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Local and Nonlocal Contributions to the Linear Spectroscopy of Light-Harvesting Antenna

Systems
M. H. C. Koolhaas," G. van der Zwan,* and R. van Grondellef
Department of Analytical Chemistry and Applied Spectroscopy, and Department of Biophysics and
Physics of Complex Systems, Faculty of Sciences, Vrijeesiieit, De Boelelaan 1081,
1081 v Amsterdam, The Netherlands
Receied: June 3, 1999; In Final Form: February 3, 2000
In this paper the circular dichroism and absorption spectra of the LH2 compl&hoflopseudomonas
acidophilg for which the atomic structure is known, are analyzed. We show that an analysis based on the
distribution of the excitations in real space, and their correlations, to unravel the relation between the atomic
structure of the light-harvesting complex and its excitonic properties, is particularly successful. Starting from
molecular expressions for the linear susceptibility, we demonstrate that linear spectra can be viewed as
originating from the product of coherence correlation functions and geometric structure factors. Effects of
homogeneous and inhomogeneous broadening can be incorporated in a natural way and lead to a definition
of exciton length as the distance over which coherence correlation functions decay.

1. Introduction dissimilarity of the protein environment. In particular it is

. thought that the 2-acetyl carbonyl H-bonds between B@hid
_ In photosynthesis two fundamental processes play a key roley,q  Tyr.44 anda-Tyr-45 can give rise to a considerable red
in converting solar energy into free chemical energy: energy g in the absorption maximufi® Another result of the
absorption and energy transfer in light-harvesting (LH) cOm- 5|0 jations done by Alden et &is that the effect of the charge-
plexes and charge separation in the reaction center ¥RC). ansfer states on the steady-state linear spectroscopy is negli-
Though the elucidation of the crystal structure of LH2 o gible.
Rhod_opseudomonas audopHdgCog_deIl and c_o-worke?srvas A recent studi* of a B800-free LH2 complex dRhodobacter
a major breakthrough, spectroscopic properties of LH2 and the sphaeroideded to an accurate set of parameters that quantita-
energy-transfer meghamsm are __St'” not fully u_nderstood (see, tively explained the absorption and CD features of the B850-
f(g:oi)((j?erlrllg If%’r Zugii gtuss:irc])i Sundsind and Fleming and Van ring. The geometric structure of this ring, with slightly different
): . ) o- and -pigments, gives rise to so-called Davidov splitting,
Several attempts were made recently to obtain the linear ,nich leads to weak spectroscopic effects in the-7800 nm
spectroscopic properties of LH2 &ps. acidophilarom the region. These contributions were indeed observed and could
geometric structure. Thus, Sabiauccessfully calculated the  pence pe used to obtain a direct estimate of the excitonic
absorption (OD) spectrum from the LH2 structure in combina- nieraction between neighboring pigments, which was deter-
tion with extended charge distributions on the pigments. ined to be approximately 300 crhin Rb. sphaeroides
Calculation .Of the circular dichroism (CD) spectrum proved to In this paper we present a detailed analysis of the linear
be more d'mCUI.t' as a consequence of the canceling effgcts Oluespectroscopic properties of the highly symmetric rings of
to line-broadening mechanisms. Koolhaas étgdve a similar pigments. These include OD, CD, and also linear dichroism

a_nalysis, albeit with point transition dip(_)le moments on the (LD) on oriented samples. We aim at understanding detailed
?lgmgnts, anﬁl the)]/cfcatme to thle COUCIUS'?n tthaththe aforemen'features of the spectra, which include peak positions and relative
loned canceling €etiects were 1ess important when an energ'ymagnitudes, zero crossings of the CD spectra, and positions of
difference between the- and -bound chromophores was change in the LD spectra

Introduced. This led to a prediction of both the OD and €D This paper consists of two distinct parts, which taken together
spectrum and an interpretation of the origin of the red-shifted . pap L ' parts, ntog
give a general description of the linear spectroscopic features

zero crossing of the CD spectrum with respect to the absorption "~ .
maximum. It was concluded that interactions among BChl's over of ring-shaped antenna comple_xes, in the sense that the spectra
can be used to make predictions about the structure of LH

more than half the ring had to be taken into account in order to antennae complex and vice versa. and the structure can be used
explain this crucial feature. Some of the assumptions in the P ’
to calculate the spectra.

above-mentioned papers were confirmed by Alden étvetho . o
showed, based on ab initio calculations of the BChl’s only, one . The f!rst p.art concemns the description of .LH complexes as
interacting rings. As an example we consider LH2Ryfs.

of which is slightly bent, that indeed an energy difference " k ) ;
betweena- and f-bound pigments can occur. An additional acidophila The crystal structure of this complex was obtained
with a resolution of 2.5 A at room temperatdi@nd has &Cy

reason for the difference in energy can be found in the . . .
symmetry axis. It shows a highly organized arrangement of two
* Corresponding author. concentric rings of polypeptides, thepolypeptides inside and

T Department of Analytical Chemistry and Applied Spectroscopy. the ﬂ—polypgptides OUtSide‘_’ and bound to these two VG_rtically
* Department of Biophysics and Physics of Complex Systems. displaced rings of bacteriochlorophydl (BChla). One ring
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comprising nine BCHa's is called B800 since its main absorp- definition of the exciton length based on the correlation length,
tion is around 800 nm. The other ring (B850) consists of 18 which is the determining factor in interpreting spectra. This
BChla’s, sandwiched between tlee andj-polypeptide rings, model is very useful because it is applicable to localized and
and absorbs mainly around 870 nidaK and 855 nm at room  delocalized excitons. We will show that OD spectra are
temperature. In fact this B850 ring itself can be viewed as two determined mainly by short-range correlations, whereas in LH1
interlocking rings, namely, a ring ef-bound chromophores and  and LH2 longer range correlations are important in explaining
a ring of 8-bound chromophores. It can therefore be viewed as CD spectra. Although in this paper we limit ourselves to a
a ring of dimerst2 However, in this paper we will develop a  simple model for the dynamics of the excitonic states (they alll
description in which the B850 ring can best be considered as adecay to the ground state with the same relaxation rate), we
dimer of rings. The coupling between the rings can be expressedshow that the effects of diagonal disorder, which is static, and
analytically in the coupling between all monomers, not just homogeneous line width, which is of a dynamical nature, on
nearest neighbors. This picture leads to an easy extension tdhe size of the exciton are indeed similar. One of the results
more complex cases. After all, even in LH2 the B&#lare presented in this paper is that inhomogeneous broadening based
not the only rings; the carotenoids in the structure form yet on diagonal disorder does not fully destroy the averaged
another ring, and other transitions such as@eransition of excitonic structure of the rings. Simply stated we can say that
the monomers can be resolved separately first and subsequentlyvith the given parameters on the average the ring displays the
be coupled to th&)y ring. This leads to the view that the OD, original Cg symmetry and that the coherence correlation
CD, and LD features can be understood as resulting from functions clearly exhibit features related to this symmetry. Phase
properties of the ring as a whole, which in turn derive directly relations remain valid, although amplitudes of longer ranged
from the position and orientation of the monomers in the ring. coherences decay. Thus diagonal disorder of the magnitude

So far we considered the LH2 system as an ideal, unperturbedconsfidered in this paper does not lead to cpmplete localization.
set of rings. In reality external perturbations (inhomgeneities) It iS possible to incorporate more sophisticated models for
destroy the ideal ring structure. However, we show that, on the time-dependent properties of the system, such as decay to
average, the excitonic structure described above remains intacth® lowest excitonic state within the exciton manifold. However,
and that linear spectroscopic features can be understood adh®S€ models have minor effects on the steady-state spectro-
probes of this structure. Therefore, in the second part of this SCOPIC properties described in this paper.
paper, we calculate the first-order response of the antenna system 11€ organization of this paper is as follows. In the next
to an external light field, based on the so-called real space S€ction we will give a brief review of the diagonalization of
description of density matrices developed by Mukamel &4, the Hamiltonian for ring systems and show that rings of dimers
It is shown that the linear susceptibility can be broken down €&N also be interpreted as dimers of rings, with the simplification

into two parts: a structural part, independent of position and that @ full ring only consists of two levels, one doubly
shape of absorption lines but dependent on the geometry of thed®generate, and that only excitons with the same wave number
ring, and frequency-dependent coherence correlation functionsCPUPIe. The subsequent section is devoted to the real space
of which the specific form is related to homogeneous and description of the density matrix as applied to ring systems.

inhomogeneous broadening mechanisms. We show that the_The separation into a structural and a frequency-dependent part

spectra can be viewed as the result of probing these correlation’ ef.fected,. and the prope(tles of these two parts are further
functions by different structure functions. For isotropic samples €lucidated in separate sections.

there are three structure functioftsfwo of which can be
measured independently, the first one related to OD, the secon
to CD. It will be shown that these probe the coherence We begin by considering a ring & excitonically coupled
correlations of different parts of the ring: OD mainly nearest monomers withCy symmetry. Although it is possible to get
neighbors, CD mainly pigments a quarter of the ring apart. For the full excitonic structure, including multiple excitations, for
oriented samples there is in addition LD, which gives all such a system, this is a rather involved procedure, which is only
pigments equal weight. useful when nonlinear forms of spectroscopy are used to probe

The description presented in this paper also sheds some lighthe system. The full solution will be presented elsewhere; here
on the problem of exciton length, the number of pigments over We restrict ourselves to singly excited states, which is sufficient
which the excitation is delocalized, and the related property of for the calculation of the linear susceptibiligf?).
spectroscopic unit, the minimal number of coupled pigments _The Hamiltonian of the system with excitonic interaction is
needed to explain spectroscopic features. The size of the excitor@iven by
was interpreted as the size of a spectroscopic unit as was pointed N 1N
out in theoretical studies on steady-state spectroseéiin _ '
which the spectroscopic unit was defined as a subunit of the H=¢ nZl IntInf -+ 5 nZl Vo [INCIM] + [MCTA] (1)
LH2 system, large enough to explain all linear spectroscopic B "
properties. A correct simulation of the CD spectrum requires a whereN is the number of pigments and with, the coupling
spectroscopic unit of at least half the size of the ring. Estimates strength between monomarandm.
of the size of the exciton based on various experiments vary \We note that owing to the symmetry of the syst&m, only
between a dimer and at least half the LH2 rific?® The time- depends orin — m| so that we can writ&/pm = Vjn-m and
dependent properties of the antenna systems are interpreted ivy_,, = V.. These properties allow the Hamiltonian to be
terms of a small hopping exciton: excitation of the system diagonalized by the well-known transformation to excitonic
rapidly leads to a localized quasi particle, which by a random states
walk hops to neighboring sité&s30 and eventually to the special
pair of the RC. The localization is thought to be the result of 1 N )
energy disorder and/or electrephonon couplingt-3? p=— €™V n0 ()

The real space description, however, will naturally lead to a N "™

02. Hamiltonian of the System and Excitonic States



Contributions to the Linear Spectroscopy of LH2

with the result

N-1
H= Z} B v, [, 3
=
where
N .
E=etVR)=c+ y Ve N (4)

n=

For theQj transitions in thex- andj-ring the nearest-neighbor
interaction is negative owing to the almost tangential orientation
of the transition dipoles, which makés, the lowest energy,
and the next level up i&; = En-1.

It is obvious from eq 4 thaEn-«k = Ei, so that every level
exceptk = 0 and (possibly)k = N/2 is degenerate. More
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important is that the transition moments to the excited states Figure 1. Positions and orientations of the transition dipole moments

are all zero, except those to leviel= 0, and those to the
(degenerate) levels = 1 andk = N — 1. As is well-known,

the transition moment to the lowest excited state is small and
in the direction perpendicular to the B850 plane, and the

transition moments to the next excited state are in the aggregaté

plane and much larger, approximateJ@_\l times the monomer
moment.

For the explanation of CD, it is useful to introduce magnetic
transition moments to the excitonic staté, = Yh , T x
zie~21kN \which also transform as vectors under proper rotations

and consequently have properties similar to those of the electric

dipole moments. In contrast to the electric moments for B850
of LH2, the magnetic moment has a large component in the
aggregatez direction, since bothi, andT, are almost in the
xy-plane of the ring.

For a ring of dimers, or a ring of three-level systems (if we
also take th&)y transition into account), the above description
is easily extended. In fact the single-exciton level structures of

these two systems are equivalent, since we can always diago-

nalize the dimer first to get a three-level system. For LH2 the

dimers are actually a better starting point than the monomers,

since theoa- and -bound BCh&'s do not have the same
orientation, so the B850 ring of the LH2 has 6g; symmetry
anyway. In addition this allows us to give different site energies
to thea- andS-bound chromophores. The same is true for LH1,
a 16-fold symmetric ring of B820 dimefg34

For a ring of N dimers we introduce the basis one-exciton
stategn, v[J wheren runs from 1 taN, denoting the position of
the dimer, and’ can be 1 ¢) or 2 (5), denoting the monomers
within the dimer; see Figure 1.

The dimer Hamiltonian is then given by

2 1 2
e, InvOm v += S 'V, [In, vOD, V'] +
Zl 2V,VZ:1 o

=

H,=
[n, v'n, v]] (5)

whereVy, o is the interaction between pigments within a dimer.
The Hamiltonian of the ring then becomes

N 2 1 N
H=ZZev|n,va,v|+— Z
=1 e 2

nm=1

('] + |m, v'{In, v|] (6)

r—

yv'=1
T ! an,mv' [|nvD

in the plane of the B850 ring in LH2 d®ps. acidophilaNot shown is
the slight deviation (57°) in the positivez-direction of both theo-

and -transition dipole moments, and the smaltomponents of the
Mg atoms 0.02 nm). Throughout this paper we use the convention
hat odd-numbered atoms correspondxtbound pigments and even-
numbered atoms t#-bound pigments. In the unit cell notationv
used in sections 2 and 3, thelj-pigment is am-chromophore located

at position 2 — 1, and the 1§2)-pigment g3-chromophore at position
2n.

1N
|9 Y= — g2rikiN

N"™

In, v

()

This transformation now leads to the following Hamiltonian
in the exciton basis

N-1

"2

2
Z (EV(SV,V’ + vvv’(k)) ka VDEle’ V'| (8)
=1

with

N
vvv’(k) = Vlv,nv’ eZEi(nfl)k/N

n=

9)

Again we see tha¥,,(k) = V%, andV,,(N — K) = V,»(K),
so that every level, except féar= N and, forN even,k = N/2,
is still degenerate. For a complete discussion regarding the group
theoretical representations of t8g group and its consequences
for the spectroscopy of antenna systems, see ref 35.

Thus, for every value ok we have reduced the problem to
diagonalization of a 2 2 matrix, which is fully equivalent to
the problem of two interacting monomers in a dimer, where a
further simplification occurs since the dipole moments belonging
to the “monomers’yy, vOare parallel. This allows us to give
a picture of the interaction between the rings, which we will
frequently use in the subsequent sections to give insight into
the origin of spectral features. As an example we takektie
0 level. TheV12(0) interaction is dominated by thé 1oterm,
which for LH2 is positive. From the results given in the
Appendix, it can be inferred that if the interaction energy is
positive, the transition moments add in the high-energy state,
(with the proper coefficients) and are subtracted in the lowest
energy state. Therefore, in LH2 the highest excitonic B850 state

and the transformation to excitonic states corresponding to eq(around 789 nm) will have considerably mareharacter then

3is

the lowest excitonic state (around 859 nm). The total energy
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TABLE 1: Values of Physical Parameters Used in the w — ey T — =y
Simulations* (@) =" [ dF [dF' EF, 0)Im [x(F, 7, o) -E(F', 0)
quantity value 1)
aQy_ t(;""izfiet;ggtirggm/em _%2 (I:Dnrl The result of isotropic averaging up to lowest ordekdn, where
a-p interaCtiOﬂ;Viz;j 396 ot ko is the wavenunrl(ts)er of the incident light ahcthe extension
B—ainteraction: Vig 2, 300 cnit of the system, -
B~ interaction: Vyg 2 —36cnrt
relative dielectric constart 1.7 [(wg) w
a-site energy 12 300 cm (813 nm) Yy 0 (o, — w..) kv o
p-site energy 12 000 cm (833 nm) ot EXt 3nh & 0 ky nzv’ = my!
2 The interaction energies were calculated directly from the structure, f B )
with the given value of the transition dipole moment. Values given are Uy by — 2y X Ppy) (Thy, — Trw) Ko SiNg) (12)

for e = 1. The relative dielectric constant and site energies given in

this table give good fits of the absorption and CD spectra. wherewy is the frequency of the incident light. To obtain this

Slting s apprositey equal 040) Scsl)~ Ve SIS0 e 050 Sesumed e e W T o b
(0). This also determines the total width of the exciton manifold. (t)p yp y varying amp
For completeness, we give in Tall a list of values of the
interaction energies, site energies, and other relevant parameters
used in the simulations later in this paper.
Before presenting a more detailed analysis of spectral features,
we now first turn to the nonlocal description of the density whereEq(t) is furthermore given by
matrix, which allows us to discuss structural issues, such as
the ones given in this section, and problems related to 0(t) = E,(t) [¢ + €9¢'] (14)
homogeneous and inhomogeneous broadening separately.

E(I’ t) — E (t) Iko T——iwgt + Ez(t)e—iRO'T+inI (13)

In this last equatio@ andé' are two orthogonal unit vectors in
the plane perpendicular to the direction of propagatigmof

In a real space, or nonlocal, formulation of the susceptibilities, the light. Polarization properties depend on the valug @fef
it is necessary to keep track of the positions of the transition 36, Chapter 8).
dipole moments of the system. This allows us to take into  We note that all optical activity of the sample originates from
account the variation of the electric field over the pigments in the contribution of the second term in parentheses in eq 12 to
the system. This is important in understanding excitonic CD the absorption intensity. For linearly polarized light= 0, and
spectrosopy and energy transfer in extended systems. Anthe second term does not contribute.
extensive treatment and application to naphthalene was given Homogeneous and Inhomogeneous Broadeninghe effects
in ref 14, and here we restrict ourselves to the linear suscepti-0f homogeneous and inhomogeneous broadening must be
bilities and apply it to the ring systems discussed in the previous incorporated into eq 12. For homogeneous broadening we use
sections. A direct application of the theory (ref 13, Chapter 5) a simple model. At high temperatures the rapid fluctuations of
to the system at hand gives for the linear susceptibility in the the modes of the surrounding medium that couple to electronic

3. Real Space Formulation of the Linear Susceptibility

coordinate frame of the ring transitions give rise to Gaussian line shapeBhus we assume
that the Green function& have the following frequency
1 o dependence
¥ ! —_ *
AET ) ==25 5 5 CCI6 (o=
Ly Ny my 1 —(wo—wyy)420?
- . — = G(w, — = e Pk 15
Oyq) Tl O(F = T,) O(F' = T1y,) (10) (@0 = wg) = — (15)

where, as in the previous section, Latin indices indicate unit for each of the excitonic states. The homogeneous line width
cells, while the indices’ andv' indicate monomers within a ¢, which depends on the temperature and the Stokes shift, is
dimer. The index now indicates the highest & 1) and lowest  assumed to be the same for all states. This assumption is
(y = 2) energy level within the excitonic statedue to Davidov  probably not valid for the lowest excitonic level; it is generally
splitting. assumed that this state has a considerably longer lifetime than
In this expressiofi,, are the transition moments ang the the other excitonic stat&s3738at least at low temperatures. It
positions of the chromophores, as introduced in the previous is of course possible to incorporate more sophisticated models
section, and the coefflClenSﬁ” are given for the perfect ring  for the exciton-phonon interaction or other relaxation pathways
in the Appendix. The frequenciesy, are equal to the energy  to use other excitonic homogeneous line shapes in eq 15. In
eigenvalues for the system divided By wy, = €,(k)/h; see general the homogeneous line width is larger than the energy
the Appendix. The Green functioGwo — wy,), which reflect difference between the excitonic levels, especially for the lower
the dynamical behavior of the system, depend on these frequenstates where the levels are close together.
cies as well as on the model for homogeneous broadening; in  The origin of inhomogeneous broadening is static disorder,
this work Gaussian profiles are used to calculate the high- and we assume that its main effect is on the ground-state energy
temperature spectra (ref 13, Chapter 8). It is clear from eq 10 of the monomers. This so-called diagonal disorder can then be

that the susceptibility now depends on the positibasdr’, so modeled by giving each of the monomer levels a random energy
that an external field acting at positiércan generate polariza-  contribution, chosen from a Gaussian distribution with standard
tion at a different positiof’. deviation A. This means in fact that we add a random

The absorption intensity is now given by HamiltonianH; to eq 5 of the form
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H =" Z, [nvCinw| 16) [y — w) L [ o aN Y W
n,y 0 k) oN 27T
1

— _ 2, 12
and numerically diagonalize the resulting system. This has two N g (ome iz (20)
effects: the eigenfrequencias,, and the coefficientsCK’ o'var
become dependent on the parameter{gét Although it is with
possible to keep th@py, yOstates as the basis and to induce
coupling between these electronic states as a result of the - , A2
disorder®® for large disorder the excitonic structure becomes oc°=0"+ N (21)
mixed, and the nature of these states is lost. In the following

we therefore leave out the index and letk run over all the Effectively this leads to a change in the homogeneous
states resulting from the diagonalizationtdf+ H,. Note that  proadening parameter. Since the value & hard to determine,
the indexk now runs from O to Rl — 1. we may as well take' as the parameter to fit the spectra. The
Equation 12 then becomes an average over all possibleresult is that in this limit that we get slightly broadened lines at
realizations the unperturbed frequencies; see Figure 2a.
The value ofN' is not the same for all lines. For the two
[(wg) O z Fovme (@0) [, iy, — 20, X ) outer levels, which are nondegenerate, its value equN¥lsh2
na;m3 number of pigments in the ring; for all other (degenerate) states
(T, — T kg Sing] (17) it is equal toN.
In Figure 2b we show the results of the correlation functions

with coherence correlation functions for slightly largero’, large enough to cause some overlap of
the excitonic states at the band edge, where they are close
2N-1 together, but small enough to leave the inner excitonic levels

F (@) = Zo G(w — wy) cﬁv c'r‘:VD (18) unperturbed. It is clear that at the band edges the coherence
= correlations have already decayed in space, and no spatial decay

is observed for intermediate exciton levels. Since the total width

where [--[is an average over the diagonal disorder. These of the exciton manifold is determined by the nearest-neighbor

functions are a measure of the nonlocality of the system, in interaction energy, cf. section 2, and the total number of levels

other words, the correlation between an excitation, or coherence by the number of monomers in the ring, and, owing to exchange

of pigmentny at positiont,, and another one &, . These narrowing the overlap scales witt'v/N, the decay of correla-

correlation functions can be probed by various spectrocopic tion functions is somewhat faster for larger ring sizes.

methods. For largeo and/orA, i.e., much larger than any excitonic

The correlation functionsFn, m/(w), are the measurable energy difference, we can neglect #hgdependence i and

quantities in combination with a probe and structure-dependentapproximate thé-dependent part of eq 21 as follows:

factor. They are obtained by calculating eigenvalugsand

coefficientsCX, and summing over all excitonic states. This Z [G(w, — wy) C5, CK, T~ G(wy) Z [ck, Ck, =

latter point is rather crucial: we do not keep track of each

excitonic state this way, but consider the energy (frequency) at G(wg) Oy my (22)

which it occurs as more relevant. After all, experimentally

systems are probed at a given frequency, and in general oneSo, in this case, the correlation functions are effectively reduced

does not know whether the state of an individual aggregate isto ¢ functions; in other words, the monomers are completely

the lowest state or some higher excitonic state, especially whenuncorrelated.

there is considerable overlap between the excitonic states, i.e., In all intermediate cases the exciton length could be related

whenA/NV > 1 andol/V ~ 1. to the range over whickp, m/(w) are nonzero. From the above
Two limiting cases, small and large homogeneous/inhomo- limiting cases we can infer that for small homogeneous and
geneous width, give rise to simpler expressions. For sfall  inhomogeneous broadening this range is effectively the whole

i.e., A/V < 1, we can study the effect of the disorder on the ring, whereas for very large inhomogeneities all correlations
exciton functions in terms of the unperturbed excitonic st#tes. between neighboring chromophores vanish; cf. eq 22. For
The unperturbed Hamiltonian is diagonal in this representation, antenna systems we are clearly in the intermediate regime: both
and the contribution to the random Hamiltonian has two the homogeneous and the inhomogeneous line widémdA,
effects: all diagonal elements, the eigenenergies, get an extraare larger than the energy separation between excitonic states
contribution{1/(2N)} Yi4i, and all nondiagonal elements also but considerably smaller than the width of the complete excitonic
become nonzero, introducing a coupling between the excitonic manifold.

states. The diagonal part does not influence the coefficients,

and the off-diagonal part has only second-order effects. We 4. Coherence Correlations and Exciton Size

therefore assume that we can make the following approximation

. o : ; In this section we will show how the functiorfs,, m(w
for the average over all inhomogeneities if the disorder is smalll: vy ()

can be used to define an exciton length that on hand can be
A A used as a measure of contributions to an excitonic state and on
[B(wo — ) Gy, G [F [B(wy — 0)UC;, Cr, 0 (19) the other hand can also be used directly in the explanation of
spectroscopic features. We concentrate on the funcEans, -
Furthermore, the dominant effect on the frequency is a shift: (w) for ring systems, which leads to the simplification that these
wk — wx + {1/(2N)} Yii. SinceG is a Gaussian, this means functions only depend oy — mv/'|.
that upon averaging, with a Gaussian distribution foilalthis The current paradigm in excitonic theory of disordered
function becomes systems is illustrated in Figure 3a. For a particular realization
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Figure 2. (a, top) Autocorrelation functiofr11,14w)(---) and opposite Figure 3. (a, top) Probability that pigment is excited,|Cﬁ|2, in the

side of the ring coherence correlation functiém siw)(:++) for small lowest exciton levelK = 0, solid line) and the next to lowesk € 1,
diagonal disorderA = 20 cnT?, and zero homogeneous broadening. dotted line) for a particular realization, from a random distribution with
For positive amplitude the functions overlap completely. Also shown A/V = 2, of excitation energies of the chromophores in the B850 band.
is the first function for zero disorder (solid lines), which gives the Their transition energies correspond to 889 and 877 nm, respectively,
positions of the excitonic states as a function of the wavelength. There and the magnitudes of their transition dipole moments are 808 (

is some minor overlap between the two highest excitonic states, but0) and 7.4 D k = 1). (b, bottom) Correlation functio@g C&, which
overall there is no noticeable decay in the correlations. (b, bottom) describes the coherences and the population oftheund pigment
Autocorrelation functiorf11,1(w)(—) and coherence correlation func-  in cell 4, for the same realization as in Figure 3a.

tions F112{w)(---) and F11 s(w)(:**), but now forA = 80 cnT! and

zero homogeneous width. There is considerable overlap at the bandand spontaneous Raman spectroscopy (ref 13, Chapter 9), but
edges, leading to smaller magnitude of the coherence correlation, 5150 in those cases coherences are relevant.
whereas in the middle, where the average distance between excitonic The second limitation is that populations are not directly
levels is approximately 100 cry there is no overlap and consequently e . .
no decay of the coherence correlation. measurable quantities. Even if we could do a direct measurement

on single aggregates, we could still not measure the contents
from a random distribution witA/\V/ ~ 2, whereV is the average of Figure 3a directly. In addition true measurements are always
nearest-neighbor interaction, the excitonic states are calculatedgn egse_mbles of sgstgms, and tg? e:lfectst,) of homogeneous
and from these we calculate the contribution of each of the Pro@dening cannot be incorporated in the above view.
. SO, . . We must realize that in a picture as shown in Figure 3a we
pigments, that is|C|° The figure shows the result of this neglect about 95% of the information available to us, b
calculation for the two lowest statds= 0, 1, for this particular 9 Y

A g . choosing just 18 populations as an indication of exciton size,
reahza‘uon‘: Th|_s plctu:r,e_ Is then useo! to _suggest that two to threerather than the 1& 18 combinations of coefficients we could
pigments “participate” in these excitonic states.

. o o use. To demonstrate that this information is relevant, we show
There are a number of obvious limitations to this picture. Figure 3b the magnitudes & C for the same realization
The first is that there is no direct connection between the as was used to obtain Figure 3a. It is clear that this quantity,
transition dipole moment of the excitonic state and the popula- \yhich represents the correlations of pigment 8 with pigments
tions in Figure 3a. In fact calculations for these states show m still extends over a large part of the ring. Even linear
that, although they do not look the same, their transition dipole spectroscopic features can only be explained if we have a way

moments have similar sizes. The reason is that the populationsyo take these correlations into account.

of the BChl's do not play a dominant role in the calculation of Since the functiond=p, m/(w) are in principle measurable
transition dipoles; coherences (i.e., the off-diagonal elements quantities, it would be advantageous to find a definition of
of the density matrix) of the pigments do, but they do not appear exciton length based on these correlation functions. This would
in this view. In fact populations can play a role in selected in fact account for the objections given above.

nonlinear spectroscopic measurements, for instance, fluorescence In Figure 4a we plot the functionsi1m(w) and in Figure
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Figure 5. The maximum amplitudes<) of each of the scaled
functions,F11m-(w), of Figure 4b as function of the distance between
the pigments and fitted with an exponentia& (solid line). The
inverse decay constant¥ = 3.2 atA = 240 cmmt ando = 0 cni'™.

Also shown are the fit results fok = 240 cnt* ando = 85 cnt?t

(---), which results inxg = 2.9, A = 490 cm* ando = 0 cmi L (--+),
which givesx, = 1.6, andA = 0 cmmt ando = 85 cnm? (% = 3.7)
(—+—). For the last result only homogeneous broadening was used; cf.
the next figure.

The relative amplitudes of the correlation function are plotted
in Figure 5 and fitted with an exponential®o, which appears
to give a very good fit, especially for larger values®f We
propose to use the decay constagﬁ of this exponent as a
measure of exciton lengtky, which is thus directly related to

correlation strength(a.u.)

the decay of coherences as a function of distance. In Figure 5
800 850 900 . . .
wavelength (nm) we show this exponential decay for various other values/vt
Figure 4. (a, top) The ensemble-averaged functidfis,m:(w), of an The limiting cases discussed in the previous section also fit in

a-bound BChl with its neighborsl 2o, 28, ..., 5. The homogeneous  Nicely with this picture. For small inhomogeneous line width,
line width is zero; the fwhm of the inhomogeneous distribution is 572 smaller than the distance between the exciton levels, there is
cmt, which corresponds ta\/V ~ 1. The curve labeled 0 is the  virtually no overlap between the states, and consequently there
autocor_relation function; the curves Ia_beled41c_jenote the first four is no decay. The opposite case, a lafg¥ ratio, will lead to
correlation functions. (b, bottom) Relative amplitudes m/(w)/Fi1.1r eq 22, and all correlations between neighboring pigments vanish.
(w) for the same ensemble as in Figure 4a. ’ . -
We can now address the above objections to the original
4b the relative amplituded=11m(w)/F1111{w), where the definition of exciton length. First of all there is a direct
average was over a large number of realizations taken from aconnection between spectroscopy and the valug.diVe will
random distribution with widthA/V ~ 2. To get this picture  consider this in detail in the next section, but at this point we
we used zero homogeneous line width, to show just the effectswould like to point out that for ordinary absorption short-range
of inhomogeneities. correlations are measured: owing to the ring structure the major
Several points are immediately obvious. The original excitonic contribution to the absorption spectrum originates frora 1,
structure, described in section 2, is still present in Figure 4b. 2 and 3, whereas for circular dichroism the major contribution
This can be seen, for instance, by compartag 11(w) with to the spectrum comes from chromophores about a quarter of
the envelope over the peak maxima in Figure 2 of the same the ring apart. This is a purely geometrical effect, but it allows
function. us, on the basis of a comparison of the spectra, to estimate the
Next, consider the curve labeled 1 in Figure 4b. For the value ofxo.
unperturbed ring of pigments we would get for the amplitude  |n addition, although the decay is exponential, this is still
of Fi11dw)/F111{w) at frequencyw using the results of the  much slower than the Gaussian decay the populations in Figure

Appendix 3a could be fitted with. A consequence of this is that it can be
Ky understood that a large part of the ring does contribute to the
*12 7k ak CD spectrum.
Re|—| = — tan6(K k)~ — — (23 : .
© CI](.}:’I. cosyan (k) cos¢(l) Y (23) One has to be careful to use these numbers directly in

nonlinear spectroscopy, since the averages occurripd inave

This cosine-type behavior is still clearly visible in Figure 4b; in general products of four coefficients and up to three Green
only the amplitude was reduced from 1 to a lower value of functions. The method given here can, however, easily be
approximately 0.7. Similar considerations hold for the other extended to nonlinear spectroscopy. Another possible extension
curves. For an ideal ring system of similar monomers all the is to use different Green functions, to model temperature-
curves should be cosines, with amplitude equal to 1. The dependent behavior, or even to use time-dependent properties.
asymmetry is caused by the fact that and the-bound As can be inferred from eq 22 the effects of homogeneous
pigments are different and the decay in amplitudes by the and inhomogeneous broadening are somewhat similar. Consider
overlap of excitonic states due to disorder. a perfect ring, with only lifetime broadening. As long as the
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T T a straight line, as can be inferred from eq 21. For larger values
that equation is no longer valid, since it was derived under the

assumption that disorder does not mix eigenvalues and eigen-
functions of the exciton states. The relation betwegando'/V

is well approximated by

1 o'
X_o ~ 0.7v (24)

5. Consequences of Ring Structure and Spectroscopy

correlation strength (a.u.)

The structural parts of eq 17 depend on the geometry of the
ring only. We will use the B850 ring of LH2 dRps. acidophila
to illustrate some of the important features. It is implicitly
assumed that the structure is rather rigid, even at room
800 850 900
wavelength (nm) temperature._ ) ) ) _
Figure 6. Coherence correlation functionBaim(w), with v’ and In the previous section we used a one-dimensional picture to

other numbering as in Figure 4a, for homogeneous broadening only. Visualize the decay of the correlations functions, which is

The width of the homogeneous distribution= 85 cnt?, so thato/V sufficient for rings of monomers. In general, for less structured
~ 0.4. The decay constant in this case turns out tg&be 3.7; cf. the assemblies a two-dimensional picture is neeted) this
previous figure. particular case it is sufficient to distinguish betwesw-, a,3-,
- and 3f3-pairs. Equation 17 gives the two possible geometric
structure functions that can be used to probe the exciton
06 F manifold. For OD the last term in eq 17 can be neglected, and
we are left with
(=]
= o ' W) O Fym (@) i T =7y
§ + nw,my' nw,my'
g ® + an,mv’(w) Srw,mu’ (25)
S 03F +
§ o/" In Figure 8a the structure functior®,m- and in Figure 8b
o j Sssme are plotted for all values aofw'. In the figure thex-labels
9 and 10 correspond to pigments. &and 3 (cf. section 2).
* The alternating behavior of these functions is a consequence of
© the tail-to-tail orientation of the dipole moments. We note that
0 of5 ; these functions reach their maximum values for the pigments
% of the same dimer:mv' = 5o (9) andmv' = 54 (10) and

Figure 7. Decay constant,® as a function of the ratio’/V (see e pllgments half a ring apart” — la (1) andm’ = 96 (18). .

21g). Results of fi{s with inrr:’c‘)omogeneous broadening only are( repregenteds'.nc.e thg coherence correlatlon functions dec‘?‘y exponentially,
by <, those with homogeneous broadening-bysigns. The straight  this implies that absorption spectroscopy mainly probes cor-

line is the curveq™ = 0.69¢'/V. For line widths larger than 0.5/V relations between pigments less than a quarter of the ring apart.
the effects of the homogeneous and the inhomogeneous broadening The opposite is the case for circular dichroism spectroscopy.

deviate. FoRps. acidophilaV ~ 200 cnt?, and 0.50'/V corresponds In this case we measure the difference between right and left

to a fwhm of 235 cm* in the case of homogeneous broadening and to cijrcularly polarized light, which leads to the following expres-
705 cm! for inhomogeneous broadening. sion for the rotation strengtR(w):

lines corresponding to individual excitonic transitions do not R, O z Fo e (@) [Fpy X Gi]®
overlap, probing the system at a certain frequency means directly nis
probing the excitonic level (note that not every level can be - = N_ 2

probed, since the transition dipole moment could be zero). When (Fry = Tr) =1t z Fr i (@) Toy e (26)

the lines start to overlap we probe two or more exciton levels

simultaneously. This leads to cancellations, especially for the  Since the outer product of a vector with itself is zero, in this
higher energy excitons, since the eigenfunctions involve more case the terms with equal indices do not contribute at all. In
sign changes. Note that this can be viewed as localization dueFigure 9a,b we have depicted the structure functibps, for

to phonon-coupling, since the decay-associated Green functionthe same combinations as the absorption structure functions.
is due to the presence of phonons in the system.Figure 6 Again the alternating behavior due to the arrangement of the
we show the effect of just homogeneous broadening for a fwhm dipole moments is observed, but now the main contribution to
value of 200 cm?. There is a small decay, and consequently the CD spectrum originates from pigments further apart, where
the “true” exciton length for the system may be slightly smaller the coherence correlation functions have decayed. In principle
if both homogeneous and inhomogeneous effects are taken intathis would allow us to give an estimate of the valuxgbased

nv,my’

account. on a comparison of the absolute magnitudes of the OD and CD
The (apparent) exciton lengtty for a system with a fwhm spectra.

of 572 cnt! for inhomogeneous and 200 chfor homogeneous In a preceding papérwe indicated that the CD spectra for

broadening is approximately 3. degenerate pigments are small owing to canceling effects of

In Figure 7xg1 is plotted as a function of'/V. For smaller the aa-, Bf-, and ap-contributions. Here we can further
values ofo andA the points can be reasonably well fitted with  elucidate this point, using the description of LH2 in terms of
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Figure 9. CD structure functionsTsem (), Tsgm (b), for the B850

ring in LH2 of Rps. acidophilaAs in the previous figure in panel a
the aa- and theoS-combinations and in panel b tif#- and thefa-
combinations are shown. Note that these functions have the dimension
of a length. These structure functions have to be multiplied with the
coherence correlation functions to obtain the CD spectrum. In this case
the result is zero fonv = mv', and reaches a maximum for pigments

a quarter of the ring apart. Therefore longer range correlations determine

Figure 8. OD structure functionsSsem, (a) andSssm, (b), for the
B850 ring of LH2 of Rps. acidophila There are minor differences
between the two functions owing to the specific geometry ofdhe

and f-transition dipoles. The alternating signs are a consequence of
the tail-to-tail orientation of the neighboring dipoles. The points
connected by the dotted lines are those for whieha in both figures;
those connected by the dastiotted lines are for = 5. These structure
functiorjs have to be multiplied with thg coherence cprrelat_ion functions the CD spectrum. Note, however, that - and fo-combinations
to obtain the absorption spectrum. Since the functions displayed hereprobe the correlation functions with a different sign, and so daxfhe

have their maximum fonv = mw', and for pigments half the ring apart, L . .
the autocorrelation and nearest-neighbor correlations dominate the op2ndAe-combinations. As a result CD practically vanishes for the B850

spectrum. The different ways of numbering the pigments are explained ring. This point is further elucidated in Figure 12.

in section 2. . . .
plane of the ring or with the tangent of the ring. Both reduce

interlockinga- andg-rings given in section 2, together with eq  the cancellation effects for geometric reasons. The third pos-
26. From Figure 9 we infer that the main contribution from the sibility is lifting the degeneracy of the monomers, which changes
individual a- and 5-rings comes from pigments a half of the the coherence correlation functions with similar results. Some
ring apart, where the coherence correlations are small, and inof the consequences of these changes and their relative effects
addition the sum will almost cancel. The contribution of the were also discussed in refs 7 and 11. We note that changes in
of-terms is largest for pigments one quarter of the ring apart, the orientations of the dipole moments largely conserve the
where the correlations are still appreciable, but the structure excitonic correlations; the interaction energies do not change
function itself has a rather low value. Thgs-contributions to much, but they do change the geometric structure factors.
the CD spectrum of a pigment with neighbors at its right side Changes in the sites energies, however, affect the excitonic
are opposite to the contributions with neighbors on the left. The correlations only, whereas the geometric structure factors remain
cancellation of all contributions is almost complete for the LH2 unaltered.

ring of Rps. acidophilavith the Cogdell structure and degenerate  In the remainder of this section we show how the coherence
energies of the monomers,(= ¢, cf. eq 6). This leads to a  correlation functions combine with the geometric structures to
small CD and vanishing of the zero crossing of the CD spectrum give the spectra. We look at two cases in particular, one where
in the 850 nm rangé.There are three ways to increase the the excitation energies of the monomers are the same and one
magnitude of the spectrum in this range: changing the angleswhere they differ by the amount necessary to obtain a reasonable
that the transition dipoles of the chromophores make with the CD spectrum. In both cases the inhomogeneous line width is
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Figure 10. (a, c) Correlation function$s.m/(w) of an a-bound BChl shown as a function of the wavelength, fer ranging over all B850

pigments. (b, d) Correlation functiomSs,,m-(w) with a 5-bound BChl. Thex- and thef-bound BChl's are degenerate in the cases a and b. In the
panels c and d the same functions are shown for nondegenerate dimers; the energy difference betweerl ties-bound BChl's is 300 crmt.

For thea -bound BChl's we chose 12 300 cm(813 nm), and for thgd-pigments 12 000 crt (833 nm) was used. In all panels, the wavelength

scale (the long-axis) ranges from 750 to 950 nm. The shg#xis identifiesmw. The tick mark indicates BChld the position of the autocorrelation

in the panels b and d. At the short-wavelength side, the functions are positive for' alind at the longer wavelengths the signs alternate. The
profiles of figures and the intensities are very similar in panels a and b, as are the positions of the maxima. These positions differ with thésvavelengt

at which the maxima occur in panels c or d. On the short-wavelength side the correlations decay much faster than on the red side. The autocorrelation
of an a-bound BChl is strongest at shorter wavelengths, andstheund BChl's have their strongest contribution at the long-wavelength side.
Decreasing the energy of thfebound pigments has a pronounced effect on the correlation functions at the red edge of the energy spectrum.

= 240 cntl, corresponding to a fwhm of 570 crh and the CD gets positive and negative contributions from all coherences.

homogeneous line width is = 85 cnm'?, corresponding to a  The OD and CD spectra are obtained by summing all contribu-

fwhm of 200 cm™. Since the nearest-neighbor interaction is tions for each wavelength. The resulting spectra are shown in

approximatelyv = 200 cn1?, this leads to considerable overlap  Figure 12 for both degenerate and nondegenecateand

of the excitonic states, and Figure 7 of the previous section s-bound pigments.

applies. The monomer energy is chosen to be 12 150 @23 The CD spectrum depends on the difference betweeadhe

nm) to yield spectral features in the right Wavelength region. ang thes3-contributions; contributions to the CD afpigments

E In Figure 1(1a,1b we shc,)vithe cohe(rjegce correlangnlfunctlons only are opposite to thgs-combinations, changes in the site
5“;'”1'(‘”) m=1,... 9 =a f) andFssm(w) (M= 1, ... energies change the ratio of these contributions at the red side

9,7 = a, f). In the Figure 10c,d we show the same functions of the spectrum, as was discussed previously. The CD arising

but now for a static energy mismatch of 300 ¢mFor the f bi -~ ) Il and identi .I' both

o-monomers we chose 12 300 ci(813 nm), and for the rom aﬁ-cgm |pat|ons IS very small and | er,1t|9a In both cases.

A linear dichroism experiment with all LH2’s in thesplane,

B-pigments 12 000 crit (833 nm) was used. The nearest- . . . CT .
neighbor correlation is negative at the long-wavelength side and and the incident light polarized along ttmams_,_ ylelds a signal
components of the transition mome#ig?

positive at the blue side. The excitonic patterns are also very Proportional to thee , : . ;
clear for the next-nearest neighbors and so forth. The overlapT_he structure function corresponding to LD is particularly simple

of the lines, due the line broadening mechanisms, results in theSince thez-components of the chromophores in the B850 ring
decay of the correlations between pigments far apart. of Rps. acidophilaall have equal sign and almost equal

The combination of Figures 8 or 9 and Figure 10 yields the magnitude. This means that the LD spectrunkpé. acidophila
contributions of the pigments to the spectra as a function of the depends directly on the correlations. At the ends of the spectrum
wavllength. In Figure 11 these are shown in the case of the aa- and theBB-correlations are all positive. Theg-
nondegenerate site energiesoafand8-bound pigments. The  correlation cancels the autocorrelations in the red part and
energy mismatch is taken equal to 300 ¢éras in Figure 10c,d.  enhances them in the blue. This leads to relatively strong LD
We notice that indeed the OD spectrum has contributions mainly features in the 800 nm region and very weak contributions at
from the center (“populations”) and drops off rapidly, whereas the very red edge of the 850 band.
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Figure 11. FunctionsFsem(w) andFsgm-(w) multiplied by the OD structure function (a, b) and multiplied with CD structure function (c, d). See

the caption of Figure 10 for the description of the axes. The energy difference betweenathe thef-bound BChl's is 300 cmt in this figure.

Panels a and b show how the signs alternate at the short-wavelength while all correlations are positive at longer wavelengths. The main contribution
to the absorption arises from the nearest neighbors as is clearly seen in panels a and b. The CD products in panels ¢ and d, however, hardly show
any decrease in intensity for BChl's further apart; the autocorrelation function is of course zero for all vatue3ted correlation functions

decrease for pigments further apart, but the structure functions become larger, see Figure 9. Ferteeesigns of the product functions now

alternate as a function afw'.

6. “Typical Cases” and Relation to Other Measures of It is obvious that the short-range correlations are favored in these
Exciton Length measurements, as with regular absorption.

Recently another measure of the correlation length was In this context it is illustrative to look at some so-called typical

introduced by Chachisvilié: and a similar measure was also €2Ses. In Figure 13 we show two typical cases picked from the
used by Monshouwe® Its definition can in our notation be random distributions discussed in the previous section. First of

written as all, only states at the extreme red edge of the excitonic band
give the “typical” picture of the very rapidly decaying popula-
tions depicted in Figure 3a, and even in those cases the
correlations between the pigments cannot be neglected. For
states that are taken more from the center of the distribution,
where the distinction between and was neglected. coherences and populations appear to extend over a larger part
Thus the average is over the lowest excitonic state, regardlessof the ring and are indistinguishable from realizations of higher
of its energy. In this connection, typical cases are sometimes excitonic states.
also invoked, which purport to describe the behavior of these  Another measure that is frequently used is the participation
lowest energy excited states. ratio, defined by its inverse: the number of coherent pigments

Typical correlation lengths resulting from this definition are 4t energyw,4344 which in our notation would be proportional
usually also in the range-3, which is not entirely surprising g

since the main contribution to this correlation function originates

of course also from states close to the average energy of the K4
lowest energy state. This can be shown more clearly by DZ o(@ — wy Z ICal"D
considering the function "

C(n) = [T} Cp, 0 27)

(29)

o 0 ~0 This is again a population measure: only states with the same

Fam(@) = B(w — wg) C, G0 (28) n (same pigment) contribute to this quantity, and as such it is

only relevant in selected nonlinear optical experiments, namely,

where the ensemble average is now over the lowest excitonicthose in which coherences do not play a role. To use it for linear
only. This result would then have to be contracted Viitkrim optical experiments would be wrong. For instance it severely
to describe the superradiance measurements by Monshd@iwer. underestimates the participation of pigments in CD experiments.
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Figure 12. (a, top right and b, top left) OD (solid lines) and CD (dotted lines) spectra. (c, bottom left and d, bottom right) Contributions to the CD
spectra of the ring ofi-BChl’s only (solid), of3-bound BChl's only (dotted), and the CD arising from the combination of these mth&lashed).

The sum of these yields the CD spectrum. In panels a and c the BChl's in the dimer are degenerate, and in panels b and d their energy difference
equals 300 cmt. Panel ¢ shows that the CD arising from the ringrehound BChl's cancels the CD of tifebound BChl's, a consequence of the
properties of the structure functions shown in Figure 9. The total signal is rather similar to the CDogFtoenbination; it is small and does not

show a zero crossing in the 860 nm region. Panel d shows that lifting of the degeneracy amplifies the CProfgte the long-wavelength side

of the spectrum, so that it is no longer canceled by the contribution oduttieg.

In addition the values depend on the choice of basis for probes. Thus we found that with OD mainly short-range
degenerate systems. As was pointed out by Monshotfver, correlations are probed, whereas CD probes longer ranged
different authors find different coherence sizes for the same correlations.

system, only by choosing a different basis set of excitonic

functions. A definition of the exciton length based on the decay behavior

of the correlation functions relates the spectroscopic properties
7. Remarks and Conclusions to the excitonic properties of the system. Therefore we suggest
a concurrent definition of the exciton length based on the

This paper presented analysis of the absorption and the CDgteepness of the exponent, which describes the decay of the
spectra in tgrms of a real space despnppon and is particularly correlation functions in space due to line-broadening mecha-
successful since the effects of the excitonic structure of the BSSOnisms. In this way the exciton length and the spectroscopic

ring on one hand and the effects of the structure of the complexfemures of the svstem are well defined for localized and
in combination with the experimental probe on the other hand localized Sy
are separated. Effects on the CD and OD spectra due to changed€localized excitons.
in geometry of the system are very easily understood as well  For the cases studied here the correlation length (exciton
as the effect of the energy mismatch betweendh@nd the  |ength) as defined by the decay of coherence correlation
,ﬁ'b.Ol;]”O! BChls. Eur‘[fhei;more, on th; basis of this model de;al::ed functions is independent of the frequency, and for the parameters
Insight Is gained of the averaged excitonic structure of t € used in the calculations is approximately equal to three. This is
complex._ The Te?" space description of the_av_era_ged denSItynot necessarily true. Only when all excitonic lines overlap
matrix still exhibits the ninefold symmetry, indicating equal iderably is thi tﬁ The width of th it ifold
excitation probability. As a result of the line-broadening considerably IS this the case. The widih ot the exciton manito

is mainly determined by the nearest-neighbor interaction, but

mechanisms, the coherences in the density matrix decay : RaTES :
exponentially. These coherences describe the correlationsthe distance between the excitonic lines is much smaller at the

between the pigments and determine the frequency behavior ofedges of the manifold than in the middle. This means that for
the complex. Spectra can then be understood as the result osmaller homogeneous/inhomogeneous line width we can see
probing these correlation functions with different types of spatial decay of the correlation functions for the extremal
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Figure 13. Correlation functionsFﬁm(w), see eq 28, belonging to the
lowest exciton band of one realization picked from a Monte Carlo
simulation of 10.000 runs. The selection of the realization is based on
the frequency of the lowest transition. The fwhm of the energy
distribution is 572 cm?, and the energy difference between theand

the 3-bound BChl's is 300 crmt. In panel a the frequency is found in
the interval 10 000< w(k = 1) < 11 000 cnT?, which corresponds to
909-917 nm. In panel b the frequency of the lowest level is 11 450
o(k=0) < 11 550 cnt?, i.e., 866-873 nm. The probability of finding

the lowest exciton function in a specific interval is smaller for the
frequency intervals further away from the smallest transition frequency
in the system without energetic disorder. The probabilities for finding
an energy in the intervals are 0.3% in panel a (top) and 34% in panel
b (bottom), respectively.
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molecule experiment§,where the observed inhomogeneity is
consistent with a delocalization over-8% pigments and &/V
value of approximately 2. This is in contrast to the results by
Small and co-worker&37 who on the basis of hole-burning
experiments find smaller values for the disorder, and conse-
quently a larger exciton length, and less oscillation strength in
the lowest excitonic level.

We also note that the calculation of the unperturbed (or
average) excitonic states is still useful for understanding the
features of the averaged exciton correlation functions. The
averages reflect the ninefold symmetry of the unperturbed
system; only the amplitudes of the correlation functions have
decayed.

For the model used here homogeneous and inhomogeneous
broadening have similar effects. The reason is that we have
assumed the same homogeneous line width for each of the
excitonic lines of every realization of a disordered system. This
means that we can either give each line of a realization a
homogeneous lined width, thus speeding up the MC calculation
by several orders of magnitude, or at the end of the calculation
convolute the inhomogeneously broadened correlation function
with the homogeneous Gaussian. Equation 15 can also be written

as
Z D(w' —

) Cy, Cy 0(30)

1 - o
Frum(0) =— [, dor & 77
2no

which is a much slower procedure.

In general, however, the functio®wo — wy) are not the
same for each level. Obviously it is easy within the context of
the model presented in this paper to include a different
homogeneous line width for each level in every realization. A
common approach is to assume that the lowest excitonic level
has a much longer lifetime than the other levels and that within
a very short time an excited-state Boltzmann distribution
pertains'® These considerations do not play a major role in
regular absorption and CD spectroscopy, although it is possible
to get a better fit of the red edge of the B850 CD spectrum
using a smaller lowest exciton line width, but they are extremely
relevant in, for instance, fluorescence decay and other nonlinear
forms of spectroscopy.

The Green functiong(wo — wy), reflect the time-dependent
properties of the system. Implicit for the model used here is
that localized states, that is, states where the excitation is
localized on one or more pigments, do not remain localized.
For the homogeneous and inhomogeneous broadening param-
eters used, decay and delocalization takes place within about
50 fs. This can be shown directly by Fourier transformation of
the functiong—,(w). We note that the similarity of Figures 4a
and 6 will lead to similar behavior in time of the correlation
functions, even though the underlying mechanisms are com-
pletely different. It is not possible to directly access this behavior
experimentally.

To give an adequate description of the dynamics of excitation
transfer, and from there to the Green functions, we would need

frequencies, but not for frequencies related to energies in thea consistent model for the relaxation and transfer mechanisms

middle of the manifold. An example of this is given in Figure
2a,b.

The value ofA/V ~ 1-2 used in this paper to model the
correlation function and spectra gives good agreement with
observed line widths at room temperatéifé.Similar values

among the excitonic levels, and between excitonic levels and
the ground state. This is beyond the scope of this paper.
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Appendix. Solution of the Dimer Problem

The full solution of the dimer problem was already given in
Appendix C of ref 46 and will not be repeated here; we just
give the results in terms of the quantities introduced in section
2. Equation 8 shows that we have to solve the following
eigenvalue problem for every value kif

Hive 105 (6 + Vi3(K) 190 1+ Vay(K) (9, 20 (A1)
Hvy, 20= (e + Vi (K) 196 2+ Vio(K) (1, 10 (A2)

For this problem the eigenvalues are

1K) =2 (e + Vsl + €+ VylK) =

% Vier + Vi — e = Vo)) + 41V, (K2 (A3)
and the eigenfunctions can be written as
le,(K 0= cosO(K) |1, 1+ sin OK)E M|y, 20 (A4)
and

(K= — sinB(K)e "M |y, 10+ coso(K) |y, 20 (A5)

with
€(K) — € — \711(k)
tan6(k) = - A6
® Vo) (A6)
and
XM VK) = [V,(K)| (A7)
These results can be summarized as
2 N
le, (W= Z Z C¥ |n,vO (A8)
v=1n=

where the coefficient€! can be found from eqs A4 and A5
together with eq 7. Thus, for instance

1 N ¢o50(K)

VN
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