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Analysis of Transient Absorption Data 
from Reaction Centers of Purple Bacteria 
U. Finkele, K. Dressler, C. Lauterwasser, and W. Zinth 
Physik Department derTechnischen Universität München, Arcisstraße 21, 
W 8 0 0 0 München, FRG 

1. Techniques of Transient Spectroscopy 

The primary reaction in photosynthetic bacteria is an ultrafast Charge 

Separation and e l e c t r o n t r a n s f e r process which proceeds on the timescale 
-12 

of 10 s. In order to understand the molecular mechanisms d i f f e r e n t 

s p e c t r o s c o p i c techniques w i t h very high time r e s o l u t i o n are used. The most 

common sp e c t r o s c o p i c method i s the s o - c a l l e d "pump and probe" technique. A 

strong e x c i t a t i o n pulse (wavelength favourable i n the lowest a b s o r p t i o n 

band of the s p e c i a l p a i r P) s t a r t s the photosynthetic r e a c t i o n which 

induces a b s o r p t i o n changes i n the sample. These changes are monitored by a 

second, p r o p e r l y delayed weak probing pulse of v a r i a b l e wavelength. The 

experiment y i e l d s the absorbance change AA as a f u n c t i o n of delay time t ^ 

and probing wavelength A ^ . This two-dimensional Information i s c u r r e n t l y 

recorded by one of the two f o l l o w i n g methods: 

i ) Measurements of AA(t^) at c e r t a i n probing wavelengths A : Here the 

experimental technique, optimized f o r a S i n g l e wavelength, allo w s very 

high time and good amplitude r e s o l u t i o n /1-5/. This S i n g l e Channel time 

dependent measurement i s w e l l s u i t e d i f the time dependence of AA i s 

unknown and i f weak k i n e t i c components are present. D i f f e r e n t records 

obtained at v a r i o u s probing wavelengths may be used to get the complete 

s p e c t r a l Information. However, the combination of these data to t r a n s i e n t 

s p e c t r a r e q u i r e s c a l i b r a t i o n of the d i f f e r e n t experiments, which may lead 

to reduced p r e c i s i o n of the s p e c t r a . In a d d i t i o n t h i s S i n g l e Channel 

method r e q u i r e s long measuring times. 

i i ) S p e c t r a l multiChannel measurements of AA(A ) at c e r t a i n delay 

times t^i This technique s u p p l i e s the whole ab s o r p t i o n spectrum at a 

s p e c i f i c delay time t ^ /3,6/. The o v e r a l l measuring time i s Short and a 

lar g e number of s p e c t r a l data p o i n t s i s obtained. However, group v e l o c i t y 
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d i s p e r s i o n i n generation and propagation of the probing l i g h t continuum 

imposes a larg e u n c e r t a i n t y f o r the a c t u a l delay time s e t t i n g and s t r o n g l y 

l i m i t a t e s the time r e s o l u t i o n . In a d d i t i o n the p r e c i s i o n of the amplitude 

determination of AA of an multichannel System does not reach the q u a l i t y 

obtained by s i n g l e - c h a n n e l d e t e c t i o n . 

2. Theorie of Transient Absorption Changes 

The recorded time and wavelength dependent data can be r e l a t e d to the 

molecular processes w i t h i n the framework of the t h e o r i e of t r a n s i e n t 

spectroscopy. A l l time constants of the primary ET are known to be longer 

than 500 f s and t h e r e f o r e they are much longer than O s z i l l a t i o n p e r i o d s of 

the r e l e v a n t molecular v i b r a t i o n s . Consequently one may assume that the 

absorption changes o r i g i n a t e from intermediates w i t h s p e c t r o s c o p i c a l l y 

w e l l defined p r o p e r t i e s . Under these c o n d i t i o n s only exponential processes 

are present and the populations of the v a r i o u s intermediates f o l l o w a rate 

equation System /5/: 

dN.(t) n 

— = - E k N ( t ) (1) 
dt j=0

 J J 

n: number of intermediate s t a t e s 

I\L(t): p o p u l a t i o n d e n s i t y of intermediate 1^ at time t 

k. .: rate constant f o r po p u l a t i o n t r a n s f e r from I . to I . 
i j J i 

The measured q u a n t i t y i s the induced a b s o r p t i o n change AA(A t ^ ) . In the 

case of weak e x c i t a t i o n , f o r short l i g h t pulses of d u r a t i o n t « 1/k. . and 
p i j 

delay times t^> 0, AA can be w r i t t e n as a sum of exponential f u n c t i o n s : 

l: pathlength i n the sample 

T . : eigenvalues of the r a t e constant matrix k. . 
J i J 

er. (A ): a b s o r p t i o n c r o s s - s e c t i o n of the intermediate I . at A 
l pr

 K

 l pr 

The matrix N. . depends on the r a t e constant matrix k. . and the i n i t i a l 
i j i j 

c o n d i t i o n s generated by the e x c i t a t i o n process. 
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The goal of the i n v e s t i g a t i o n s i s to widerstand the microscopic 

p r o p e r t i e s of the e l e c t r o n t r a n s f e r . The primary experimental r e s u l t 

concerns the number n of intermediate s t a t e s i n v o l v e d , which i s equal to 

the number of detected time constants X j . This determination r e q u i r e s a 

very c a r e f u l decomposition of the time dependence of AA(A , t ^ ) i n t o 

exponentials: 

AA(X
p r
.t

D
) »ĵ V e (3) 

High p r e c i s i o n experimental data at a v a r i e t y of probing wavelengths are 

required to o b t a i n the complete set of time constants. Furthermore the 

data a n a l y s i s according to eq. (3) s u p p l i e s the amplitudes a^CA^) r e l a t e d 

to the exponential f u n c t i o n s . From eq. (2) we l e a r n that these amplitudes 

c o n t a i n Information on the d i f f e r e n c e c r o s s - s e c t i o n s p e c t r a of the 

intermediates and the i n i t i a l ground s t a t e i n a rather complex form: 

l n ( l O ) n 
cr.U ) - <r

n
(A ) = £ a. U ) (N. .) (4) 

i Pr 0 pr
 t

 ^ l pr i j 

The d i f f e r e n c e s p e c t r a can only be determined f o r a known matrix N. .. 

However, the c a l c u l a t i o n of N^j r e q u i r e s the complete r a t e constant matrix 

k^.. Experimentally we o b t a i n the decay r a t e s , i . e . the eigenvalues of 

t h i s matrix. The determination of the complete matrix from the eigenvalues 

i s not p o s s i b l e without assumptions on the r e a c t i o n scheme. The 

a p p l i c a b i l i t y of an assumed r e a c t i o n scheme can only be t e s t e d by i t s 

success: Do the s p e c t r a f i t the assumed r e a c t i o n model or e x i s t i n t r i n s i c 

c o n t r a d i c t i o n s ? 

3. A n a l y s i s of the Experimental Data 

As shown before the f i r s t step of data a n a l y s i s i s the determination of 

the number of intermediates, i . e . the number of exponentials needed to f i t 

the absorbance data at a l l probing wavelengths. As an example F i g . l shows 

the time dependence of the absorbance change f o r RC's from 

Rhodobacter sphaeroides (A = 785nm). In t h i s curve an i n i t i a l 
pr 

absorbance increase i s f o l l o w e d by a r a p i d a b s o r p t i o n decrease c l o s e to 

t
ß
= l p s . In the time ränge t^= 2ps - lOps the a b s o r p t i o n r i s e s again. 

Combining F i g . 1 w i t h a number of other s i g n a l curves we found a set of 
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0 1 10 100 

Delay Time [ps] 

F i g . 1 K i n e t i c s of a b s o r p t i o n c h a n g e s at t h e p r o b i n g w a v e l e n g t h X = 7 8 5 nm 
f o r Rb. s p h a e r o i d e s . T h e f i l l e d c i r c l e s r e p r e s e n t t h e e x p e r i m e n t a l d a t a , 
t h e s o l i d c u r v e c o r r e s p o n d s to a m o d e l c a l c u l a t i o n w i t h d e c a y t i m e s g i v e n 
in t h e t e x t . F o r d e l a y t i m e s > 1 p s t h e l i n e a r t i m e s c a l e i s r e p l a c e d by a 
l o g a r i t h m i c s c a l e . T h e e x c i t a t i o n w a v e l e n g t h i s ̂

e x

=

 ^ 6 0 nm. 

four time constants ( T J
=

 0.9ps, x = 3.5ps, x^= 220ps, x^= ») e x p l a i n i n g 

the experimental data /5/. While the e x i s t e n c e of three time constants 

(x^ X ^ and x^) i s unchallenged one may t r y to q u e s t i o n the need of two 

short time constants. Data at v a r i o u s probing wavelengths (e.g. F i g . 1) 

prove that both (x^ and x^) are necessary : In F i g . 1 the absorbance 

decease at t^= lps and the absorbance increase at t^= 3ps - lOps cannot be 

explained by using only one time constant. This demonstrates that q u i t e 

accurate a b s o r p t i o n data measured over a wide ränge of delay times are 

required to r e v e a l the e x i s t e n c e of two short time constants. The reduced 

accuracy and the o f t e n l i m i t e d number of delay time s e t t i n g s i n t r a n s i e n t 

multichannel experiments may prevent d e t e c t i o n of weak components. As an 

example we show i n F i g . 2 t r a n s i e n t spectra AA(A^
r
) f o r delay-times t ^ of 

200fs, l p s , 5ps, lOps and 500ps. They were c a l c u l a t e d from a s e r i e s of 

time dependent absorption measurements at v a r i o u s probing wavelenths. Even 

i n t h i s case where the d a t a - p r e c i s i o n was high enough to r e s o l v e the 

0 . 9 p s - k i n e t i c i n the time courses (see F i g . 1), i t i s n e a r l y impossible to 

o b t a i n even an i n d i c a t i o n f o r the short k i n e t i c i n the t r a n s i e n t s p e c t r a . 

The mixture of the v a r i o u s intermediates l e a d i n g to complex s p e c t r a l 

changes hide the weak 0.9ps-component. 
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200 fs 

F i g . 2 T r a n s i e n t s p e c t r a f o r d e l a y t i m e s of 2 0 0 f s , 1 p s , 5 p s , 10 p s a n d 
5 0 0 p s . T h e s p e c t r a a r e c a l c u l a t e d f r o m k i n e t i c t r a c e s t a k e n at a b o u t 
t w e n t y d i f f e r e n t p r o b i n g w a v e l e n g t h s . 

4. D i f f e r e n t Reaction Models 

The most s t r a i g t h f o r w a r d r e a c t i o n model c o n t a i n i n g four intermediates i s 

the l i n e a r s e q u e n t i a l one. In t h i s case each measured time constant g i v e s 

d i r e c t l y the decay time of one intermediate. Thus only the order of the 

intermediates i n the r e a c t i o n scheme r e q u i r e s f u r t h e r i n f o r m a t i o n s . We 

have discussed the two p o s s i b l e arrangements of the 0.9ps- and the 

3 . 5 p s - k i n e t i c as w e l l as a branched r e a c t i o n scheme elsewhere /6,7/. Here 

we present the s p e c i f i c case where the 3 . 5 p s - k i n e t i c precedes the 

0 . 9 p s - k i n e t i c . The main purpose i s to show that the a b s o r p t i o n data can 

r e a l l y decide between a scheme wit h four intermediate s t a t e s of w e l l 

defined time constants (model I) and one w i t h only three intermediates 
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(model I I ) . The same number of f r e e parameters i s used i n both models 

si n c e i n model I the decay of intermediate 1^ i s d e s c r i b e d by a 

d i s t r i b u t i o n of time constants w i t h a given width Ax^. Such a d i s t r i b u t i o n 

may be caused by a sample inhomogeniety. 

hi> 
-> I -> I. 1 ' *2 3 A 

3.5ps 0.9ps 220ps 
(I) 

( I I ) 

A dependence of the a b s o r p t i o n c r o s s - s e c t i o n s on the inhomogeniety would 

s t r o n g l y complicate the microscopic nature of the r e a c t i o n and i s not 

discussed here. A s u i t a b l e d i s t r i b u t i o n of time constants 8^
T

^^
 m a v 

r e a d i l y f i t a b i e x p o n e n t i a l behaviour of a s i g n a l curve at e a r l y delay 

times i f the amplitudes of both exponentials have the same s i g n . However, 

the s i g n a l curve i n Fig.1 e x h i b i t s a l o c a l extremum between 100 f s and 

10 ps. I t i s not p o s s i b l e to reproduce t h i s extremum by a d i s t r i b u t i o n of 

time constants g(x^) which by d e f i n i t i o n does not change i t s s i g n . As a 

consequence one has to employ model 1 which i s able to f i t the data q u i t e 

w e l l ( s o l i d l i n e i n F i g . 1). 

5. Spectra of the Intermediates and Transient Absorption Spectra 

The DIFFERENCE CROSS-SECTION SPECTRA are due to the a b s o r p t i o n d i f f e r e n c e 

of the r e s p e c t i v e intermediates and the unexcited ground-state RC. Note 

that the s p e c t r a are c a l c u l a t e d from t r a n s i e n t a b s o r p t i o n data according 

r e a c t i o n model I. In F i g . 3 the f e a t u r e s of the r e s p e c t i v e intermediates 

show up. For example the spectrum of I shows a l l f e a t u r e s expected f o r an 
+ -

 z 

intermediate P B where one monomeric b a c t e r i o c h l o r o p h y l l i s reduced. The 

spectrum of 1^ shows the p r o p e r t i e s of intermediate P
+

H^ w i t h the anion 

a b s o r p t i o n band of the pheophythin H around 665 nm. 
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F i g . 3 D i f f e r e n c e s p e c t r a of t h e c r o s s - s e c t i o n s (<r r- <TQ) of t h e f o u r 

i n t e r m e d i a t e s I . (er.) r e l a t i v e to t h e c r o s s - s e c t i o n of t h e u n e x c i t e d 
1 I 

g r o u n d s t a t e (VQ)-
 T n e

 s p e c t r a a r e c a l c u l a t e d f r o m t h e a m p l i t u d e s of a 

s e r i e s of s i g n a l c o u r s e s a s s u m i n g m o d e l I . 

One should now compare these DIFFERENCE CROSS-SECTION SPECTRA of the 

re s p e c t i v e intermediates CFig.3) w i t h the TRANSIENT ADSORPTION SPECTRA of 

F i g . 2, which r e f l e c t the a c t u a l absorption of the sample at a c e r t a i n 

delay time t
ß
 a f t e r e x c i t a t i o n . According to eq. (2) the TRANSIENT ADSORP

TION SPECTRA do not characterize the Single intermediates, but show a mix-

ture of the absorption properties of the intermediates populated at the 

s p e c i f i c delay time t ^ . As a consequence the mixture of s t a t e s may hide a 

weakly populated i n t e r m e d i a t e , e s p e c i a l l y i f the abs o r p t i o n of t h i s i n t e r 

mediate overlaps w i t h the bands of other intermediates populated at the 

same time. 
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In c o n c l u s i o n we have discussed s e v e r a l aspects of t r a n s i e n t a b s o r p t i o n 

spectroscopy r e l a t e d to the complicated case where s e v e r a l intermediate 

s t a t e s w i t h s i m i l a r time constants occur and where the r e a c t i o n model i s 

not known i n advance. We have shown f o r the primary e l e c t r o n t r a n s f e r of 

the RC's from Rhodobacter sphaeroides that f o u r time constants and four 

intermediate s t a t e s are r e q u i r e d to e x p l a i n the t r a n s i e n t a b s o r p t i o n data. 
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