the 
exciton lifetime in the antenna (Fig. 5b), in addition to 
the decrease of the efficiency of closure of the RCs 
already noticed (Fig. la). 

Although the exciton decay is usually not exponen- 
tial, we will denote in the following by ~t the time 
needed for n( t )  to reach the value z / e  and by ~o the 
time for which the fraction (Qo - qo(t)) of RCs closed 
is equal to (Qo - qof)( 1 - e - l )  • In the low energy limit, 
the values of ~r and % are equal to ko ~ if all RCs are 
open before excitation. 

The dependence of % and ~r on the excitation inten- 
sity is shown in Fig. 6 for different values of a. It is 
interesting to note that the trapping time is less affected 
by the bimolecular annihilation processes than the exci- 
ton lifetime and starts to be independent of a when 
there are three or more excitons created per RC. In the 
absence of annihilation, the shortening of the trapping 
time at high energies is due to the bimolecular interac- 
tion between the excitons and the traps. 
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Fig. 5. Profiles of  the decay (a) of the fraction of RCs in the open 
state, qo and (b) of the average number  of excitons per RC, n. 
Influence of a, describing the competit ion between annihilation and 
trapping. For all curves, the average number  of  photons absorbed per 
RC is z = 1, the initial fraction of open RCs is Qo = 0.5, the ratio of  
the quenching rate constants  of the open and closed states is k o / k  c = 4 

and F = 1. 
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Influence of a, describing the competition between annihilation and 
trapping. (b, e) Influence of the ratio of the quenching rate constants 
for the open and closed sta tes ,  k o / k  c. (c, f) Influence of the average 

number of photons absorbed per RC, z. 

The dependence of % and ~'t on the fraction (1-Qo) 
of RCs closed before excitation is shown in Fig. 7. The 
classical fluorescence induction already noted (Fig. 4) is 
due to the increased exciton lifetime when a fraction of 
RCs is closed and k o > k c. The fluorescence decays 
faster with stronger annihilation (Fig. 7a), or with more 
efficient quenching of the closed state (Fig. 7b), or with 
increasing excitation energy (Fig. 7c). All these depend- 
encies correspond to a decrease in the fluorescence 
yield, as already discussed (Figs. 3 and 4). The trapping 
time also gets faster either with stronger annihilation 
(Fig. 7d), or with more efficient quenching of the closed 
state (Fig. 7e), or with increasing excitation energy (Fig. 
7t"). 

For the case of pronounced energy transfer between 
PSUs ( ko /k  ¢ = 4) and rather low energy (z = 0.2), the 
kinetics of fluorescence and trapping get slower with 
increasing fraction of closed RCs (Figs. 7a and 7d). The 
increase of annihilation ( a = 0 . 1  to 5) masks this 
lengthening. The kinetics of fluorescence and trapping 
are affected in a very similar way by the closure of the 
RCs (compare Figs. 7a and 7d). The decrease in the 
quenching efficiency by closed RCs also induces a 
parallel lengthening of the fluorescence decay and of 
the trapping kinetics (Figs. 7b and 7e). 

A comparison of Figs. 7c and 7f demonstrates a 
different behaviour of the trapping and exciton kinetics 
in different ranges of energy. In the low energy limit 
(z = 0.01), the decay of qo(t) follows the exciton decay 
n(t). This is no longer the case at higher energy (z = 1). 
At high energy, especially if a considerable fraction of 
RCs is already closed, the remaining open RCs become 
closed before the untrapped excitons have disappeared. 
Thus, the trapping time can be much faster than the 
fluorescence lifetime. This trend is less pronounced 
when the effect of annihilation is larger. 

To our knowledge, this comparison of fluorescence 
lifetimes and trapping kinetics, in both the low and high 
energy range, has never been treated before. The pre- 
sent theory allows the molecular parameters that govern 
the exciton dynamics to be extracted from measure- 
ments of both fluorescence and photovoltage not only 
in the low energy limit but also in the presence of 
annihilation. 

Comparison with experimental data 

In the following, the applicability of the theory will 
be demonstrated by an analysis of fluorescence yield 
measurements reported in Rhodospirillum rubrurn [15] 
and of new photovoltage data on Rhodobacter 
sphaeroides R26.1. The fluorescence yield measurements 
in Ref. 15 have been previously analyzed by the theory 
of Den Hollander et al. [27]. This allows a comparison 
of the theoretical approaches to be made. A treatment 
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Fig. 8. (a) Energy dependence of the time-integrated fluorescence 
yield • measured (Fig. 2 in Ref. 15) upon excitation of R. rubrum 
chromatophores by a 35 p s ,  532 nm laser flash. O, all the RCs were 
closed before excitation (Qo - 0) by background illumination, o, all 
the RCs were open before excitation (Qo = 1). (b) Fraction, qor, of 
RCs closed by the picosecond flash (from Figs. 1 and 2 in Ref. 15) 
when all the RCs were open before excitation. Continuous lines in (a) 
and (b) are calculated from Eqns. 11 and 13 with /~ = 0.95, ko/k c = 

3.4, a - 4 a n d  N.o=3.10-1Scm 2. 

!, 

I 1 

0 

0 0 

1 i I i t i I I I I t 

5.10 la, 1015 
Energy of the ps f lash  ( photons .e ra% 

Fig. 9. Energy dependence of the amplitude of the photovoitage 
elicited from Rb. sphaeroides R26.1 whole cells by a 30 ps, 532 nm 
laser flash [30]. The continuous line is calculated from Eqn. 11 with 
F=0.95, ko/k c=3.0,a=1, N.o=3.10-1~cm 2 andf.  V o=4mV. 

Both theories fit the data  equally well, as seen by a 
compar ison of  the curves in our  Fig. 8 and in Fig. 2 of  
Ref. 15. Using a similar value for the ratio k o / k  c, the 
present theory allows for the annihilat ion parameter  a 
to be extracted, whereas with the other theory the 
analogue parameter,  r, is not  accessible with sufficient 
precision. On  the other hand, the theory of  Den Hol-  
lander et al. [30] gives access to the number  of  units per 
domain,  which in R. rubrum is found to be 16 + 2. 

of  a more extended set of  photovol tage data, including 
kinetics, is given in the accompanying  paper  [30]. 

Analysis or fluorescence yield measurements 
In R. rubrum, a 3- to 4-fold increase in the fluo- 

rescence yield is observed when the pr imary donor  is 
converted into the oxidized state P+ [9,10,15]. In Fig. 8a 
is plotted the time-integrated fluorescence yield ~ mea- 
sured by Bakker et al. [15] as a function of  the energy of  
a 532 nm ps flash in R. rubrum chromatophores ,  either 
with all the RCs kept in the closed state or  with all the 
RCs  open before the flash. For  open RCs (Qo = 1) Fig. 
8b shows the fraction qor of  RCs closed by the picosec- 
ond  flash, qof is determined by the fluorescence yield 
measured with a weak xenon flash (Fig. 2 in Ref. 15) 
together with the calibration of  this fluorescence yield 
by absorpt ion change measurements  (Fig. 1 in Ref. 15). 

The cont inuous lines in Fig. 8 represent the theoreti- 
cal fits using Eqns. 11 and 13 with F - 0.95, k J k  c = 3.4, 
a = 4  and N . o = 3 . l O - l S c m  2. Taking, as in Ref. 15, 
an absorpt ion cross-section 0 = 6 . 1 0  -17 cm -2 at 532 
nm for the B880 molecules, the average number  of  
an tenna  molecules per RC is N = 50. In Fig. 8b, even 
for the strongest excitation used, which generates more  
than five excitons per RC, only 65% of the RCs are 
closed. This strong competi t ion between exciton-exciton 
annihilation and the capture of  excitons by open RCs is 
reflected by the large value of  a. 

Analysis of photovoitage measurements 
In light-gradient experiments [8,31,32], the ampli tude 

of  the photovoltage elicited by a picosecond flash f rom 
a suspension of  photosynthet ic  vesicles can be related to 
the fraction of  RCs closed by the excitation [33]. 

The ampli tude of  the photovol tage  from Rb. 
sphaeroides R26.1 is plot ted in Fig. 9 as a funct ion of  
the 532 nm picosecond flash energy [30]. In double  flash 
experiments, the photovol tage signal was recorded on a 
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Fig. 10. Amplitude of the photovoltage elicited from Rb. sphaeroides 
R26.1 whole cells by a 30 ps, .532 nm laser probe flash, as a function 
of the energy of a 30 ps, 532 nm actinic flash preceding the probe 
flash by 20 ns [30]. The continuous line is calculated with the same set 

of parameters as for Fig. 9. 
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probe flash of given energy, which was applied 20 ns 
after an actinic flash of variable energy. The amplitude 
of the photovoltage elicited by the probe flash is a 
measure of the fraction Qo of RCs still open after the 
actinic flash, and is expected to decrease when the 
energy of the actinic flash increases. The results of such 
experiments are depicted in Fig. 10, in which the ampli- 
tude of the photovoltage on the probe flash is normal- 
ized to its value in the absence of the actinic flash 
(Qo = 1). The amplitude, V, of the photovoltage is cor- 
related with the fraction of RCs closed by the picosec- 
ond excitation by Eqns. 14 and 14a in Ref. 33. Using 
these equations and Eqn. 5, the data in Figs. 9 and 10 
are well fitted with F = 0.95, a = 1, ko/k~ = 3.0, N- o 
= 3 .1 0  -15 cm 2 and with the transmission coefficient 
Tel f and the maximum photovoltage amplitude f - V  o 
[33] equal to 0.003 and 4 mV, respectively. This set of 
parameters gives also a good fit of the photovoltage 
kinetics as a function of both the excitation energy and 
the initial fraction of open RCs [30]. The 4-times higher 
value of et in R. rubrum indicates that annihillation 
competes more strongly with trapping in this species 
than in Rb. sphaeroides R261. The competition appears 
to be also more pronounced in R. rubrum than in Rb. 
capsulatus [15]. 

Conclusion 

A theory is developed which describes the compe- 
tition between bimolecular annihilation and trapping in 
the photosynthetic membrane of purple bacteria upon 
picosecond flash excitation. Assuming a lake model in 
which two states of the RCs are characterized by their 
exciton quenching efficiencies, the differential equations 
describing the annihilation processes and the fluo- 
rescence and trapping kinetics can be solved. Compari- 
son of calculated curves with experimental data (see 
also Refs. 30,34) shows that this macroscopic picture of 
the energy transfer is accurate enough to describe the 
main features of trapping and fluorescence decay in 
photosynthetic purple bacteria. The main limitation of 
this theory is the assumption of a free energy transfer 
between PSUs. The finite dimension of the photo- 
synthetic domain is taken into account in more detailed 
theories [25-27] in which the number of connected 
PSUs is one of the parameters attempted to be de- 
termined. These theoretical approaches are certainly 
more realistic in describing the excitation transfer but 
they need a mathematical formalism which makes them 
hard to be intuitively understood. 

Applying one of these theories [27] for chromato- 
phores of R. rubrum and Rb. capsulatus, domain sizes of 
16 + 2 and 35 + 15 are found, respectively [12,15]. The 
fluorescence yield starts to decline for energies of a 
picosecond flash lower than 1013 photons,  cm -2 (Fig. 
8a), which correspond to less than 0.03 photons ab- 

sorbed per RC [15]. Since exciton-exciton annihilation 
can only occur if two or more excitons are created in 
the same domain, this suggests that more than 20 PSUs 
are connected in R. rubrum chromatophores. Fluores- 
cence yield simulations in Ref. 26 have shown that the 
lake model is a good approximation when the number 
of connected units exceeds 10. Thus, although the ap- 
proach used in this work in its present form does not 
give information about the photosynthetic domain size, 
its formulation is justified in the case of purple bacteria. 

The simple formalism allows this theory to be easily 
used as a first analysis of the experimental data. The 
occurrence of significant deviations from this phenome- 
nological description should then suggest to the experi- 
mentalist the need of a more elaborate theory to extract 
more information from the measurements. 
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