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Kinetic modelling of exciton migration in photosynthetic systems.
(1) Effects of pigment heterogeneity and antenna topography
on exciton kinetics and charge separation yields *
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We report simulations of exciton migration and charge separation kinetics in spectrally heterogeneous two-dimen-
sional model antenna /reaction center complexes based on a numerical solution of the Pauli master equation for
exciton motion. Experimentally accessible quantities like the charge separation yield, the exciton lifetime(s), the
first passage time, the time-resolved and the steady-state fluorescence emission spectra are calculated. The
simulated data lend themselves to a direct comparison with experimental data. The diagnostic value of these
parameters for studying antenna heterogeneity, antenna structure and trap properties in real pllotosystch]s are
discussed. Both the ‘slow trap’ and the ‘fast trap’ cases are examined in order to simulate the trap-limited and the
diffusion-limited kinetics, respectively. For spectrally heterogencous antenna sytems we show that conclusions
drawn by other authors regarding the effects of antenna optimisation like, e.g., funnelling, on the charge separation
yield and exciton kinetics apply only to the hypothetical fast-trap case. In contrast, in the ‘slow-trap case’, which is
more relevant for natural photosystems, the influence of spectral and structural optimization on the charge
separation yield is quite limited. The most relevant parameters that influence the charge separation yield and the
exciton Kinetics in the heterogeneous antenna case are the ratio of energy transfer rates for trapping vs. detrapping
at the reaction center and the spéctral heterogeneity of the antenna. We show that the presence of long-wavelength-
absorbing pigments (in relation to reaction center absorption) is still compatible with a high yield of charge
separation. However, long-wavelength-absorbing pigments will make a pronounced contribution to the steady-state
fluorescence emission spectrum, which has considerable diagnostic value. Funneling is shown to be essential for a
short first passage time but less important for achicving a high yield of charge separation.

Introduction

In organisms performing photosynthesis, the light
energy is absorbed by arrays of so-called ‘antenna
pigments’ and is transferred in a scries of ultrafast
energy transfer steps to the photosynthetic reaction
centers, the entities where the actual photoreactions
take place (for reviews see Refs. 1, 2). Notwithstanding
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this generally accepted notion, most details of these
energy transfer processes are still unknown. In fact, to
date the energy transfer process in chlorophyll-contain-
ing antennae is neither experimentally nor theoretically
understood, even for a single antenna pigment com-
plex. This situation demands a substantial amount of
both cxperimental and theoretical study.

The nonradiative transfer of excitation between an-
tenna pigments in organisms performing photosynthe-
sis was originally inferred from the concept of the
photosynthetic unit. It was found that a large number
of photochemically inactive antenna pigments are con-
nected to one photoactive complex, the reaction center
[3,4]. When Forster presented the exciton hopping
theory on energy transfer in the very weak coupling
limit [5] it was established that a random walk of the
excitons over an array of pigment molecules including
a trap could in principle be fast enough to cnsurc a
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high ecnergy-collection efficiency [6,7]. Theoretical
modelling of the exciton motion in homogeneous ar-
rays of pigments was first carried out on the basis of
the probability matrix method [7], by establishing the
master equations for exciton motion [§8-12], or by
Monte-Carlo random-walk simulations [13]. These
studies provided fundamental insights into the energy-
transfer processes on lattices containing traps. Never-
theless, the applicability of these studies to actual
photosynthetic systems is limited, since some simplify-
ing assumptions made, concerning the dctailed proper-
tics of pigments and traps, scem to be incompatible
with those of rcal photosystems.

A set of analytical expressions derived by Pearlstein
(14] for the exciton lifetime in a homogeneous antenna
array allowed for the first successful description of the
kinetics of a photosynthetic unit with a realistic re-
versible trap. The predicted kinetics was a single-ex-
ponential decay function. That model was tested exper-
imentally by Owens et al. [15] and it seems to be able
to properly describe some basic aspects of the exciton
decay kinetics in real photosystems. Pearlstein also
discussed the origins of deviations from single-ex-
ponential exciton decay [16]. It was inferred that for a
small charge separation rate the detailed properties of
the antenna array should be of limited importance [14].
A major limitation of Pearlstein’ s derivation is that
only a spectrally homogeneous antenna system (all
pigments are equal) can be considered and that only an
average trapping lifetime is obtained.

Several numerical simulations of the exciton decay
kinetics have been reported based on the probability
matrix method [17-19], the Monte-Carlo random-walk
method [13] or on the numerical integration of the
master equation [20] and by other methods [21,22].
Despite providing interesting results, most of thesc
studies were cither highly restrictive in their assump-
tions (only homogencous antenna and/or only irre-
versible traps assumed) or did not aim at calculating
such parameters that could be compared directly with
experimental data. A modelling of the exciton kinetics
of large antenna systems composed of different pig-
ment pools (heterogenous antenna) has been carried
out in the past by using a coupled differential equation
model. However, only the transfer between different
pools of pigments was considered, ignoring the effects
of the detailed pairwise transfer between all individual
pigments [23,24]. The best-known of these models is
Butler’s tripartite model [25].

At present, a large variety of spectroscopic and
kinetic data on photosynthetic antenna systems is avail-
able. Yet, most of the inherent structural and spectro-
scopic parameters governing the exciton motion in
photosynthetic systems can not be revealed directly by
an experimental spectroscopic approach alone. Kinetic
modelling therefore promises to be a powerful ap-

proach to reveal these ‘hidden parameters’ of a partic-
ular antenna system. Such simulations should account
as closely as possible for the multitude of experimental
data that are available. No general analytical solution
is available for this problem and thus numerical meth-
ods have to be applied.

The algorithm used here is based on the numerical
solution of the Pauli master equation. This formalism
allows us to simulate a variety of experimentally acces-
sible data like, for example, the detailed fluorescence
kinetics, the first passage time (FPT) the time-resolved
decay-associated emission spectra (DAS), the steady-
state emission spectrum, the fluorescence yield, the
charge separation vyield, etc., of a photosynthetic an-
tenna/reaction center complex when the spectral
properties, the spatial arrangement, and the energy
transfer rates between individual pigments in the sys-
tem are known. We have applied this approach carlier
to a study of the energy transfer processes in phycobili-
some rods [26] and a very similar formalism has been
used in the work of Jean et al. [27]. Despite the fact
that the method is not new, we are not aware of any
complete presentation of the expressions required for
the calculation of the experimentally accessible param-
eters described above. For this reason the necessary
formulae are collected in the appendix of this paper.

The only systematic investigation of trapping kinet-
ics in spectrally heterogencous photosynthetic antenna
systems published so far — using physically reasonable
parameters for pigments and reaction centers — is that
of Jean et al. [27]. They addressed two important topics
in their study. First, the effects of spatial arrangement
(in segregated antennae) and spatial distribution (in
non-segregated antennae) on the exciton kinetics in
model arrays was tested. Second, they addressed the
problem of how — for a given spatial distribution — the
corresponding simulated exciton kinetics would be
‘seen’ by a typical kinetic fluorescence experiment car-
ried out using the single-photon-counting technique.
The work reported here in a way complements and
extends the work of Jean et al., although our aim is
different. The main purpose of the present work is to
investigate the effects of a varying degree of spectral
heterogeneity on:

(i) the first-passage time in the antenna;

(i) the total trapping kinetics and trapping yield; and
(iii) the effects of long-wavelength absorbing pigments
on these parameters.

The important point in these simulations is that the
degree of spectral heterogeneity is varied for a con-
stant absorption spectrum of the array. In our view,
this represents the typical experimental situation where
one is trying to characterize an unknown antenna sys-
tem in term of its spectral and spatial distribution and
its kinetics. At the end of this paper we briefly com-
pare the effects of different spatial arrangements for a



particular degree of spectral heterogeneity on the exci-
ton kinetics. That part has significant relevance for
understanding, for cxample, photosystem 1. Through-
out this work we aim at simulating as many experimen-
tal observables as possible in order to reveal their
relationship with structural and spectral parameters of
the antenna. In particular, we examine the effects of
diffusion vs. trap-limited kinetics [14] in a coherent
manner. We do not intend to meet exactly the proper-
ties of a particular natural photosynthetic system, al-
though we believe that the assumed parameters arc
quite typical for Chl antenna systems of higher plants
and green algae. Nevertheless, the results and insights
gained in this study will be of a general nature and they
will lay the ground for a detailed analysis of real
photosystems — based on experimental data — which
will be the subject of later work.

Results

General model assumptions

The antenna system considered consists of a regular
two-dimensional array of pigments occupying N —1
lattice sites and in addition a trap. In our particular
case, the trap is the so-called reaction center (RC).
The deexcitation pathway of an excited antenna pig-
ment can be energy transfer to a neighboring pigment
(rate constant k), radiative and nonradiative decay
(summed together to give a rate constant & ,). The trap
may or may not differ in its spectral properties from
those of the antenna pigments. In any case, it is distin-
guished from the latter by an additional relaxation
channel with rate constant k, reflecting irreversible
charge separation. If not specified otherwise, only
nearest-neighbor interactions will be considered for the
energy transfer between pigments. The pairwise energy
transfer rates, k;;, are assumed to be proportional to
the spectral overlap integral between donor and accep-
tor as defined in Forster energy transfer theory [28].

The rate constant k;; of transfer from pigment j to
pigment i is thus given by

const - k2

kij=—F—7'0 n

Y i14'70'R,‘»’j

with the spectral overlap integral O being defined as

(v)-F,
o= [LEI, @

where &2 is the orientation factor, n the refractive

index, 7, the radiative lifetime and R;; the distance
between neighbouring pigments /i and j. e(v) is the
absorption spectrum of the acceptor pigment i and
Fj(u) the normalized fluorescence spectrum of the
donor pigment j.

273

For all the following simulations, a 9 X9 square
antenna array with the trap in the center will be
assumed. The absorption spectra of the various pig-
ments used were determined by Gaussian deconvolu-
tion of the total absorption spectrum into the desired
number of spectral types. This assumed model spec-
trum was in fact the absorption spectrum of a PS 11
antenna reaction center complex which we have stud-
ied earlier [29]. The halfwidths of the bands in the
Gaussian analysis were fixed. The fluorescence spec-
trum of each pigment type was assumed as the mirror
image of the absorption with a fixed Stokes shift of 150
cm~'. The number of pigments chosen of each spectral
type was such that the total absorption spectrum (in
the Q).-band) of all model arrays represented an opti-
mal fit of gaussian bands to the chosen experimental
spectrum. Thus, within very small variations all simu-
lated model arrays have the same total absorption in
the Q, region but are composed of a varying number
of different spectral types. For all model arrays the
pigment-pigment distance was assumed to be 1.5 nm
[30], €% =86300 I/mol per cm [31], and an average
orientation factor x? of 5/4, which corresponds to a
randomized oricntation in two dimensions has been
applied [32]. The rate constant for excited state deacti-
vation k, (sum of radiative and nonradiative decays)
was assumed to be 0.5 ns~!, in accordance with a
lifetime of approx. 2 ns in isolated Chl antennae [33-
35], and the radiative lifctime 7,=15 ns [36]. The
refractive index is 1.2. The trap (RC) is assumed to
have identical spectral properties in all the simulated
model arrays. It is characterized by a Gaussian absorp-
tion band with A% = 680 nm (fwhm = 550 cm™!), and
a Gaussian emission band with ASh, = 682 nm (fwhm
=440 cm™"). In general, we consider two types of RC
as the trap. The first is a ‘fast trap’ with a charge
separation rate constant of A, =500 ps~!. This fast
rate serves for the simulation of an irreversible trap-
ping situation, since the charge separation rate is much
larger than any energy transfer rate, so that charge
separation occurs immediately after an exciton reaches
the trap for the first time. The second type of RC
considered has a slower, more realistic rate constant of
charge separation of k,=0.4 ps~! (‘slow trap’), which
is in the range for a real reaction center [15,29,37-40].
This assumption allows us to switch between trap and
diffusion limits without changing the pairwise energy
transfer rate constants. This procedure provides a more
realistic approach to the ‘irreversible trapping’ situa-
tion than the one used by previous authors who simply
put to zero the back-transfer rate from the RC [17,19] .
which is a physically unreasonable assumption.

The excitation pulse was assumed to be a §-pulse at
a wavelength of 675 nm (the maximum of the absorp-
tion) unless noted otherwise. We denote the longest
lifetime predicted from the model calculation in each
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case as 7, with corresponding relative fluorescence
- amplitude A_,. The term ‘maximal relative amplitude’
of a lifetime component refers to the particular wave-
length where the corresponding decay-associated spec-
trum (DAS, c.f. Appendix for definition) has a maxi-

TABLE |

Results of simulations with heterogeneous antenna systems

mum. Since this maximum may occur at different wave-
lengths for the DAS of different decay components in
the case of heterogeneous arrays, the sum of relative
amplitudes of all components may in fact exceed a
value of 100%. This definition may appear somewhat

The position of the absorption maximum for each type is A% | the emission maximum AT, and the spectral width (fwhm) as calculated from

max?

the model array are given for each spectral type. 7, and A, are the longest lifetime resolved and its relative amplitude, respectively, while ¢,
represents the charge separation yield. The ratio kp, /k is the ratio of energy transfer rate out of the trap to the transfer rate toward the trap.
The other significant (in terms of amplitude) lifetime components and their corresponding amplitudes are given by 7; and A;. Kinetic analysis
was made both for the fast (k,J =500 ps™') and the slow (kp =0.4 ps~") trapping rate for excitation wavelength of 675 nm in all cases. RC,
reaction center. The RC retained the same spectral properties throughout.

Case Type #pigm  A¥S fwhm AR fwhm o Tm Ay 7 A,; ¢, kp/kt
(nm)  (em™)  (m)  (m™D  (ps™H  (ps) (ps) (%)
A 1 80 673 550 682 445 0.4 129 0.9998 0.124 0.001 935 0.65
RC 1 680 550
500 6.2 0.978 0.338 0.01 99
B 1 3 655.4 400 681 515 04 81.1 0.979 0.465 0.243 95.5 0.79
2 37 667.5 400 ’ 0.186 0.063
3 24 677.8 400 0.09 0.163
RC 1 680.0 550
679 515 500 2.76 0.964 0.368 0.095 99
0.294 0.009
0.181 0.042
0.082 0.122
C 1 7 655.5 350 686 780 04 174 0.728 1.11 0.323 92 1.56
2 34 668.4 350 + 1.09 0.144
3 37 679.3 350 705 0.296 0.237
4 2 698.3 350 0.113 0.108
RC 1 680.0 550
685.5 750 500 5.1 0.758 1.08 0.445 99
+ 1.1 0.27
705 0.294 0.25
0.44 0.028
D 1 3 651.9 300.0 687 541 0.4 228 0.663 1.14 0.112 88 35
2 11 661.0 300.0 + 0.927 0.225
3 33 670.3 300.0 702 0.561 0.123
4 30 680.4 300.0 0.137 0.243
5 3 695.5 300.0
RC 1 680.0 550.0
685 500 6.94 0.633 1.79 0.017 99
+ 1.27 0.086
702 1.04 0.215
0.622 0.127
E 1 3 651.3 225 710 230 04 1550 0.36 8.70 0.22
2 9 659.6 0.78 0.22 25 46
3 20 667.4 0.65 0.14
4 23 674.3 0.41 0.25
5 20 682.7
6 4 690.8
7 1 702.0
RC 1 680.0 550 a
710 230 2500 248 0.28 5.67 0.22 93
’ 0.78 0.22
0.65 0.15
0.41 0.26

* Due to presence of a long-wavelength absorbing pigment (type 7), very long first-passage time.
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Fig. 1. Absorption spectra of pigment types (dotted and dash-dotted

lines) and total absorption (solid line) used for simulating the hetero-*

geneous 9X 9 model array of case B (Table I). Type 1 (-~----), type

2(------ ) and type 3 (- --). The calculated fluorescence spectra for

case B are shown by the dashed lines for k, = 0.4 ps~ ! (long dashes)

and for &k, = 500 ps~! (short dashes). The Gaussian functions used

to fit the first vibronic absorption side band around 640 nm are not
shown for clarity.

unusual, but it allows us to condense the most impor-
tant information contained in a particular DAS into a
few numbers in a table.

For N — 1 antenna pigments and 1 reaction center,
the model predicts N eigenvalues (lifetimes) and corre-
sponding cigenvectors in the simulations. Since only a
few of these cigenvectors have any significant magni-
tude, we shall ignore in the following discussion all
those eigenvectors that make a negligible contribution
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Fig. 2. Absorption spectra of pigment types used for simulating the

heterogeneous 9X 9 model array of case C (Table I). Type 1 (--+- -+ ),

type 2 (—---), type 3 (- —-— -} and type 4 (-—-—-) absorption spectra

are shown together with the calculated emission spectra. For further
symbols see Fig. 1.
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Fig. 3. Absorption spectra of pigment types used for simulating the

heterogeneous 9 X9 model array of case D (Table I). Type 1 (- -+« -+ ),

type 2 (~---), type 3 (——-—-) type 4 (-----) and type 5 (----)

absorption spectra are shown together with calculated emission
spectra. For further symbols see Fig. 1.

to the total kinetics. We should like to note that
several of these eigenvalues with significant eigenvec-
tors may in fact represent rate constants with very
similar values which in a real experiment could not be
kinetically resolved. Nevertheless, we have not com-
bined (or summed up) the corresponding DAS in order
to enable a better understanding of the origin of these
DAS. It would depend on experimental details how
this kinetics would be ‘seen’ by an experimental proce-
dure.
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Fig. 4. Absorption spectra of pigment types used for simulating the _

heterogeneous 9% 9 model array of case E (Table ). Type 1 (++-- -+ ),
type 2 (=+ =), type 3 (-——-)type 4 (= —-==), type 5 (- -+~ -~ ), type 6
(=---) and type 7 (-—---) absorption spectra are shown together

with calculated emission spectra. For further symbols see Fig. 1. For
this case the fluorescence spectra calculated with k,=0.4 ps~!or

500 ps~ ! are identical.
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Fig. 5. (A) Decay associated spectra for the major lifetime components calculated for case C (Table 1) assuming a slow trap and A, = 675 nm.

The DAS of the longest lifetime is almost.identical with the predicted steady-state fluorescence spectrum. (B) Time dependence of the relative

excited state concentrations of each pigment type for case C upon excitation at 675 nm. Numbers on curves denote the pigment types. RC

reaction center; RP, charge separated state (radical pair). Note the split time-scale which is compressed after 1.4 ps. The symbols in panel A and
panel B are not related to each other.

Kinetic simulations

We start out by studying the effect of an increasing
degree of the antenna spectral heterogeneity on the
exciton decay kinetics. After assuming a certain degree
of spectral heterogeneity, characterized by a certain
number of different spectral types and a particular
pigment distribution, we calculate the overall trapping
time and efficiency, the expected steady-state emission
spectrum and the relative contribution of the fast life-
time component(s) which reflect the exciton equilibra-
tion kinetics between the different spectral types.

The results of the simulations assuming an increas-
ing degree of spectral heterogeneity, modelled by an
increasing number of different spectral types used, are
collected in Table 1. Unless noted otherwise, a funnel
arrangement of the pigments has been applied, i.e., the
longest-wavelength absorbing (LWA) pigments are lo-
cated closest to the trap while the shortest-wavelength
absorbing (SWA) pigments were placed at the periph-
ery of the trap. For a given pigment ratio this rule
alone does in most cases not fully determine the pig-
ment arrangement. However, we verified that the alter-
native possibilities of arranging pigments within these
limits, i.e., funnel arrangement, did not have severe
influences on the results. A different approach would
be to present an average of the kinctics of all possible
funnel arrangements for a given pigment ratio. This
would b€ incompatible, however, with the way we
prefer to present the results for reasons of showing the
principal effects. One must simply keep in mind that
the cases presented in Table I are the result of one
particular funnel arrangement each. Case A represents
the homogeneous case with the same antenna size and
is given for comparison only, while Cases B-E repre-

sent increasing degrees of heterogeneity. The absorp-
tion spectra of the different spectral types used are
shown in Figs. 1-4.

Fast trap case

In the ‘fast trap’ (kp =500 ps~!) case, the longest
predicted lifetime, 7, is found to be a good measure
for the average arrival time of the exciton at the trap,
i.e., the first passage time (FPT). The concept of the
FPT has been defined in an analytical derivation by
Montroll [9] and represents the time the excitons re-
quire on average to arrive for the first time at the trap
(RC). Thus for k,=500 ps~' this decay time (r,)
should be identical to the first passage time (FPT) [14]
since for k,> k;;, the exciton is converted into the
charge separated state upon its first arrival at the RC.
It is clear from inspection of Table I that increasing
heterogeneity influences the longest lifetime compo-
nent 7, which has the predominant amplitude in all
cases. However, this lifetime varies only from 2.8 ps
(case B) to 6.9 ps (case D), which is much less than one
might have expected intuitively. This small change in
(7,,) is to the most extent explained by a decrease in
the rate constant, k1, which leads to a parallel increase
in the ratio k/k (the ratio of the rate constants for
pairwise transfer from the reaction center to a neigh-
boring antenna pigment, kp, to the rate constant of
the reverse process, k) upon increasing the degree of
heterogeneity. * This in turn is related to the fact that

* We use here the ratio kp /& rather than the rate constant kg
alone in order to be consistent with the ‘slow trap case’ where this
ratio is a relevant parameter. We note however that the value of k,
is not relevant in the ‘fast trap case’ considered in this paragraph.



for the highly heterogeneous cases considered there
appear antenna pigments in the Gaussian deconvolu-
tion which have an absorption maximum at longer
wavelength than the reaction center, i.e., energy trans-
fer to the RC is energetically uphill. This is clearly
born out by the results of case E. In this extreme case
the FPT is nearly two orders of magnitude larger
(FPT = 250 ps) than for the other cases. For a reaction
center that is a deep trap with respect to all the
antenna pigments in the array the result would be
different [17,41]. We have carried out the correspond-
ing simulations for a ‘deep trap’ type of reaction center
as well. The results are not presented here in detail
because in our view such a situation is not likely to
apply to any known antenna/ reaction center complex
in the physiological temperature range since the RC’s
seem to be always surrounded by pigments with similar
or even lower excited state energy [20,42]. In the ‘fast
trap’ case the trapping efficicncy exceeds 93% in all
cases. This holds even for case E, despite the fact that
k1 is quite unfavorable. This case may apply, for
example, to purple bacteria like Rhodospirillun rubrum
[42]. The data shows that in all cases the excitons
quickly reach the RC and can be trapped efficiently.

Slow trap case

For the ‘slow trap’ casc the overall trapping time —
again characterized- by the longest lifetime =, — is
larger by more than an order of magnitude as com-
pared to the FPT in the ‘fast trap’ case (cases A-D), as
expected. It is interesting, however, that the overall
trapping time is shorter as comparcd to the spectrally
homogeneous antenna (case A) only for a modest
degree of spectral heterogeneity (case B). For higher
degrees of heterogeneity (cases C-E) the overall trap-
ping time exceeds the ‘homogencous case’ trapping
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time by up to a factor of 10. In all cases, except for very
large degree of heterogeneity (case E) 7, has a relative
amplitude in the range 0.65-0.99. The other lifetimes
have values <2 ps, some of them having fairly large
relative amplitudes of up to about 0.5 in some cases.
This holds for an excitation wavelength at the maxi-
mum of the absorption of the whole array (675 nm).
The short lifetimes reflect the antenna equilibration
kinetics. Fig. SA shows the DAS calculated for case C.
The short lifetime (7 =1 ps) characterizes processes
involving excitation decay in pigments emitting at 680—
690 nm and a rise of excitation density in pigments
emitting near 700-710 nm. The analysis of the time-de-
pendence of excitation density for the four pigment
types in the antenna indicates that an equilibration
occurs between the excited state concentration in types
2 and 3 on the one hand and that in type 4 on the
other hand within a time of 1-2 ps. Thus the emission
maxima of these pigments agree with the positions of
the predicted DAS maxima and minima. The third
significant DAS with = = 0.3 ps is characterized by two
decay components at 670 and 710 nm, and a rise term
(negative amplitude) at 690 nm. Once again, examina-
tion of Fig. 5B revcals that a fast rise (r <1 ps) the
excited state population of type 3 pigments (A%, = 685
nm) accounts for this DAS. The relative amplitude of
these equilibration lifetimes increases with the degree
of heterogeneity. It thus follows that the relative mag-
nitude of the amplitudes of the equilibration compo-
nents provides a good indicator for estimating the
actual degree of spectral heterogeneity in an unknown
antenna system.

Despite the large heterogeneity assumed, all the
cases presented for the ‘slow trap’ assumption are
extremely trap-limited, i.e., 7, is strongly correlated
with k. Nevertheless, the trapping yield (in our case

Il

I T i} T i
sk

5 B
o
&
O 4 F /’_ -
be] /‘-.\,z Pien e —RP
= ! N / H
c \ H
M - Y : ]
o ! \ \:
c ] / N\ )
(5] ] \ W
© 2L / N § _
E’ l, / S~. ~ \\

1"~ P P O \ .

VAN

c RN
0 L =1 - Y Dt
0 05 1.0 500 1000
Time, ps

Fig. 6. Corresponding data for Case C as shown in Fig. 5 for excitation wavelength of 638 nm. (A) Decay-associated spectra; (B) time-dependence
of excited state concentrations. For symbols see Fig. 5.
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TABLE 11

Dependence of the maximal relative amplitude, A; of lifetime component 1; on the excitation wavelength A,,. for the heterogencous cases B—E with
k,=04ps~! (cf. Table I)

Values for charge separation yield ¢, are not sensitive on excitation wavelength.

Case 7; (ps) Axe (nm) A; Agxe (Nm) A; Aexc (nm) A;
B 81.1 655 0.844 675 0.979 679 0.995
(3 types) 0.47 0.424 0.243 0.004
0.30 0.014 0.008 0.002
0.19 0.026 0.063 0.020
0.09 0.470 0.163 0.156
C 174 658 0.262 675 0.728 698 0.906
(4 types) 1.11 0.181 0.323 0.098
1.09 0.115 0.144 0.043
0.30 0.364 0.237 0.242
0.1 0.132 0.108 0.072
D 228 652 0.172 675 0.663 695 0.952
(5 types) 1.14 0.046 0.112 0.034
0.93 0.08 0.225 0.100
0.56 0.095 0.123 0.071
0.20 0.121 0.069 0.073
0.1247 0.345 0.243 0.1875
E 1550 651 0.02 675 0.36 702 0.96
(7 types) 8.7 0.006 0.22 0.35
0.78 0.018 0.22 0.042
0.65 0.005 0.14 0.025
0.41 0.010 0.25 0.213
0.119 0.212 0.085 0 0.017
TABLE 111

Effect of pigment spatial arrangement on exciton decay in a heterogenous antenna (pigment composition as in Case D from Table 1)

The exact arrangement of pigments is shown in Fig. 7. Case D1 is the control funnel array; cases D3-D4 are nearly funnel arrays where the
position of the pigment type 5 is modified; case D2 has a nearly anti-funnel arrangement near the trap. Cases D3, D6 and D7 have a
computer-generated random distribution of pigments in the array. The presence of positive /negative amplitude components in the DAS is note .
by +/—. Other parameters are as described in Table I. (The values in parentheses give the intensity of the corresponding maximum relative to
the total maximum of the emission spectrum.)

Case A 7 A; DAS ¢, kp/ke FPT
[nm] [ps] (%] (k= 500)
D1 687 (0.6) 228 0.663 + 88 3.5 6.9
702
D2 687 (0.6) 276 0.664 + 85 0.14 59.6
702
D3 687 (0.15) 159 0.549 + 78 2.0 5.8
702 20002 0.130 +/-
D4 687 (0.05) 1 0.928 +/- 50 1.1 3.2
702 20002 0.6 +
D3 687(0.2) 182 0.587 + 76 04 35.0
702 20.6 0.189 +/-
20002 0.142 +
D6 687 (0.5) 328 0.546 + 87 0.55 324
702 462 0.178 + /-
97.7 0.154 +
D7 687 (0.6) 254 0.65 + 87 0.6 40.6
702 1.91 021 +/-

2 In this arrangement at least one long-wavelength (LWA) pigment which is surrounded by short-wave-pigments only, acts as a second trap.



identical to the charge separation yield) is very high,
i.e., 88-95% for all cases exccpt case E. This shows
that the presence of long-wavelength absorbing pig-
ments is quite compatible with a high trapping yield.
Only for case E, where the presence of an extremely
low-energy antenna pigment (as compared to the en-
ergy of the RC) is assumed, does the trapping yield
drop drastically to 25%. Increasing heterogeneity has
also a drastic influence on the predicted steady-state
emission spectra, as shown in Figs. 1-4. For increasing
heterogeneity the emission spectrum develops a red
emission band (A, = 700-706 nm) whose intensity in-
creases relative to the 680-685 nm main emission
band. This demonstrates convincingly that the maxi-
mum and shape of the steady-state emission spectrum
should in fact provide a simple but important criterion
when judging the degree of spectral hetcrogeneity in a
natural system.

Dependence on excitation wavelength

The relative amplitudes of the fast equilibration
lifetimes are expected to depend strongly on the excita-
tion wavelength [26] (note that the lifetimes are inde-
pendent of excitation wavelength). Thus calculations
assuming excitation at two other wavelengths, i.e., at
the maxima of the shortest- and longest-wavelength-ab-
sorbing antenna pigment, respectively, were performed
in addition to the 675 nm excitation assumed normally.
The maximal relative amplitudes are collected in Table
I1. It follows from these results that the variation in the
DAS of the short-lived components observed for differ-
ent excitation wavelengths arc not only potent indica-
tors for the spatial and spectral equilibration kinetics
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in the heterogeneous antenna but also provide insight
into the spectral characteristics of the different pig-
ment pools. As an example, the resulting DAS for case
Cand A, = 658 nm are shown in Fig. 6A. This figure
should be compared with Fig. 5A, which shows the
corresponding data for the same array but using A, =
675 nm. As a result of the blue-shifted excitation, the
rel. amplitudes of the two shortest lifetimes increase
substantially. The shortest + shows a decay term at 660
nm, which suggests a decrease of excited state popula-
tion of the type 1 pigments with = =0.14 ps. In accor-
dance with this, excited state concentration curves re-
veal a fast equilibration (7 < 0.5 ps) involving decay of
type 1 excited states and simultaneous rise of type 2
excited state population (see Fig. 6B).

Effects of pigmment distribution

Table III collects the results obtained when studying
the dependence of the trapping parameters for an
intermediate degree of spectral heterogeneity as a
function of spatial arrangement in the ‘slow trap’ case.
We chose the same pigment ratio as in case D, Table 1.
The complete funnel arrangement (case D1, identical
to case D, Table 1) is compared with various non-ran-
dom nearly-funnel (D3, D4) or nearly anti-funnel (D2)
and also with several computer-generated random ar-
rangements (D5-D7). The exact arrangement of the
pigments used for these simulations is shown in Fig. 7.
In the case of the random arrangements we show the
results of extreme cases (D5 and D7) as well as a case
which is more typical for the average kinetics (D6). For
some arrangements (case D3, D4, D5) one of the LWA
pigments is located far away from the RC and is
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Fig. 7. Model lattices having the pigment type distribution of case D (Table I) but different pigment arrangement in the array. Funnel (D1),

nearly anti-funne! (D2) nearly funnel (D3-D4) and random (D5-D7) arrangements are shown.
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surrounded by SWA pigments. The LWA pigments
thus act as an additional trap, which gives rise to a
substantial 2 ns decay amplitude, because energy being
directed to thesc pigments never finds its way back to
the RC. Consequently, the trapping efficiency drops
considerably, to a value as low as 50%. For the other
pigments the trapping time is very short (51 ps for case
D4). For the random arrangements (D5-D7) and for
the anti-funnel arrangement (D2) the FPT is by a
factor of 5-10 higher than for the other cases, extend-
ing up to about 60 ps.

Comparison of the FPT for all distributions reveals
that funneling of excitation as realized in cascs D1, D3,
and D4, is highly efficient in reducing the exciton
migration time to the RC. For the other cases the FPT
is increased, up to 60 ps for the anti-funnel case D2.
This effect of funnclling has been predicted earlier
[17,19]). The important point is, however, that it has no
corresponding effect on the trapping time and the
charge separation yield when k,=0.4 ps~!, ie., for a
realistic trap. In fact, cases D2 and D7 (random distri-
bution) are now characterized by similar trapping times,
charge separation yield and fluorescence spectra as
found in the best case, D1. We furthermore find that,
independent of funneling, the environment of the LWA
pigments has a decisive impact on the exciton migra-
tion kinetics. The cases D3 and D4 reveal that moving
from 1 to 3 LWA pigments to the edge of the array,
the ratio k,/kr, the FPT and the RC-controlled trap-
ping time are decreased. However, this apparent posi-
tive effect is accompanied by the appearance of a 2 ns
component of substantial amplitude, a drastic increase
in long-wavelength, 702 nm fluorescence and morcover
a decrease of trapping yield down to 50%. Similar
results are obtained also for case DS5. It had been
concluded previously that LWA pigments should not
be located near the trap, since the increase of k by
LWA pigments should decrease the trapping efficiency
[14,20]. Our simulation reveals that such a conclusion is
inappropriate. The LWA pigments must clearly be in
contact with the trap, otherwise no high trapping effi-
ciency can be achieved. LWA pigments not in contact
with the trap tend to act as additional traps where
energy becomes localized and thus can not reach the
reaction center efficiently. It follows from these studies
that the pigment distribution in an inhomogeneous
antenna array can be quite variable without affecting a
high charge separation yield. The only limiting factor is
the environment of the LWA pigments. If LWA pig-
ments (relative to the RC absorption) should be part of
real photosystems we conclude that they should be
preferentially situated close to the reaction center.

The shape of the steady-state emission spectra is a
sensitive parameter for the pigment arrangement, as is
revealed by the intensity ratio of the 687 nm to the 702
nm emission intensity (Table ). The simulations pre-

sented here show that in fact only for the funnel array
D1 and few other cases (D2 and D7) the fluorescence
intensity of the LWA pigments at 702 nm is similar to
the fluorescence intensity of the 687 nm band. For the
cases D3-D5 where the LWA pigments are obviously
not located at the end of an energetic funnel leading to
the reaction center, the fluorescence from the LWA
pigments is highly enhanced. It appears that a random
distribution of the pigments does not necessarily de-
crease exciton density in the LWA pigments as was
suggested previously [43]. In fact, for comparable trap-
ping times and fluorescence spectra (like cases D1, D2
and D7) only the FPT can be used as a criterion to
distinguish a perfect funnel array from other arrange-
ments. Although we have not tried intentionally to
model the situation for PS I, we should like to note
that in fact cases D3-D7 have many similarities with
the properties of PS I particles, in particular with
respect to a small number of LWA pigments involved.
Lifetimes of 10-20 ps observed in both isolated PS 1
particles [44-46] and in intact thylakoids and green
algae (see Ref. 47 for a review) have been interpreted
by us as spectral and spatial antenna cquilibration
times. Taking into account that native PS I antenna
have antenna sizes about 2-3-times’ larger than the
arrays simulated here, our interpretation of the above-
mentioned experimental data is entirely consistent with
the results from the simulations reported here. In that
case, the relative arrangement of LWA pigments and
RC is particularly important.

Discussion

Our simulations show that only an exact solution of
the equations describing the exciton kinetics as carried
out here can give information about the influence of
spectral heterogeneity in antenna pigments on the
trapping kinetics and yields. Previous formalisms lim-
ited to homogeneous systems led to wrong conclusions
in this regard if extrapolated to the hcterogencous
cases. The dependence on k and A1 which is impor-
tant in a homogeneous systeni [14,20] may be overriden
by funnelling in a heterogeneous one. It is clear from
our simulations that the presence of LWA pigment can
be an advantage for the trapping efficiency in special
cases but does not generally improve the efficiency.

Previous simulations where spectral heterogeneity
was examined in detail are inconclusive for real sys-
tems because their predictions were mostly limited to
the effect on the FPT [17,19). Our data show that FPT
alone does not constitute a rclevant parameter for
characterizing the exciton decay kinetics and yield of
trapping when a realistic ‘slow trap’ situation is mod-
elled. For example the improvement of trapping effi-
ciency by heterogeneity, predicted to decrease trapping



time by a factor of 2-35, was in fact only about 35% in
the best case studied here. It thus appears that the
most relevant characteristics of a funnel arrangement
compared to other arrangements consists in the de-
crease in FPT and in the minimized fluorescence emis-
sion from the LWA pigments, although it does not
necessarily provide a substantially better trapping effi-
ciency. Thus, considering only the cffects on the FPT
and the ratio k5 /k+ may be misleading if the trapping
efficiency is not considered as well [19,20]. It is also
worth mentioning that there exists no obvious relation-
ship between the steady-state fluorcscence spectra and
the spectra of the pigment families present in the
antenna. The full kinetics of the antenna system in-
cluding the trap must be solved exactly in order to
predict such fluorescence emission. Any intuitive pre-
dictions concerning the performance of a given array
are likely to fail due to the complexity of the exciton
kinetics involved in a heterogeneous antenna with a
slow, reversible trap. This situation provides a useful
handle, however, for learning about the spectral het-
erogeneity and the spatial distribution of natural an-
tenna systems. One important conclusion to be drawn
here is that previous reports, limiting their investiga-
tion to the FPT [17,19], largely overestimated the im-
portance of the positive impact of a complete funnel
arrangement as compared to other pigment distribu-
tions on the trapping efficiency.

At this point a comparison with the results of the
study by Jean et al. [27] is appropriate. When making
such comparison it must be kept in mind that Jean et
al. presented their data in a manncer quite different
from that followed by us. They calculated the simu-
lated kinetics with a time interval of 5 ps and per-
formed a sum-of-cxponentials analysis on these data.
In contrast, we present directly the lifetimes (inverse
eigenvalues ) and the DAS (from the eigenvectors) of
the respective kinetic system. Jean et al. also did not
calculate the FPT and the trapping yicld. The most
important common conclusion to be drawn from the
two studies are the following:

(i) Both predict that kinctic components in the range
from subpicoseconds up to a few picoseconds will
contain the most relevant information both on the
spatial distribution as well as on the degree of spectral
heterogencity of the antenna systems.

(ii) The equilibration times (spectral and spatial) arc
not directly related to the overall trapping time and
yields (for realistic slow traps).

(iii) The excitation "or emission spectrum of the trap-
ping scnsitive lifetime, 7, is identical to the corre-
sponding steady state spectrum (for slow traps). The
last conclusion follows already from the work on phy-
" cobilisomes [26]. A further detailed comparison of the
results is difficult in view of the differcnt parameters
that were varied in the two studies. Nevertheless it can
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be concluded that in general the results of both studies
arc quite compatible with each other.

Our study provides useful insight on how time-re-
solved fluorescence spectroscopy could be used in the
most informative way to reveal so far unexplored de-
tails of antenna structure and the properties of natural
photosystems. We conclude that the deviation of the
exciton kinetics from the monoexponential decay, the
appearance of shorter-lived components and their DAS
in dependence on the excitation wavelength, and last
but not least the steady-state fluorescence spectra are
all sensitive indicators of the spectral heterogencity
and the actual pigment arrangement present in a pho-
tosystem. In order to exploit this potential, subpicosec-
ond studies of antenna equilibration will have to be
carried out.

Acknowledgements

This work has been supported by a postdoctoral
fellowship to M.B. from the Natural Sciences and
Engineering Research Council of Canada. We' thank
Professor K. Schaffner for his interest in and support
of this work.

Appendix

Description of the formalism

Assuming that exciton motion is an incoherent hop-
ping process of localized excitons, and assuming low
photon densities (one exciton created per domain only)
the exciton motion in a system of n pigments is de-
scribed by the Pauli master equation [5], which for
practical purposes is equivalent to a random-walk for-
mulation [48]:

dx~ n n
- —koi— Ek,.i x;+ Zk,-,-x,-;i=l...n (A-1)

j=1 j=1
j#i i

In matrix notation this can be written as (vectors and
matrices in bold symbols):

x=Tx+ be(r)

where X is the time derivative vector of the occupation
probabilities x for the n species, T is the transfer
matrix for which the elements are defined as:

n
'ij=('_6ij)kij—5ij(km+ Ekrj) (A-2)

r=1

where the k;; and k, are the rate constants for exciton
transfer or electron transfer and deactivation to the
ground state, respectively. The term be(t) is defined by
the initial -conditions, where b is the vector of time
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zero absorbancies for all species and e(¢) is the excita-
tion function which is assumed to be a §-function in
our calculations. The term Tx describes the intrinsic
time dependence of the system.

The system of homogeneous linear differential
cquation x = Tx is solved by the expression

x=u-exp(y!)

thus,

X =y u-exp(yt) (A-3)
and replacing ¥ and x in x = Tx we find

Tu=yu (A-4)

which is an eigenvalue problem that is solved by n
eigenvalues v, and their corresponding eigenvectors u;.
In vector space notation, the solutions are thus given
by:

n

x(1)= Y. d;-u;-exp(y;t) (A-5)

i=1

where d,(i =1, 2,...,n) are scalars defined by the ini-
tial excitation conditions. They are determined by the
concentration of each ground state species at =0,
their absorption spectra and the excitation wavelength
used. All these parameters are included in the term
b-e(t). Thus at t =0, x(0) =5 and we have:

x(0)=Y da;=b=Ud (A-6)

i=1

where U is the matrix of cigenvectors u;, i =1, 2,..., 1.
Hence, d=U""b
Having defined d, we then write:

x(t)= Zu}"-exp(y,t) (A-7)

i=1

where u/* = d,u, is the ‘initial condition scaled’ cigen-
vector for the eigenvalue vy;.

Calculation of experimentally observable data

Let us assume that the exciton motion is followed by
a kinctic fluorescence experiment, where f(¢) is the
experimental fluorescence time course, as a function of
excitation and emission wavelengths. According to Eqn.
A-7 this will be a multi-exponential decay with N
terms: *

n

f(Acxcv A 1) = Za(Acxc! ’\cm)i'exP(_ ’/Ti) . (’/\'8)

i=1

The lifetimes +; arc cqual to the negative reciprocal
eigenvalues (;= —y; "), while the amplitudes corre-

sponding to the lifetime component 7; are given by the
vector a;

a;=F-uf (A-9)

where F is a matrix formed by all vectors describing
the fluorescence spectra of all pigments as a function
of emission wavelength A_,,. The vector a; is called the
decay-associated spectrum (DAS) of lifetime compo-
nent 7; and it is in principle directly experimentally
accessible, provided the measuring system has enough
time resolution. The DAS and 7; contain all the infor-
mation that can be obtained in an isotropic time-re-
solved fluorescence experiment.

In a similar way, the stationary fluorescence spec-
trum L represented in vector notation is obtained

n
L= Za,--f,» (A-10)

i=1

Thus, we are able to calculate all relevant experimental
parameters once the excitation conditions, the absorp-
tion and emission spectra of individual pigments, the
pigment composition and arrangement, and the rate
constants for transfer are given.
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