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Picosecond Time-Resolved, Polar ized Fluorescence 
Decay of Phycobi l isomes and Const i tuent B i l ip ro te ins 
Isolated from M a s t i g o c l a d u s l a m i n o s u s 

S. S c h n e i d e r , R G e i s e l h a r t , T. M i n d l a n d F Dörr 
Ins t i tu t für Phys ika l i sche und Theoret ische C h e m i e , 
Technische Universität, D-8046 G a r c h i n g , F . R . G . 

W. J o h n , R . F i s c h e r , a n d H . S c h e e r 

Botanisches Ins t i tu t der Universität, D-8000 München 19, F . R . G . 

1. I n t r o d u c t i o n 
P h y c o b i l i p r o t e i n s are photosynthetic l i g h t - h a r v e s t i n g pigments 
i n blue-green and red algae. They c o n s i s t of 2-3 Polypeptide 
subunits, each bearing up to 4 c o v a l e n t l y bound l i n e a r t e t r a -
p y r r o l i c chromophores [ 1 ] . In v i v o , the b i l i p r o t e i n s are o r g a n i -
zed i n t o complex s t r u c t u r e s [ 2 ] , the phycobilisomes, which are 
attached to the outer t h y l a k o i d surface [3,4]. Energy deposited 
i n the phycobilisomes by l i g h t a bsorption i s t r a n s f e r r e d mainly 
to photosystem I I , which i s lo c a t e d i n the t h y l a k o i d membrane. 
To achieve e f f i c i e n t energy-transfer, the average e x c i t a t i o n 
energy of the d i f f e r e n t chromoproteins i n the phycobilisomes 
decreases w i t h decreasing distance to the r e a c t i o n center. I t 
i s g e n e r a l l y assumed that the energy-transfer i s based upon 
d i p o l e - d i p o l e - i n t e r a c t i o n (Förster mechanism). In order to e l u -
c i d a t e the importance of the s p e c i a l arrangement of the b i l i ­
p r o t e i n s i n the phycobilisomes, i . e . the f a c t t h a t the b u i l d i n g 
blocs of the antenna rods are hexamers, numerous fluorescence 
studies have been performed on f u n c t i o n a l l y i n t a c t p h y c o b i l i ­
somes »as w e l l as on t h e i r c o n s t i t u e n t aggregates [4-12]. Appa-
rent d i f f e r e n c e s i n the r e s u l t s were blamed on d i f f e r e n t o r i g i n 
(organism) or preparation procedures, d i f f e r e n t measuring con-
d i t i o n s (low or high l i g h t f l u x with the p o s s i b i l i t y of non­
l i n e a r processes), d i f f e r e n t e x c i t a t i o n and Observation wave-
lengths, e t c . In t h i s c o n t r i b u t i o n , we summarize our measure-
ments of the fluorescence decay of phycobilisomes from Mastigo­
cladus laminosus and t h e i r i s o l a t e d c o n s t i t u e n t b i l i p r o t e i n s . 
S p e c i a l emphasis i s thereby given on the a d d i t i o n a l Information, 
which can be derived from the time-resolved fluorescence p o l a r -
i z a t i o n . In con t r a s t to e a r l i e r measurements [9-12], the e x c i ­
t a t i o n wavelength could be chosen down to 545 nm* furthermore, 
the phycobilisomes of the present mutant were f r e e of phyco-
eryt h r o c y a n i n j t h e r e f o r e a p o s s i b l e i n t e r f e r e n c e with the de­
cay of t h i s pigment was excluded. 

2. Measurements and data a n a l y s i s 
The fluorescence decay curves were measured using a synchro-
nously pumped mode-locked dye l a s e r i n conjunction w i t h a r e -
p e t i t i v e l y working streak camera ( f o r d e t a i l s see e.g. [11]). 
The apparent time r e s o l u t i o n of t h i s System i s approx. 25 ps 
without deconvolution procedurei i t allows measurements with 
low e x c i t a t i o n i n t e n s i t i e s (10 photons per pulse and cm ). 
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From the fluorescence decay curves measured with the analy-
zer p a r a l l e l , (I ( t ) ) , and orthogonal, (I ( t ) ) , to the p o l a r i -
z a t i o n of the e x B i t i n g beam the expressioMs I ( t ) = I (t)+2*I (t) 
and D(t)=I ( t ) - I (t) are c a l c u l a t e d . I ( t ) measures pthe decay 
of the e x c i t e d State population ( e l e c t r o n i c l i f e t i m e ) as does 
a measurement, where the analyzer i s set under the magic angle 
to the e x c i t a t i o n p o l a r i z a t i o n . In case of several e m i t t e r s , 
t h e i r c o n t r i b u t i o n s are a d d i t i v e . The d i f f e r e n c e f u n c t i o n D(t) 
corresponds, i n the case of only one kind of e m i t t e r , to the 
product of the e x c i t e d State population I ( t ) and the c o r r e l a -
t i o n f u n c t i o n C(t) of the absorption and emission d i p o l e s (see 
e.g. [13]). In contrast to the g e n e r a l l y discussed anisotropy 
f u n c t i o n R ( t ) = D ( t ) / I ( t ) , which f o r only one emitter represents 
the c o r r e l a t i o n f u n c t i o n C ( t ) , the d i f f e r e n c e f u n c t i o n D(t) 
i s a d d i t i v e and can therefore be evaluated even i f more than 
one e m i t t i n g species i s present. Furthermore, there are no r e -
s t r i c t i o n s w i th respect to the time r e s o l u t i o n of the d e t e c t i o n 
System? quotient formation of convoluted functions D(t) and 
I ( t ) , resp., would y i e l d erroneous "time-resolved" anisotropy 
f u n c t i o n s R(t) ( f o r more d e t a i l s see e.g. [11] and [14]). 

The best f i t s f o r both functions (I and D) are determined 
under the assumption of a b i - or t r i - e x p o n e n t i a l response func­
t i o n by means of a Marquardt algorithm. Depending on the S/N 
r a t i o of the recorded fluorescence decay curves and t h e i r r e l a ­
t i v e magnitude, the f i t parameters derived may be subject to 
considerable e r r o r . Deduction of Information on photophysical 
Parameters ( l i f e t i m e s , fluorescence quantum y i e l d s ) of phyco­
b i l i s o m e s or even monomers of b i l i p r o t e i n s i s impeded by the 
f a c t t h a t the t o t a l fluorescence i s composed of s e v e r a l c o n t r i ­
b u t i o n s , namely: 
( i ) "leakage" fluorescence from d i r e c t l y e x c i t e d , energy-

t r a n s f e r r i n g chromophors 
( i i ) fluorescence from d i r e c t l y e x c i t e d , terminal chromophors 
( i i i ) fluorescence from chromophors e x c i t e d i n d i r e c t l y by 

energy-transfer, which may or may not t r a n s f e r t h e i r 
e x c i t a t i o n energy to other pigments. 

Fluorescence of type ( i ) and ( i i ) w i l l r i s e instantaneously 
and c a r r y Information on the p o l a r i z a t i o n of the e x c i t i n g l i g h t . 
Fluorescence of the t h i r d k i n d ( i i i ) shows a r i s e t i m e (nega­
t i v e amplitude i n the a n a l y s i s ) and w i l l i n general be f a i r l y 
depolarized,due to the randomizing energy-transfer process. 
In the simple case of a two-component System, the three f l u o ­
rescence c o n t r i b u t i o n s must be superimposed with weighting f a c -
tors.depending both on the r a t i o of e x t i n c t i o n c o e f f i c i e n t s 
at the e x c i t i n g wavelength and the s p e c t r a l window of the de­
t e c t i o n System (fluorescence c o l l e c t i o n e f f i c i e n c y ) . One im-
portant consequence of t h i s f a c t i s t h a t amplitudes gained from 
a m u l t i - e x p o n e n t i a l a n a l y s i s are without s i g n i f i c a n c e unless 
the weighting f a c t o r s can be determined s u f f i c i e n t l y p r e c i s e l y . 
E.g., i t may happen that i n the i s o t r o p i c fluorescence the r i s -
ing p art of c o n t r i b u t i o n ( i i ) cancels e x a c t l y the f a s t decaying 
c o n t r i b u t i o n ( i ) with the e f f e c t that the decay appears essen-
t i a l l y as S i n g l e exponential with the long l i f e t i m e of the ac-
ceptor chromophor. In the d i f f e r e n c e f u n c t i o n , on the other 
hand, the decay of the s h o r t - l i v e d donor species i s e a s i l y seenj 
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i t s amplitude should be about 0.4 of t h a t of the i s o t r o p i c con­
t r i b u t i o n of the s h o r t - l i v e d donor s p e c i e s , i f a random o r i e n -
t a t i o n a l d i s t r i b u t i o n of donor molecules can be assumed. With 
respect to the amplitude of the s h o r t - l i v e d component i n a mul-
t i - e x p o n e n t i a l f i t , the f r a c t i o n can be much smaller or l a r g e r 
depending on the extent of compensation discussed above. 

In case of r o t a t i o n a l r e l a x a t i o n the c o r r e l a t i o n f u n c t i o n 
C(t) represents a multi-exponential? i f the molecule i s sphe-
r i c a l , C(t) corresponds to a S i n g l e e x p o n e n t i a l . Since no b e t t e r 
approximations are known, we assume that the c o r r e l a t i o n func­
t i o n d e s c r i b i n g the energy-transfer can be approximated by a 
Single e x p o n e n t i a l l y decaying f u n c t i o n . Under t h i s circumstan-
ces the d i f f e r e n c e s i n decay time of the corresponding compo-
nents of the f u n c t i o n s I ( t ) and D ( t ) , resp. can be a s s o c i a t e d 
to d e p o l a r i z i n g e f f e c t s l i k e energy-transfer and o r i e n t a t i o n a l 
r e l a x a t i o n . The l a t t e r e f f e c t should»however,be without impor-
tance i n case of protein-bound chromophors (a more d e t a i l e d 
d i s c u s s i o n w i l l be given elsewhere). 

3. Sample Prep a r a t i o n 
Mastigocladus laminosus was grown at 52°C i n slowly s t i r r e d 
12 1 fermentation f l a s k s i n Castenholz medium. Phycobilisomes 
were i s o l a t e d by Standard procedures [9,10]. The French-pres-
sed c e l l s were f i r s t c e n t r i f u g e d at 10,000 g, and the super-
natant layered on a sucrose d e n s i t y gradient and spun over 
night at 14 0,000 g. I n t a c t phycobilisomes banded i n the lower 
t h i r d of the g r a d i e n t . They had an absorption maximum at 635 
nm with a strong Shoulder around 620 nm and an emission maximum 
at 670 nm. Phycoerythrocyanin was i s o l a t e d from g r e e n - l i g h t -
grown c e l l s f o l l o w i n g the p r o t o c o l described f o r the i s o l a t i o n 
of phycocyanin [12]. I t e l u t e s from DEAE-cellulose column as 
the f i r s t band. The aggregation State was determined by u l t r a -
c e n t r i f u g a t i o n from the Sedimentation c o e f f i c i e n t s . The data 
were analyzed as described e a r l i e r [12]. 
4. Results and D i s c u s s i o n 
The i s o t r o p i c fluorescence decay curves d i s p l a y e d i n f i g u r e 
1a are recorded with 600 nm e x c i t a t i o n but d i f f e r e n t s p e c t r a l 
Observation Windows ( c u t - o f f f i l t e r s ) . They c l e a r l y demonstrate 
the e f f e c t of p a r t i a l compensation mentioned i n chapter 2 onto 
the amplitude of the s h o r t - l i v e d component (see t a b l e 1). With 
a S/N r a t i o t y p i c a l f o r synchroscan streak camera measurements, 
a t r i - e x p o n e n t i a l f i t seems adequate from the p o i n t of view 
of r e s i d u a l s only f o r t r a c e A; the other two curves (B,C) seem 
to f i t equally w e l l to a b i e x p o n e n t i a l . I t should be pointed 
out t h a t , despite the f a c t of a r i s i n g component i n curve C, 
the onset of the fluorescence i n i t s major part i s e s s e n t i a l l y 
instantaneous. The d i f f e r e n c e f u n c t i o n D(t) ( f i g . 1b) can be 
f i t by b i - e x p o n e n t i a l s with l i f e t i m e s of 20 and 1300 ps, resp. 
The l a t t e r value corresponds to the slowest i s o t r o p i c compo­
nent ,and can be explained by the e l e c t r o n i c r e l a x a t i o n of " t e r ­
minal" , immobile chromophors, i . e . the allophycocyanins. Since 
the amplitude of the "100 ps"- component turns negative f o r 
long-wavelength monitoring, i t can be assigned t o the average 
energy-transfer time between phycocyanin and a l l o p h y c o c y a n i n . 
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Table 1 : F i t Parameters derived from the fluorescence decay 
curves I ( t ) and D(t) of f u n c t i o n a l l y i n t a c t phycobilisomes, 
i s o l a t e d from Mastigocladus laminosus, by means of a l e a s t 
Square f i t procedure. 
Exc. (nm)/0bs. (nm) T^psJ/A T 2(ps)/A T 3(ps)/A 

600 >620 63 27 137 30 1342 65 
>630 98 58 1346 81 

K t ) 
>645 158 13 1700 54 
>665 100 -7 1622 33 
>620 20 22 1284 4 

D(t) 
>630 23 15 1539 5 

580 >590 25 29 129 16 1340 26 
K t ) >600 52 20 104 31 1414 38 

>610 42 18 114 1 1 1351 28 
>590 23 10 462 30 

D(t) 
>600 22 2 609 7 

Because the t r a n s f e r r i n g phycocyanin chromophors are mainly i n -
d i r e c t l y e x c i t e d by energy-transfer from the primary absorbers, 
no a d d i t i o n a l d e p o l a r i z a t i o n i s connected with t h i s step. 

With 580 nm l i g h t , r e l a t i v e l y more of the ß2-chromophors 
of phycocyanin are e x c i t e d ( i n accordance with [15] the phyco-
c y a n o b i l i n bound to c y s t e i n 84 of the ß-chain i s r e f e r r e d to 
as ß1-chromophor, the second, bound to c y s t e i n 155 i s c a l l e d 
ß2-chromophor). The i s o t r o p i c decay curves ( f i g . 2a) show only 
decaying components ( t a b l e 1): the l o n g - l i v e d allophycocyanin 
emission ( ̂ 1350 p s ) , an intermediate component ( ̂ 110 ps) and 
f i n a l l y a f a s t component, whose apparent l i f e t i m e seems to de-
pend on the Observation window. Taking i n t o c o n s i d e r a t i o n the 
Parameters derived from the d i f f e r e n c e f u n c t i o n D ( t ) , one may 
suspect that the s h o r t e s t component a c t u a l l y represents a mix-
ture with two s l i g h t l y d i f f e r e n t l i f e t i m e s , one of which i s 
equal to 20 - 25 ps. This l i f e t i m e must c h a r a c t e r i z e a very 
f a s t decay of d i r e c t l y e x c i t e d chromophors, i . e . represent the 
t r a n s f e r time from ot-chromophors, which absorb a l s o at wave-
lengths around 600 nm. The 50 - 60 ps component would then be 
r e l a t e d to the d e a c t i v a t i o n of the ß2-chromophors, which, at 
l e a s t i n the P C - c r y s t a l s [15], are lo c a t e d at the perimeter 
of the t r i m e r i c u n i t . The arrangement of the chromophors i n 
the t r i m e r i c u n i t s i s such tha t the p r e f e r e n t i a l o£-ß1 energy-
t r a n s f er i s one between neighbouring monomeric u n i t s . This f a s t 
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Figure 1: Dependence of fluorescence decay of f u n c t i o n a l l y 
i n t a c t phycobilisomes i s o l a t e d from Mastigocladus laminosus 
on Observation window. Cut-off f i l t e r s used are: 620 nm (A) , 
630 nm (B), 645 nm (C) and 665 nm (D). E x c i t a t i o n wavelength 
i n a l l cases: 600 nm. The parameters of the f i t curves are 
l i s t e d i n t a b l e 1. 

t r a n s f e r route i s absent i n the monomeric u n i t and should, ac-
cording to energetic c r i t e r i a , be slowed down i n phycoerythro-
cyanin (PEC). In the l a t t e r chromoprotein, the od-phycocyano-
b i l i n i s replaced by a phyc o e r y t h r o c y a n o b i l i n , which absorbs 
around 568 nm. The d e a c t i v a t i o n of the ß2-phycocyanobilin must 
n e c e s s a r i l y occur by energy-transfer to the ß1- r a t h e r than 
to the <*.-chromophor. 

In f i g u r e s 3a and 3b, the functions K t ) amd D(t) of PEC-
trim e r s are d i s p l a y e d f o r various combinations of e x c i t a t i o n 
wavelength and Observation window. For long-wavelength e x c i t a ­
t i o n (600 nm) the decay i s governed by a -350 ps and a "1450 
ps component. These values should correspond to the l i f e t i m e s 
of the ß1- (1450 ps) and the ß2- phycocyanobilin (350 ps) , r e s p . . 
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Figure 2: Dependence of fluorescence decay of i s o l a t e d phyco­
b i l i s o m e s on Observation window. Cut-off f i l t e r s used are: 
590 nm (A), 600 nm (B), 610 nm (C); e x c i t a t i o n wavelength i s 
580 nm. F i t parameters are l i s t e d i n t a b l e 1. 

Decay times of the same magnitude are found i n D ( t ) . For 545 
nm e x c i t a t i o n , a t h i r d component i s detected both i n K t ) and 
D ( t ) . I t s decay time of ^-110 ps i s assigned to the phycoerythro-
c y a n o b i l i n --> ß2- phycocyanobilin t r a n s f e r time. I t should be 
noted here again t h a t going from 2 t o 3-exponential f i t s , a 
S p l i t t i n g of one of the components i n a f a s t e r and a slower 
one occurs. Therefore, the existence of a c e r t a i n component 
must be e s t a b l i s h e d by measurements under c o n d i t i o n s where 
t h a t component dominates the decay. 

The energetic degeneracy and the t h e r e f o r e p o s s i b l e energy-
t r a n s f er between l i k e species i s , i n our o p i n i o n , r e l e v a n t f o r 
the I n t e r p r e t a t i o n of the decay curves of the t r i m e r i c u n i t 
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Figure 3: Dependence of fluorescence decay of i s o l a t e d phyco-
erythrocyanin on e x c i t a t i o n wavelength and Observation window, 
c h a r a c t e r i z e d by the c u t - o f f f i l t e r . Parameters are ^ e x / Ä ̂  
T- i n ps and A. i n paranthesis. 

1 1 K t ) 
(A) 545nm/ 570nm: 109(112)/ 470( 58)/1500(32) 
(B) 545nm/ 590nm: 270( 32)/1400( 28) 
(C) 600nm/ 610nm 370(101)/1500(109) 

D(t) 
106(38)/ 580(13) 
144( 9 ) / 520( 3) 
260(12)/1530(13) 

shown i n f i g u r e 4. Under a l l experimental c o n d i t i o n s , the major 
component i s the l o n g e s t - l i v e d with a decay time of ~1400 ps. 
This value should c h a r a c t e r i z e the " f r e e " decay of the f i n a l 
energy accepting species, the ß1-chromophors. The 950 ps-compo-
nent, which has a counterpart i n the D(t) curve, must represent 
the decay of a r i g i d l y h e l d , but modified s p e c i e s , which i s 
i s o l a t e d i n a sense that energy-transfer to ß1-chromophors i s 
p r o h i b i t e d (a s i m i l a r r e s u l t and I n t e r p r e t a t i o n i s given by 
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Figure 4: Dependence of fluorescence decay of phycocyanin t r i -
mers on e x c i t a t i o n wavelength and Observation window characte-
r i z e d by the c u t - o f f f i l t e r . Parameters are J ) e x / ^ o b s r 

% i n ps and A. i n paranthesis. 
tA) 600nm/ 62unm: I(t):45(47)/1200(190) D(t):57(41)/ 850(40) 
(B) 575nm/ 590nm: I(t):61(77)/1130(150) D(t):49(43)/ 800(25) 
(C) 575nm/ 630nm: I ( t ) : 3 5 ( 1)/1640( 80) D(t):36(18)/1150( 8) 

Wendler et a l . [16]). Upon short-wavelength e x c i t a t i o n and Ob­
s e r v a t i o n the amplitude of the very f a s t component (40-60 ps) 
in c r e a s e s . This s i g n a l s t h a t t h i s component i s r e l a t e d t o the 
ß2-->ß1 energy-transfer? i t s value i s c l o s e to that assigned 
to t h i s type of t r a n s f e r i n the i n t a c t phycobilisomes. In con-
t r a s t to the l a t t e r , the f a s t 2 0 ps component, seen mainly i n 
the d i f f e r e n c e f u n c t i o n D(t) i s missing i n the t r i m e r . The ex-
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planation i s probably connected to the f a c t that ot--*ß1 trans-
f e r i s no longer i r r e v e r s i b l e i n the trimer, since the energy-
d i f f e r e n c e i s of the order of kT only. Lacking the energy d r a i n 
down the rod by very f a s t homo-rtransfer, the energy can c i r c u -
l a t e among the isoenergetic ß1-chromophors and eventually be 
back-transferred to «^-chromophors. One may suspect that f l u c -
tuations i n geometry r e s u l t i n v a r i a t i o n s of the e x c i t a t i o n 
energy, which are s u f f i c i e n t l y large to increase the back- and 
homo-transfer rat e s , resp.. For t h i s reason, only energy-trans-
f e r from excited ß2- chromophors would be connected with a s i g -
n i f i c a n t change of fluorescence p o l a r i z a t i o n . 

The above given Int e r p r e t a t i o n could be i n contrast to the i n -
t e r a c t i o n energies and t r a n s f e r times derived from c r y s t a l l o -
graphic data [17]. From those i t i s expected that d e a c t i v a t -
ion of ß2-chromophors should be dominated by t r a n s f e r to ß1-
chromophors. The refinement of these data, however, i s not yet 
good enough to give precise Information on the complete chro-
mophor structure, and therefore i t i s not p o s s i b l e to c a l c u -
l a t e the o r i e n t a t i o n factors of t r a n s i t i o n d i p o l e moments and 
the overlap of donor emission and acceptor absorption spectra. 

Acknowledgement. F i n a n c i a l support by Deutsche Forschungsge­
meinschaft (SFB 143) and Fonds der Chemie i s g r a t e f u l l y acknow-
ledged. We also thank Dr. Hensel and Ms. Renz (München) f o r 
the u l t r a c e n t r i f u g e measurements. 

References 

1 For a review see e.g.: H. Scheer, i n : "Light Reaction Path 
of Photosynthesis", p. 7, ed. by F.K. Fong (Springer-Ver­
la g , B e r l i n , 1982) 

2 E. Mörschel, W. Wehrmeyer: Arch. M i c r o b i o l . 113, 83 (1977) 
3 For a review see e.g.: A.N. Glazer: Ann. Rev. Plant 

P h y s i o l . 32, 327 (1983) 
4 For a recent review see e.g.: " B i o l o g i c a l events probed 

by u l t r a f a s t l a s e r spectroscopy", ed. by R.R.Alfano 
(Academic Press, New York, 1982) 

5 J . Wendler, A.R. Holzwarth, W. Wehrmeyer: Biochim. Biophys. 
Acta 765, 58 (1984) 

6 M. Seibert and J.S. Connolly: Photochem. Photobiol. 
40, 267 (1984) 

7 G.W. Suter, P. Mazzola, J . Wendler, A.R. Holzwarth: Biochim. 
Biophys. Acta 7jS6, 269 ( 1984) 

8 W. Haehnel, A.R. Holzwarth, J . Wendler: Photochem. 
Photobiol. 37, 435 (1983) 

9 P. H e f f e r l e , M. Nies, W. Wehrmeyer, S. Schneider: 
Photobiochem. Photobiophys. 5, 41 (1983) 

10 P. H e f f e r l e , M. Nies, W. Wehrmeyer, S. Schneider: 
Photobiochem. Photobiophys. 5, 325 (1983) 

11 P. H e f f e r l e , W. John, H. Scheer, S. Schneider: 
Photochem. Photobiol. 39, 221 (1984) 

12 P. H e f f e r l e , P. G e i s e l h a r t , T. Mindl, S. Schneider 
W. John, H. Scheer: Z. Naturforsch. 39c, 606 (1984) 

13 G.R. Fleming, J.M. Morris, G.W. Robinson: 
J . Chem. Phys. 17, 91 (1976) 

34 



14 J . Papenhuizen and A.J.W.G. V i s s e r : Biophys. Chem. 
J2, 57 (1983) 

15 T. Schirmer, W. Bode, R. Huber, W. S i d l e r , H. Zuber: 
J . Molecular Biology, submitted? i d . i n : "Optical Proper­
t i e s and Structure of Tetrapyrroles", ed. by G.Blauer and 
H. Sund, (Walter de Gruyter, B e r l i n , 1985) 

16 J . Wendler, W. John, H. Scheer, A.R. Holzwarth: 
submitted to Photochem. Photobiol. 

17 T. Schirmer: PhD-Thesis, TU-München (1985) 


