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Exciton delocalization in the antenna of purple bacteria:
Exciton spectrum calculations using X-ray data and experimental
site inhomogeneity
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Abstract Electron absorption and circular dichroism spectra of
the peripheral light-harvesting complex (LH2) of photosynthetic
purple bacteria were calculated taking into account the real-life
spatial arrangement and experimental inhomogeneous broad-
ening of bacteriochlorophyll molecules. It was shown that strong
excitonic interactions between 18 bacteriochlorophyll molecules
(BChiI850) within the circular aggregate of the LH2 complex
result in an exciton delocalization over all these pigment
molecules. The site inhomogeneity (spectral disorder) practically
has no influence on exciton delocalization. The splitting between
two lowest exciton levels corresponds to experimentally revealed
splitting by hole-burning studies of the LH2 complex.
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1. Introduction

Nowadays there are two theoretical models describing spec-
tral and kinetic properties of the light-harvesting antenna and
reaction centers of purple photosynthetic bacteria. The first
model assumes an excitation localization at the BChl dimer
(or small cluster of strongly coupled BChls) and treats the
energy transfer processes as a hopping of such localized ex-
citation between weakly coupled dimers (clusters). This model
is widely accepted and used up to now [1,2]. Another model
assumes exciton delocalization over the circular aggregate of
strongly coupled BChls with Cy symmetry, where N is the
number of BChl monomers in the LH1 or LH2 complex [3-6].

Previously we analyzed the circular aggregate as a model of
the antenna of purple bacteria. According to this model light-
harvesting BChl molecules are spectrally identical and are ar-
ranged in the form of a perfect ring with Cy symmetry. This
idealized model is in good agreement with experimental results
including those which are sensitive to the aggregate’s form
and size (picosecond absorbance difference spectra [5] and
hole-burning spectra [7]).

Recently the precise spatial arrangement of BChl molecules
in the light-harvesting complex LH2 has become available due
to X-ray investigations [8]. According to these data the real-
life aggregate structure has Cy/, symmetry. This permits us to
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test the validity of our previous predictions on the basis of our
idealized model [3-6]. It is important to elucidate the differ-
ence between exciton spectra of the real-life aggregate struc-
ture with the Cy/, symmetry and those of the idealized model
with Cy symmetry.

Also it is important to investigate the influence of spectral
inhomogeneity on the exciton states. Generally spectral inho-
mogeneity can significantly break delocalized exciton states.
Strong inhomogeneity can lead to localized exciton formation.
The fact that spectral lines are inhomogeneously broadened is
usually treated as an indication of excitation localization in
the antenna [1,2].

In this paper exciton states were calculated for the real-life
LH2 antenna taking into account the spatial BChl arrange-
ment and experimental values of spectral inhomogeneity. It
was shown that site inhomogeneity has almost no effect on
exciton delocalization. The calculated exciton structure of
LH2 complex is in agreement with the hole-burning data.

2. Spatial structure of the light-harvesting complex

According to X-ray data [8] the antenna complex LH2 from Rho-
dopseudomonas acidophila consists of 18 BChl molecules (spectral
form B850), which form the perfect ring with Cy symmetry (two
molecules in the unit cell). The orientation of transition dipole mo-
ments of BChl molecules is shown at Fig. 1. The Mg-Mg distances
between the nearest neighboring BChI850 molecules are 0.87 nm and
0.97 nm. The energies of interaction between the nearest neighboring
molecules in the point dipole approximation are equal to M, = 785
em~! and M; = 566 cm™! for intermolecular distances of 0.87 nm and
0.97 nm, respectively, and a dipole strength of a BChl molecule of 60
(debye)? according to Pearlstein [9].

3. Exciton structure with regard to the spectral disorder

The method of exciton structure calculation for the circular
aggregate with spectral disorder was developed in [6]. An
analytical solution of this problem can be obtained using per-
turbation theory in the case of weak disorder [4,6,7]. In this
paper we analyzed the exciton structure for an arbitrary dis-
order value by the same method using numerical calculations.
The numerical diagonalization of the Hamiltonian was per-
formed assuming that the energy distribution of molecules has
gaussian statistics without intersite correlation. The site inho-
mogeneity may be characterized by the width (FWHM) of this
distribution, T".

The inhomogeneously broadened spectra were simulated
without taking into account the homogenecous line broaden-
ing. The results for different values of I" are shown in Table 1
(the position and intensity of exciton components in the ab-
sorbance and CD spectra) and in Fig. 2 (the inhomogeneous
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Fig. 1. A model of the circular aggregate with C,g symmetry (top)
and with Cy symmetry (bottom) including 18 BChl molecules. The
dipole moments of Q, transition are shown by arrows. ¢ and ¢’ are
the angles between the projection of the transition dipoles on the
circle plane and the tangent to the circle. ¢ and ¢’ are the angles
between the transition dipoles and the circle plane (not shown). Ac-
cording to [8] $=20°; ¢'=200°; ¢=10°; ¢'=5°

line shapes of absorption spectra) and Fig. 3 (the inhomoge-
neous line shapes of CD spectra).

In the case of the Cy symmetry ring with 18 molecules there
are two exciton level sets (two Davydov components each of 9
levels: k- and k, are equal to 0, *1, £2, £3, £4 where k—
and k, wave numbers correspond to lower and higher Davy-
dov components).

The structure of the lower (red shifted) Davydov compo-
nent is the same as for the single ring with one molecule in the
unit cell. It consists of a strong line corresponding to the two-
fold degenerated level k_.=*1 and a weak long-wavelength
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line corresponding to the k_=0 level. Transitions to k_=%1
and k_=0 levels have circular polarization in the ring plane
and linear polarization normal to the ring plane [3,4]. These
k_==*1 and k_=0 levels produce a two-component CD spec-
trum that is the same as for the single ring. The splitting
between levels k=0 and k=21 in the limit case My=M,=M
is the same as for the single ring of 18 molecules with the C;g
symmetry.

The exciton levels of the upper (blue shifted) Davydov com-
ponent gives no contribution to absorption and CD spectra
except a weak line corresponding to the k=0 level.

So, the exciton structure of the double ring (two molecules
in the unit cell), which corresponds to the real-life structure, is
approximately the same as for the single ring of 18 BChls.

For the homogeneous double ring, I' = 0, the intensity of
the upper linearly polarized level k,=0 is 10-fold stronger
than that of the lowest, k_=0. However, even for moderate
inhomogeneity (about I'=90 cm™!) these intensities in absorp-
tion spectra become approximately equal due to exciton wave
function mixing. Further inhomogeneity growth produces a
further increase of lower level intensity due to mixing with
strong lines k_==*1. For I'=470 cm™! the k_=0 level is 10-
fold stronger than the k=0 level. For this inhomogeneity
value the k_=*2 levels become dipole allowed due to mixing
with k_=1 1. However, the intensity of strong lines k_=%1
decreases not more than for 20%. So, the influence of energy
disorder on dipole moments of exciton states is small in this
range of I'. It means that there is no significant destruction of
delocalized exciton states. That is why the region I'=0-500
cm™! may be treated as the region of weak inhomogeneity.

However, the shift of k_=0, k_=1 and k_=—1 lines, abso-
lute and relative to each other, is significant in this range. The
splitting between the k_=0 level and k_=1 and k_=~1 levels
is equal to 78 cm~! and 78 cm™! for I'=0 and 98 cm™! and
170 cm™! for I'=467 cm™?.

Within the range 0=<I'=500 cm™! the inhomogeneous width
of exciton levels T, is less than T by a factor of v2N (ex-
change narrowing factor), that is I',=0-120 cm™!. The inho-
mogeneous width is comparable with the splitting between the
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Fig. 2. The inhomogeneously broadened exciton components of ab-
sorption spectra for the circular aggregate with Cy symmetry (18
BChl molecules) for different site inhomogeneity values I' (the
homogeneous broadening of exciton levels was not taken into ac-
count). Curves 1, 2 and 3 correspond to I' values equal to 185
cm !, 740 cm™! and 1850 cm™!, respectively. The zero of energy is
taken equal to the electronic excitation energy of the BChl mono-
mer.
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three lowest levels (k—=0, —1, +1) but does not exceed the
splitting between them and the higher exciton levels (k-=-2,
+2, etc.). The spectrum consists of three intensive components
(k—-=0, —1, +1 levels) which are partially overlapped and
more weak blue shifted components (Fig. 2). At room tem-
perature (about 200 cm™!) only the strongest levels k_=0, —1,
+1 will be populated. In this case the exciton dynamics will be
not significantly different from that of the homogeneous ag-
gregate.

When I'>500 cm™! the intensity of the k—=0 level and
upper k_=%2, k_=1%3, etc. levels increases due to the
k_=%1 level. For T=900 cm™! the dipole strength of the
k_==1 line contains not more than 60% of the whole aggre-
gate dipole strength. The radius of exciton delocalization is
significantly reduced.

For I'=1800 cm™! the distribution of dipole strength over
exciton levels tends to a more uniform one. The inhomoge-
neous width of individual exciton levels significantly exceeded
the splitting between them in this case. As a result the exciton
components of the spectrum are not resolved even without
taking into account a homogeneous broadening of upper le-
vels. This is a case of exciton localization on few molecules of
the aggregate. The limit of uniform distribution corresponds
to excitation localization at one molecule. However, this is not
true even for very high T values.

It is interesting that a CD spectrum has a two-component
form with a broad asymmetrical peak at the short-wavelength
side for all investigated disorder values (Fig. 3). The contribu-
tion of the upper Davydov component is not substantial.

4. Discussion

The energy disorder does not significantly influence the de-
localized exciton states in the LH2 complex if <500 cm™? or
Tex<<120 cm™!. One can assume that the critical value of I
which characterizes a threshold for delocalized exciton de-
struction is T=120 c¢cm™!. This critical value is convenient

to compare with the experimental value I'ex, which can be

Table 1
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estimated from hole-burning data [10-12], site-selective fluor-
escence spectroscopy [13], disperse kinetics of fluorescence
and/or induced absorbance changes [1,14].

The I',x value obtained by hole-burning spectroscopy at 4.2
K is equal to 60 cm™! for Rhodobacter sphaeroides LH2 and
110 cm™! for LH2 complex from R. acidophila [10-12].

One can see that for both complexes I'ex values do not
exceeded I'Z =120 cm ™. In other words, the site inhomogene-
ity value for LH2 complexes from purple bacteria fits the
region of weak inhomogeneity. In this region the influence
of disorder mainly results in a shift of exciton levels without
significant changes in their wave functions, dipole strengths
and effective delocalization radius. This is followed by signifi-
cant inhomogeneous line broadening but the structure of de-
localized exciton states still remains unperturbed. So, deloca-
lized states are a good basis for the description of exciton
dynamics in these complexes. When only one exciton level is
populated (at low temperature), the exciton state wave func-
tion is uniform, i.e. the exciton radius is equal to the total
number of molecules N. At room temperature several exciton
levels are populated (k_=0 and k_=%1 for our parameter
set). Superposition of exciton states results in a non-uniform
distribution of exciton density. The effective exciton radius is
less than N (by a factor of 1.5-2), but still remains very large.
The exciton radius reduction due to superposition of exciton
states at finite temperature is a common feature for both
homogenecous and inhomogeneous aggregates. An additional
reason for exciton radius reduction is site inhomogeneity. In
this paper we demonstrated that its influence in real-life BChl
aggregates is weak. It means that all specific exciton effects
predicted by the standard theory for a homogeneous aggre-
gate (see our previous papers [3-6]) will take place in natural
BChl aggregates.

One can compare the splitting between the two lowest ex-
citon levels according to calculations and experimental data.
The experimental hole-burning spectrum for the antenna LH2
complex from R acidophila has two peaks at 11470 cm™!
(871.8 nm) and 11320 cm™! (883.4 nm) within the B850

The dependences of spectral position and intensity of exciton components in the absorbance spectrum and CD of the circular aggregate with
Cy symmetry containing 18 BChl molecules on the spectral disorder value

ks r=0 =467 r=1850
Ey AL G B Ay G By Ay G

k =0 —1351 0.014 ~2.410 —1427 0.746 —1.380 —1843 1.038 —0.340
k_=—1 —1271 2.940 1.178 —1329 2.281 0.524 —1587 1.150 0.017
k_=+1 —127 2.940 1.178 —1257 2.347 0.681 —1394 1.071 0.109
k_=-2 —1044 0 0 —1089 0.214 0.035 —1201 0.792 0.071
k_=+2 —1044 0 0 —1013 0.180 0.027 —1034 0.543 0.040
k =-3 —1701 0 0 —742 0.039 0.002 —814 0.343 0.030
k_=+3 —701 0 0 —667 0.034 0.003 —628 0.249 0.006
k =—4 —318 0 0 —355 0.015 0.001 —381 0.159 0.004
k_=+4 —318 0 0 —274 0.015 0.001 —161 0.130 0.013
k,=+4 318 0 0 269 0.005 0.000 166 0.072 0.001
ki,=—4 318 0 0 352 0.005 0.000 379 0.065 0.000
ky=+3 701 0 0 662 0.004 0.000 632 0.047 0.001
ki=-3 701 0 0 739 0.004 0.001 828 0.036 0.000
ky=+2 1044 0 0 1007 0.004 0.001 1041 0.035 0.003
ki=— 1044 0 0 1086 0.005 0.002 1210 0.035 0.014
ki=+1 1271 0 0 1254 0.013 0.009 1402 0.036 0.008
ki=—1 1271 0 0 1327 0.018 0.011 1596 0.043 0.003
k=0 1351 0.106 0.054 1421 0.073 0.031 1851 0.061 0.023

The energies of levels Ej (in cm™!) were measured from AE. The width of inhomogeneous distribution of molecular energy T is also given in cm™..

Intensities Af and C{ are given in arbitrary units.
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Fig. 3. The inhomogeneously broadened exciton components of CD
spectra for the circular aggregate with Cy symmetry (18 BChl mole-
cules) for different site inhomogeneity values I'. All parameters are
as in Fig. 2.

band [12]. According to our model the frequency 11320 cm™!
may be ascribed to the k=0 level that contributes to narrow
zero-phonon peaks in hole-burning spectra. Then the fre-
quency 11470 cm™! will correspond to k_==1 levels broa-
dened due to relaxation that gives rise to a broad hole. The
inhomogeneous width of the lower level (11320 cm™?) is equal
to [x=110 cm™! corresponding to T'=467 cm™ .

According to our calculations for I'=467 cm ™ the spectrum
consists of a weak k_=0 line and strong k_=1 and k_=-1 lines
shifted by 98 cm™' and 170 cm™! with respect to the lowest
level (see Table 1). Being broadened due to relaxation k_==*1
levels produce a broad band shifted by 134 cm™! with respect
to the lowest k_=0 level. This estimated value corresponds
closely to the difference between the peaks of the hole-burning
spectrum: 11470 cm™!—11320 cm™'=150 cm™".

So we can conclude that the calculated exciton level ener-
gies are in good agreement with the splitting between spectral
components in hole-burning profiles for the LH2 complex.

In conclusion, spectral disorder only slightly reduces the
radius of delocalized excitons at least in the peripheral anten-
na of purple bacteria. That is why the model of a spectrally
homogeneous aggregate can be used for a qualitative descrip-
tion of exciton dynamics in this antenna. Moreover, one can
use the more convenient single ring model because the differ-
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ences of exciton structure between single ring and double ring
aggregates are minor. So, our calculations according to the
model of spectrally homogeneous single ring aggregates pub-
lished earlier [3-6] are correct at least as a qualitative descrip-
tion.

For a more correct quantitative description of spectra and
exciton dynamics of the antenna of purple bacteria the real
structure and spectral disorder information should be used. It
is specially important, for example, for fluorescence anisotro-
py, which is sensitive to the wave function of the lowest ex-
citon level. As was shown in this paper, even weak spectral
disorder may result in significant relative variations of dipole
strength (and especially dipole moment vector).
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