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KINETICS AND T H E R M O D Y N A M I C S  OF T H E  P870 +QA ~ P870 +Q~ REACTION IN ISOLATED 
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The temperature dependences of the P 8 7 0 + Q A - - >  P870QA and P 8 7 0 + Q ~  ~ P870QB recombination 
reactions were measured in reaction centers from R h o d o p s e u d o m o n a s  sphaeroides.  T h e  data indicate that the 
P870 + Q ~  state decays by thermal repopulation of the P870 +QA state, followed by recombination. AG ° for 
the P870 +QA -~ P870 + Q ~  reaction is - 6 . 8 9  kJ • tool - i, while A H  ° = - 14.45 kJ • mol - i and - T A S  ° = 

+ 7.53 k J .  mol - i. The activation ethalpy, H * ,  for the P870 + QA -~ P870 + Q B- reaction is + 56.9 k J .  mol - i 
while the activation entropy is near zero. The results permit an estimate of the shape of the potential energy 
curve for the P870 + QA ~ P870 + Q ~  electron transfer reaction. 

Introduction 

Reaction centers of photosynthetic bacteria are 
pigment protein complexes that efficiently convert 
photon energy into redox energy. In purple photo- 
synthetic bacteria, the complex contains four 
bacteriochlorophyll molecules, two bacteriopheo- 
phytin molecules, two quinones, an iron atom and 
three peptides [1,2]. The primary electron transfer 
event occurs from excited bacteriochlorophyll(s) 
that in the ground state absorb maximally at 870 
nm (P870). The initial electron acceptor is either a 
bacteriochlorophyll (B) or a bacteriochlorophyll- 
bacteriopheophytin complex (I) [3]. The charge- 
separated state P870+I is stabilized against re- 
combination by a rapid (~" = 200 ps) electron 
transfer [4,5] to a quinone acceptor (QA), which in 
Rhodopseudomonas sphaeroides is ubiquinone [6]. 

A second quinone acceptor is reduced in 200 
/~s, leading to the state P870+Q~. The QAQB '~ 

* To whom correspondence should be addressed. 

QAQ~ reaction can be measured by a double-flash 
technique [7,8], a kinetic analysis of the recombi- 
nation [9], or most easily by monitoring the ab- 
sorbance of bacteriopheophytin in the near in- 
frared (750 nm), which exhibits somewhat differ- 
ent electrochromic shifts when QA or QB is re- 
duced [10]. The activation energy for this reaction 
(in chromatophores of Chromatium oinosum, Rps. 

sphaeroides and Rhodospirillum rubrum ) has been 
determined to be between 8.3 and 10.5 kcal. mo l -  
[7,9,111. 

The second quinone acceptor can accept two 
electrons, and the semiquinone form is stable for 
many minutes. This gives rise to binary oscillations 
in semiquinone content if an efficient electron 
donor is present to rereduce P870 + before recom- 
bination can take place [12,13]. The system ex- 
hibits a complex pH dependence, in which oscilla- 
tions in proton uptake that are out of phase with 
semiquinone formation are observed at low pH. 
The strength of oscillation in proton uptake is 
attenuated in the neutral region and eventually 
disappears at high pH [14]. The rate of the QAQa 
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QAQB reaction is only weakly pH-dependent  
0.3 d e c a d e / p H  unit), indicating that proton up- 
take is not rate-limiting for this reaction [14,11,15]. 
However, the rate of the QAQB ~ QAQ~- reac- 
tion is strongly pH-dependent  [11,14,15] (1 de- 
c a d e / p H  unit); the product of this reaction is the 
fully reduced quinol QBH2, which then dissociates 
from the reaction center and is replaced by an 
oxidized quinone. 

If reaction centers contain only a single quinone 
and no electron donors, or if the inhibitor o- 
phenanthroline is present, the state P870+QA is 
formed after a flash and decays by electron recom- 
bination with ~ approx. 100 ms at room tempera- 
ture [16]. If the reaction center contains two 
quinones, the state P870+Q~ is formed after a 
flash and decays with • approx. 1 s at room 
temperature [16,17]. Reaction centers with average 
quinone contents between one and two exhibit 
biphasic kinetics; the amplitude of the 1 s phase is 
linearly related to the quinone content above one 
[17]. Thus the 100 ms phase reflects recombination 
from the P870+QA state in reaction centers 
without a functional QB, while the 1 s phase 
reflects recombination from the P870 +Q~ state. 

The mechanism of the P870+Q~ ~ P870Qa re- 
combination has been the subject of considerable 
discussion. The question has been whether the 
recombination between P870 + and Q~ is direct or 
whether it proceeds via thermal repopulation of 
QA, followed by recombination from the state 
P870+QA . Stopped-flow experiments in which o- 
phenanthroline was mixed with reaction centers 
preilluminated so as to form the state P870+Q~ 
implied that the recombination was direct, al- 
though an ambiguity existed if o-phenanthroline 
was unable to bind in the state P870+Q~ [17]. 
Subsequently, it was shown that indeed o- 
phenanthroline is ineffective in this state [18,19] 
and that the indirect pathway alone can account 
for the decay of P870+Q~ [14,19,8]. 

The free-energy gap between P870+QA and 
P870+Q~ has been measured by redox titrations 
[20,21], delayed fluorescence [22], double-flash 
techniques [8] and by analyzing the decay of the 
P870+Q~ state [14,19,8]. All the methods give 
remarkably consistent values of - 6 0  to - 8 0  
meV *, equivalent to an equilibrium constant of 
10-20. Kleinfeld et al. [8] determined the standard 
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enthalpy and entropy contributions to the flee-en- 
ergy storage to be - 2 3 0  and -0 .55  m e V / K ,  
respectively. We have also determined the free 
energy, enthalpy and entropy of this reaction with 
similar but not identical results. Additionally, we 
have determined activation parameters for this 
reaction. Together, the results allow an estimate of 
the shape of the potential energy curve for the 
P870+QA ---, P870+Q~ reaction. 

Materials and Methods 

Reaction center isolation. Cells (approx. 200 g) 
of Rps. sphaeroides R-26 were suspended in 20 
mM Tris buffer, pH 7.5, 100 mM NaC1/5 mM 
MgC12 a small amount of DNAase was added, 
and the solution was passed three times through a 
French pressure cell at 20000 l b .  inch -2. After a 
15 min centrifugation at 8000 x g to remove un- 
broken cells, the chromatophores were pelleted by 
a 1 h, 300000 × g centrifugation (50000 rpm, 
Beckman Ti 50.2 rotor). The chromatophores were 
resuspended in 20 mM Tris, pH 7.5, 100 mM 
NaC1, adjusted to A = 50 at 870 nm, and lauryl 
dimethyl amine oxide (LDAO, gift of Onyx 
Chemical Co., Jersey City, N J) was added to a 
final concentration of 0.45%. Centrifugation at 
300 000 x g for 1 h yielded a chromatophore pellet 
and a supernatant that contained cytochrome c 2 
but was largely devoid of reaction centers. A sec- 
ond detergent treatment of the resuspended pellet 
by 0.4% LDAO followed by a 1 h, 300000 × g  
centrifugation solubilized the reaction centers. The 
supernatant from this second detergent treatment 
was carefully drawn off the pellet, and dialyzed vs. 
10 mM Tris, pH 8.0, 0.1% L D A O / 1 0 / ~ M  EDTA 
( T r i s / L D A O  buffer, which is called 'buffer  1' 
hereafter). For final purification, the crude reac- 
tion centers were loaded onto a 3 x 50 cm DEAE- 
Sephacel (Pharmacia) column previously equili- 
brated with buffer 1, washed with 300 ml buffer 
1 /100 mM NaC1, and eluted using a 100-400 mm 
NaC1 gradient in the same buffer. The purest 

* The convention that spontaneous reactions have negative 
free energy changes will be used throughout this paper, 
instead of the opposite convention usually used with electro- 
chemical measurements. 
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fractions were pooled, dialyzed vs. buffer 1 and 
rechromatographed. The final yield was an Aso 0 • 
vol (ml) of approx. 150, with an A28o/Aso o ratio of 
1.3. 

For the variable temperature experiments in 
this paper, the reaction centers were dialyzed into 
10 mM pyrophosphate buffer (pH 8.0)/0.1% 
LDAO. Pyrophosphate has an extremely low tem- 
perature coefficient of pK a [23]; pH changes cou- 
pled to temperature changes are minimized with 
this buffer. 

Ubiquinone-50 (Sigma) was added to samples 
of reaction centers from a 2 mM stock solution in 
ethanol to give a 20 : 1 molar ratio of quinone to 
reaction center. After overnight incubation, the 
reconstituted reaction centers were clarified by 
passage through a 0.2 /~m membrane filter (Gel- 
man, Ann Arbor, MI) and diluted to a final reac- 
tion center concentration of 0.6-1.4 ~M. 

Kinetic measurements. Laser-induced absorption 
changes were measured in the home-built single- 
beam spectrophotometer previously described [24]. 
The 583.5 nm 1 ~s pulses (attenuated to approx. 
100 mJ using neutral density filters) were of 
saturating intensity. A silicon photodiode (UDT 
455) served as detector for the recombination ex- 
periments, all of which were carried out with 865 
nm measuring light of 6 nm bandpass. The inten- 
sity of the measuring beam was attenuated using 
calibrated neutral density filters. Four traces of 
both 1 and 5 s sweep were averaged at each set of 
conditions. A photomultiplier (Hamamatsu R928) 
was used for the measurements of the P870+QA 
---, P870+Q~ reaction, carried out with 750 nm 
measuring light of 6 nm bandpass. Ten traces of 
2--10 ms sweep were averaged at each set of condi- 
tions. 

All experiments were carried out using a water- 
jacketed fluorescence cuvette. The temperature was 
controlled using a refrigerated bath and measured 
with a Cu-constantan thermocouple immersed di- 
rectly into the sample. 

Data analysis. The recombination data were 
transferred to a Digital Equipment VAX 11/780 
computer for analysis. Traces were converted from 
transmittance to absorbance, and fit to an equa- 
tion of the form A A ( t ) = A  e x p ( - k f t ) + B  
e x p ( - k s t ) ,  where A and B are preexponential 
factors and kf and k s are fast and slow decay 

constants. The nonlinear least-squares fit was per- 
formed using the C U R F I T  routine described by 
Bevington [25]. Derivatives were calculated ana- 
lytically. In some cases, the slow decay constant 
was obtained using only the latter part of the 5 
s-traces, when the fast decay contribution was 
insignificant. For these determinations, a Hewlett 
Packard 9825B computer was used to perform a 
weighted linear least-squares fit to In AA vs. time. 
The slow decay constants determined using this 
method were within 4% of the values obtained 
using the nonlinear double exponential program. 
In all cases, the fast decay constants were de- 
termined from the 1 s sweeps using the nonlinear 
fitting method. 

The 750 nm bandshift data were fit using a 
weighted linear least-squares fit to In AA vs time. 
The infinity-time value was obtained by averaging 
data in the latter portion of the sweep, after the 
decay was complete (see Fig. lb). 

The linear least-squares fits to the data of Figs. 
3 and 4 were determined using standard analysis 
techniques; the quoted errors are 95% confidence 
values [26]. 

Results 

Typical data traces for recombination, mea- 
sured at 865 nm, and the Ps~0QAQB ~ Ps~0QAQB 
reaction, measured at 750 nm, are shown in Fig. 1. 
For the recombination experiments, the quinone 
content of the sample was adjusted so as to give 
approximately equal amplitudes of fast (approx. 
100 ms) and slow (approx. 1 s) decay. This af- 
forded a simultaneous measurement of both the 
rate c o n s t a n t s  kf and k S on a single sample. 

The k s values were found to be sensitive to the 
identity of the measuring light, with higher intensi- 
ties producing larger values of k s (Fig. 2). Analysis 
of a kinetic scheme appropriate to this system (see 
Appendix) predicts the linear relation observed 
between k S and the intensity of the measuring 
light. The relationship between the observed rate 
constant, k s , and the intrinsic constants of the 
system is: 

k21 k31K 
ks= k12 + g ~  -+  K + I  (1) 

where k~2 is the rate constant for transitions in- 
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Fig. 1. Laser-flash-induced transmittance changes in reaction 
centers from Rps. sphaeroides R-26. (A) Bleaching of P870 
measured at 865 nm as described in Materials and Methods; 
(B) bacteriopheophytin bandshift  measured at 750 nm. In both 
curves an upward deflection is an absorbance decrease. 
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Fig. 2. The measuring light intensity dependence of the slow 
decay constant for recombination, measured at 865 nm. 
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duced by the measuring light, k21 and k31 a r e  the 
rate constants for direct recombination from the 
states P870+QA and P870+Q~, respectively, and 
K is the equilibrium constant of the P870+QA ---, 
P870 +Q~ reaction (see Appendix). Previous work 
(see Introduction) has shown that the direct re- 
combination process is unimportant in the decay 
of the P870+Q~ state, indicating that the last term 
in Eqn. 1 is negligible. At zero intensity of measur- 
ing light, k r = k2], the first term in Eqn. 1 is zero, 
and K is given by Eqn. 2: 

K=kA_I 
kO (2) 

where the superscript refers to the value of k r or k S 
extrapolated to a measuring light intensity of zero. 

Equilibrium constants were determined using 
Eqn. 2 at temperatures ranging from 273 to 303 K. 
A Van 't Hoff  plot (In K vs 1 / T )  yields a standard 
state enthalpy change of - 14.45 + 1.1 kJ.  mol 1 
( -  150 + 11 meV) (Fig. 3). The entropic contribu- 
tion (determined from the intercept of the Van 't 
Hoff  plot) at 293 K is - TAS ° = + 7.53 + 0.9 kJ.  
mol-~ (+  78 + 9 meV). The free-energy change is 
- 6 . 8 9 + 0 . 1 3  kJ.mo1-1 ( - 7 1 . 4 +  1.4 meV), de- 
termined from the K value at 293 K (16.9 + 0.9). 
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Fig. 3. Van 't Hoff plot of equilibrium constants determined 
using Eqn. 2. Open symbols, nonlinear least-squares analysis of 
both kf and ks; filled symbols, nonlinear analysis of k f, linear 
semilog analysis of k s, as described in Materials and Methods. 
Circles and boxes are two separate sets of data acquired on 
different days. 
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The results are summarized in Table I, along with 
similar values from the literature. 

A series of measurements of the 750 nm band- 
shift were carried out in order to determine the 
activation parameters  for the P870+QA 
P870+Q~ reaction. Since the process that is mea- 
sured is the approach to equilibrium (actually 
pseudoequilibrium), the measured rate constant is 
actually the sum of the forward and reverse rate 
constants (see Appendix). Values for the forward 
and reverse rate constants at each temperature 
were obtained from the measured values of k and 
the equilibrium constant at that temperature. 

The analysis of the kinetic data is carried out 
within the context of the activated complex theory 
for reaction rates [28]. The rate constant is related 
to thermodynamic parameters of the transition 
state by Eqn. 3: 

k = ~ e x p ( -  ASs -~-)exp(-AH'~]RT ) (3) 

where x is a transmission coefficient (usually as- 
sumed to have a value of 1), k and h are Boltz- 
mann's  and Planck's constants, respectively, and 
AS s and AH* are entropy and enthalpy changes 
associated with formation of the transition state. 

Arrhenius (In k vs 1 / T )  and Eyring (In ( k / T )  
vs. l / T )  plots of the forward rate c o n s t a n t  k23 are 
shown in Fig. 4. The activation enthalpy is ob- 
tained directly from the slope of an Eyring plot, 
yielding AH* = +56.9 + 4.6 kJ .  mo1-1 (+590  + 
41 meV). The Arrhenius plot yields an identical 
value of AH* using the relation E~ = AH* + RT 
appropriate for solution reactions [27]. The raw 
data (uncorrected for the reverse reaction) yield an 

TABLE i 

Units are kJ. mo l -1  except for values in parentheses which are meV. 

l 10.0 

c 

7 . 0  

*C 
:50 2 0  I 0  0 

4..0 ~ c ~ , ~  

I .G  i i i i i i 

32  3 .3  3 .4 .  3 . 5  3 .6  

K "l x IO ~ 
3 7  

Fig. 4. Arrhenius (In k 23) (O O) and Eyring (ln(k 23 / T )) 
(D D) plots of the rate constant k23 for the P870 + QA QB 

P870+ QAQB reaction, measured at 750 nm (Fig. 1B). The 
apparent rate constants were corrected for the reverse reaction 
as described in the text. 

apparent activation energy of E~ = 60.0 kJ .  mol 1 
(14.3 kcal.  mol-1).  

The intercept of the Eyring plot yields the 
activation entropy. At 298 K, - TAS* = - 5.4 + 5 
kJ .  mol -~ ( - 5 6  _+ 52 meV). The activation free 
energy determined from the rate constant at 298 K 
is AG*= +51.6 +_ 0.3 k J . m o l  -J (+534_+ 3 meV). 

The magnitude (z~A) and rate constant (k23) of 
the 750 nm absorption change that reflects the 
QAQB--*QAQB reaction was monitored as a 
function of added ubiquinone (data not shown). 
The magnitude of the 750 nm absorbance change 
doubled upon addition of a 10-fold molar excess 
of ubiquinone to reaction centers, and then re- 

AG o A H ° - TA S o Reference 

-6 .89+0.13 (-71.4_+1.4) -14.45_+1.1 ( - 1 5 0 + 1 1 )  +7.53_+0.9 (+78_+9) This work 
( - 6 8 )  ( - 230 )  (+161) Ref. 8 
( - 7 0 +  10) Ref. 14 
( - 78 + 8) - Ref. 22 

AG ~ A H ~ - TA S $ Reference 

+51.6_+0.3 (+534_+3) +56.9-+4.6 (+590_+41) - 5 . 4 + 5  ( -56-+52)  This work 



mained constant to a 50-fold excess. The rate 
c o n s t a n t  k23 was unchanged throughout the entire 
range of quinone concentrations. This establishes 
that the residence time of QB on the reaction 
center is long relative to the millisecond time-scale 
of these experiments, and that the reaction is 
properly considered as a true first-order process 
rather than second-order or pseudo-first-order. 

Discussion 

The thermodynamic parameters determined in 
this study are shown schematically in Fig. 5. Un- 
der our  condi t ions,  the P870+QAQB - ,  
P870*QAQB reaction has a large positive activa- 
tion enthalpy and a negative overall enthalpy 
change, partially offset by a negative overall ent- 
ropy change. The activation entropy is near zero, 
consistent with the unimolecular nature of this 
reaction [27]. The activation energy determined 
from the Arrhenius plot of the 750 nm bandshift 
data uncorrected for the reverse reaction is some- 
what higher than values previously found for this 
reaction (14.3 kca l .mo l  - t  vs 8.3-10.5 kcal.  
mol - l )  [7,9,11]. Previous measurements have all 
been carried out in chromatophores, while ours 
utilized isolated reaction centers. Vermeglio [11] 
found that the apparent rate constant for the 
QAQB ~ QAQB reaction was 3-5 fold faster in 
chromatophores of Rps. sphaeroides than in iso- 
lated reaction centers. Minor changes in reaction- 
center geometry induced by the isolation proce- 

(Pero~QZQB)~ ~ PeTo~QA Q'e 
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Fig. 5. Thermodynamic parameters of the P870+QAQB 
P870+ QAQa reaction, taken from Table I. 
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dure are probably responsible for these dif- 
ferences. 

The QAQB ~ QAQB reaction is clearly not sec- 
ond order with respect to quinone (see Results). 
The situation with respect to H + is somewhat less 
clear. The apparent first-order rate constant for 
this reaction does show a pH effect [14,11], but the 
reaction is only weakly pH-dependent (0.3 de- 
c a d e / p H  unit), implying that it is not a true 
bimolecular process. The absorption spectra of 
both QA and Q~ are most consistent with the 
anionic semiquinone [12,13], although a proton 
bound to a nearby protein group as suggested by 
Wraight [14] could possibly be (but apparently is 
not) an essential accompanying event (e.g., rate 
determining) to this electron transfer. Wraight has 
found that protons are taken up on the first flash 
at neutral to alkaline pH (but not at acid pH) and 
that the apparent rate constant for proton uptake 
is slightly slower than the rate of electron transfer 
[14]. We have therefore analyzed our data in terms 
of a unimolecular reaction, with the realization 
that the pH behavior is complex. However, the 
only thermodynamic parameter affected by this 
choice is the activation entropy. 

The second electron to reduce QB is clearly 
accompanied by rate-determining proton binding 
[14,11]. This is presumably because the dianion of 
the quinone has a very negative redox potential, 
and must be stabilized by a positive charge [14,15]. 

The overall free-energy change found for the 
QAQB ~ QAQa reaction is quite close to values 
found previously using a variety of methods 
[8,14,22]. The double flash [8] and delayed fluores- 
cence [22] methods are independent of any as- 
sumptions about whether the decay of the 
P870+QAQB state is direct or proceeds via ther- 
mal repopulation of the P870+QAQ~ state. The 
close agreement indicates that the direct process is 
not quantitatively important in the decay of the 
P870+QAQ~ state [8,14]. A contribution of direct 
decay of 0.1 s-1 affects the apparent equilibrium 
constant determined using Eqn. 2 so that the 
calculated free-energy change is reduced by about 
5 meV. Since the values using the various methods 
agree to approximately this amount, we estimate 
an upper limit of 0.1 s -1 for k31, although a value 
of 0 was used to calculate the thermodynamic data 
presented in Table I and Fig. 5. The standard-state 
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enthalpy change found in this work is somewhat 
smaller than the value of - 2 3 0  meV found by 
Kleinfeld et al. [8]. 

A qualitative potential-energy diagram for the 
first few steps in the photochemical reaction path- 
way of bacterial reaction centers is shown in Fig. 
6. The ultrafast kinetics and weak temperature 
dependences of the earliest reactions indicate that 
the surfaces intersect near the bottom of the 
potential energy wells. The substantial activation 
energy of the P870+QAQs ~ P870+QAQ~ reac- 
tion suggests that at this point the direct recombi- 
nation reaction is sufficiently slow due to the 
increased distance between oxidized and reduced 
species that an activated step is fast enough at 
room temperature to maintain high quantum ef- 
ficiency. Diagrams similar to Fig. 6 have been 
used by Warshel and coworkers [29,30] to explain 
efficiency in photosynthetic systems. A combina- 
tion of a redox-potential gradient and dielectric 
stabilization of charge-separated states by fixed 
charges in the interior of the protein provides an 
efficient and irreversible pathway for energy stor- 
age across a membrane. 

The substantial negative entropy change upon 
transfer of an electron from QA to Qa could result 
from any of several molecular processes. Qs is the 

m 
P870 

P870 

Qb 

/ 
v 

Fig. 6. Potential-energy curve for the early electron transfer 
reactions in bacterial reaction centers. The various states are 
identified in the Introduction. 

most accessible to the solution of any of the early 
electron acceptor species, and may organize solvent 
molecules around it substantially more effectively 
than QA, leading to an entropy decrease. Another 
possibility is that proton uptake from solution 
would reduce the number of species present in the 
system, leading to an entropy decrease. This seems 
somewhat unlikely to be a major contributing fac- 
tor, since the overall free-energy change is un- 
changed at lower pH, while the proton uptake 
decreases. Determination of the entropy and en- 
thalpy contributions as a function of pH would be 
useful in determining the magnitude of the effect 
of proton binding. Finally, an increase in the 
frequency of one or more molecular vibrations in 
the reaction center upon electron transfer from QA 
to Qs would lead to a decrease in the relative 
population of the vibrating mode(s) and, therefore, 
an entropy decrease. Resonance Raman experi- 
ments on reaction centers in the QA and Q~ states 
might show if this were indeed the case. 

While a thermodynamic analysis of the sort 
presented in this upper suffices to give a qualita- 
tive picture of the potential energy surface for the 
reaction studied, there certainly is not a one-to-one 
correspondence between the two quantities. This 
question has been analyzed recently for cy- 
tochrome c by Churg et al. [31]. 

Appendix 

An equivalent kinetic scheme for the quinone 
acceptor system in Rps. sphaeroides is shown in 
Fig. A1. State A 1 is the ground state P870QAQ s, 
A 2 is state P870+QAQa and A 3 is state 
P870+QAQB" Acceptors prior to QA are incorpo- 
rated into the light-dependent rate constant k12, 
which is actually the product of an absorption 
cross-section and an intensity. The differential 
equations that describe the behavior of this system 
are: 

d[A1] 
dt k,2[A,]+ k2,[A21+ k3,[,431 (Ala) 

d[A2] 
dt 

d[A3] 
dt 

- -  = k,2[A,]- (k23 + k21)[,4=1+ k32[A31 (Alb) 

_ _ = k 2 3 [ A 2 ] _ ( k 3 1 + k 3 2 ) [ A 3  ] (Ale) 



k~z kzt 

Ai 
Fig. AI. Equivalent kinetic scheme. State A I is P870QAQB, A2 
is P870+ Q~.QB and A 3 is P870+ QAQa. 

The solution to this set of equations has the 
form: 

A,( O = A,(o)(  cl,  + C2,e-~2' + C3,e -~ ' )  (A2) 

where the A,'s are concentrations of the three 
species, the C's  are amplitude factors, and the ?~'s 
are relaxation rate constants for the system. The 
solution to this set of equations is in most kinetics 
textbooks, e~g. Ref. 27. The relaxation rate con- 
stants are of primary interest, and are given ex- 

actly by: 

X2 = 12( p + q)  (A3a) 

h3 = 12( p _  q)  (A3b)  

where 

p = k]2 + k21 + k23 + k32 + k31 (A4a) 

q = [ t °2 -4(k12k23 + k12k32 + k12k31 

+ k21k32 + k21k31 + k23k31)] 1/2 (A4b)  

Since the approximate values of all the rate con- 
stants are known (k23 = 5000 s -1, k32 = 100 s - l ,  
k21 = 10 s - l ,  k31 ~< 1 s -1, k12 ~< 1 s - l ) ,  ap- 
propriate approximations can be made and the 
equations simplified considerably. The relation 
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(1 +_ a) °' = 1 _+ ma [32] leads to: 

~2 = P - Y~/P (A5a) 

X 3 = S / p  (A5b)  

where ~ = k~2k23 + k~2k32 + k~2k31 + kzak32 + 
k2 1 k3 ]  + k 2 3 k 3 p  If: 

K = kz3 /k32  (A6) 

is the equilibrium constant of the P870+QAQB "--' 
P870+QAQ~ reaction, then minor terms can be 
eliminated to give: 

)k 2 = k23 + k32 (A7a) 

k21 k31K (A7b)  

Using the typical values of the rate constants 
quoted above, the approximate values of X 2 and X 3 
calculated using Eqn. A7 are within 0.2% of the 
exact values obtained using Eqn. A3. 

The dependence of ~3 on the intensity of mea- 
suring light through k~z is readily understood if 
the system is viewed as having been perturbed 
from equilibrium (actually a photostationary state 
in this case) by the laser pulse and is relaxing back 
to the preflash condition. The relaxation-rate con- 
stant in such a system is the sum of all relevant 
rate constants. The quasi-equilibrium between the 
two charge-separated states is rapidly established 
with rate constant h 2 = k23 + k32. The three terms 
of the eventual approach to steady state described 
by Eqn. ATb represent effective rate constants for 
production of the charge-separated states (k~2), 
decay to the ground state via P870+QA ( k 2 J K +  
1) and direct decay to the ground state from 
P870+Q~ (k3]K/K+ 1). The approximate solu- 
tions will not be valid under conditions (e.g., low 
temperature where the equilibrium between the 
two charge-separated states is not established 
rapidly compared to recombination. The mecha- 
nism of the P870+QA recombination process (di- 
rect or via excited states) does not affect the 
analysis since measured values of k2~ at each tem- 
perature are used in all calculations. 
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