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Excitonic level structures of LH1 and LH2 of purple

photosynthetic bacteria using an analytical approach*
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The excitonic level structure of a ring-like chain of dimers is discussed analytically in order to aid the understanding

of the possible spectral properties of LH1 and LH2 of purple photosynthetic bacteria. Under the approximation of dipole{

dipole interaction between Bchls, the excitonic levels, bandwidths and energy gap between two Davydov subbands are

expressed analytically in terms of interaction energies and con�gurational parameters of dipoles. Our model includes all

the interactions between pigment molecules in the system. The oscillator strengths and circular dichroism (CD) for the

excitonic states are also presented analytically. The simulated absorption and CD spectra of LH1 and LH2 complexes

reproduce the main features of the measured results.
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1. Introduction

Photosynthesis is one of the most important

chemical reactions on the earth. It has been shown

that the absorption of light by the light-harvesting

antenna (LHA) is the initial event in photosynthesis.

The absorbed energy is carried by electronic excita-

tions, which is transferred to the reaction centre (RC)

rapidly and eÆciently. At the RC, charge separation

is initiated, so the excitation energy is transformed to

chemical energy.[1] In purple photosynthetic bacteria

the light-harvesting antenna consists of a core antenna

LH1 surrounding the RC and peripheral LH2 antenna.

Recently, the crystal structures of LH2 of some purple

bacteria, such as Rhodopseudomonas (Rps.) acidophia

and Rhodospirillum (Rs.) molischianum, were deter-

mined by high resolution x-ray di�raction.[2�4] And

the structure data of LH1 of Rhodospirillum rubrum

was also resolved, though at a lower 1.1 nm resolu-

tion, based on its projection map.[5] Both LH1 and

LH2 exhibit highly symmetric structures consisting of

Bchla (bacteriochlorophyll a) pairs binding to trans-

membrane polypeptides, i.e., (��-Bchla 2). For ex-

ample, the B800-850 complex of Rs. molischianum

consists of a ring with 8-fold symmetry containing

16 Bchls 850, 8 Bchls 800, 8 carotenoids, and 8 �-�

peptide subunits. The B850 complex, which absorbs

light at 850 nm, consists of an inner ring, in which the

distance between neighbouring molecules is 0.89 nm

within the same �-� subunit and 0.92 nm from adja-

cent subunits. The B800 subunit absorbing light at

800 nm corresponds to an outer ring, where the dis-

tance between neighbouring molecules is 2.1 nm. The

minimum separation between B800 and B850 rings is

about 1.9 nm.

According to the structure data of B800-850 com-

plex, it is reasonable to treat the inner B850 ring as

a circular chain of dimers, in which two Bchlas be-

longing to the same �, �- polypeptide pairs form a

heterodimer. In contrast, the B800 ring is a circular

chain of monomers, each containing a single Bchla.

The relatively large distance of 2.1 nm between neigh-

bouring molecules in the B800 ring results in their

weak coupling; therefore, the outer ring of the com-

plex is a weak excitonic system and can be considered

as consisting of monomers for an analytical model of

excitonic level structure because of the small di�er-

ence between the molecule's site energy and excitonic

band of the complex. Of course, this weak excitonic

e�ect may become important in the energy transfer
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process within B800 and the transfer from B800 to

B850. The model of dimer ring has been introduced

to analyse the spectral properties, such as absorption

and circular dichroism (CD), and excitonic dynamics

of LH1 and LH2.[6�12] These theoretical analyses of

molecular chains focused on the case of the \nearest

neighbour" approximation. In a linear chain, the ap-

proximation would be more appropriate since the in-

teraction between Bchls becomes weaker rapidly with

increasing separation between them. But for a small

circular chain, further interaction should be included

as the distance between dimers does not increase lin-

early with increasing di�erence of their label indices.

For LH1 and LH2 of purple photosynthetic bacteria

under investigation, their dimensions are comparable

to the distance between adjacent Bchls. Thus, it is

necessary to include all the interactions when consid-

ering the optical characteristic of LH1 and LH2 of pur-

ple photosynthetic bacteria. This paper describes the

excitonic level and spectral properties of this kind of

ring-like molecular aggregates of dimers by including

all the interactions between pigment molecules. It is

worth emphasizing that we adopt the analytical ap-

proach to explore the excitonic properties of the sys-

tem, so that all the results can be obtained analyti-

cally. A recent publication by Hu et al [13] also consid-

ered the spectral properties of the ring of dimers in-

cluding all interactions. They established an e�ective

Hamiltonian and derived the formulae for excitonic

band edges where the interactions are summarized in

several numerical coeÆcients.

2. Excitonic level structure

A circular chain with N dimers is considered in

this study. Each dimer consists of two identical Bchl or

chlorophyll (Chl) molecules, and each molecule is ap-

proximated as a two-level system. Neglecting phonons

and restricting to states with at most one excitation

on the chain, the Hamiltonian of the system can be

written as

H =
X
n�

�n�jn�ihn�j+
X

n�6=m�

Vn�;m� jm�ihn�j

�
X
n�

X
m�

Hn�;m� jm�ihn�j; (1)

where jn�i denotes the state in which molecule � of

the nth dimer is excited and all the other molecules

are in the ground states. n and m enumerate the po-

sition of the dimers in the circular chain and run from

one to N , while � and � indicate the polypeptide to

which the molecule is bound in a dimer. �n� denotes

the n�th (molecule � in the nth dimer) molecular ex-

citation energy, and Vn�;m� is the interaction (transfer

integral) between molecules n� and m�. Because of

symmetry, �n� = �� and Vn�;m� = V��(n � m) =

V��(n�m+N) for the circular chain of dimers.

De�ning another set of orthonormal bases

jk�i = N�1=2
X
n

jn�iexp(ikn);

k =
2�

N
s; s = 0; � � � ; N � 1; (2)

the Hamiltonian becomes

H =
X
k;�;�

L��(k)jk�ihk�j;

L��(k) =
X
n

H1�;n�exp(ikn): (3)

Then the problem is simpli�ed into the diagonaliza-

tion of L��(k). The eigenequation of L��(k) isX
�

L��(k)u��(k) = E�(k)u��(k): (4)

For the chain of dimers, it can be solved analytically.

The eigenvalues are

E� =
L11 + L22

2
�(�1)�

s�
L11 � L22

2

�2

+ jL12(k)j2;

(5)

and the corresponding eigenfunctions

u1�(k) =
L12p

jL12j2 + (E� � L11)2
;

u2�(k) =
E� � L11p

jL12j2 + (E� � L11)2
; (6)

under the normalization condition

X
�

ju��(k)j
2 = 1:

The exciton vectors are linear combinations of site ex-

citations, and can be written as

jk�i = N�1=2
X
n�

u���exp(ikn)jn�i: (7)

Let the mono-molecular transition dipole moment be

dn�, the transition dipole for the excitonic level will

be

dk� = N�1=2
X
n�

u���exp(ikn)jn�idn�: (8)
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Then the oscillator strength corresponding to the

transition to the excitonic state is given by the square

of the dipole moment, that is,

A�(k) =N
�1=2

X
��

u���u��

�
X
nm

dn� � dm�exp[ik(n�m)]: (9)

The matrix form of L(k) in Eq.(3) is

L(k) =

0
BBBB@

NX
j=1

H11;j1exp(ikj)

NX
j=1

H11;j2exp(ikj)

NX
j=1

H12;j1exp(ikj)

NX
j=1

H12;j2exp(ikj)

1
CCCCA :

(10)

Considering the symmetry of the system and periodic boundary conditions, it can be expressed in terms of site

energy �� and transfer integral V��(n�m). When N is odd, we have

L(k) =

0
BBBBBB@

�1 +

N�1

2X
j=1

2V11(j) cos(jk)

NX
j=1

V12(j)exp(ikj)

NX
j=1

V21(j)exp(ikj) �2 +

N�1

2X
j=1

2V22(j) cos(jk)

1
CCCCCCA

=

0
BBBBBB@

�1 +

N�1

2X
j=1

2V11(j) cos(jk)

NX
j=1

V12(j)exp(ikj)

NX
j=1

V12(j)exp(�ikj) �2 +

N�1

2X
j=1

2V22(j) cos(jk)

1
CCCCCCA
; (11)

because V11(j) = V11(N � j), V22(j) = V22(N � j), and V21(j) = V21(N � j). The resulting excitonic levels are

E�(k) = �odd
+ � (�1)�

vuut(�odd
� )2 +

����
NX
j=1

V12(j)exp(ikj)

����
2

;

�odd
� (k) =

�1 ��2

2
+

N�1

2X
j=1

[V11(j)� V22(j)] cos(kj): (12)

While N is even, the matrix L(k) becomes

L(k) =

0
BBBBB@

�1 � V11

�
N

2

�
+

N

2
�1X

j=1

2V11(j) cos(jk)
NX
j=1

V12(j)exp(ikj)

NX
j=1

V12(j)exp(�ikj) �2 � V22

�
N

2

�
+

N

2
�1X

j=1

2V22(j) cos(jk)

1
CCCCCA ; (13)

and the corresponding exciton spectrum will be

E�(k) = �even
+ � (�1)�

vuut(�even
� )2 +

����
NX
j=1

V12(j)exp(ikj)

����
2

;

�even
� (k) =

�1 ��2

2
+

V11

�
N

2

�
� V22

�
N

2

�
2

+

N

2
�1X

j=1

[V11(j)� V22(j)] cos(kj): (14)

Under the approximation of dipole{dipole interaction, the transfer integrals between Bchls can be written

as

V��(n�m) =
1

4�"0�2

�
dn� � dm�

R3
�

3(dn� �Rn�;m�)(dm� �Rn�;m�)

R5

�
; (15)
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where dn� and dm� are the transition dipole moments

of the corresponding Bchls; Rn�;m� is the position

vector pointing from the n�th Bchl to the m�th one,

and R is its module; � denotes the refractive index of

the surrounding medium. According to the notation

in Fig.1,

dn� � dm� =d2fsin �� sin �� cos[
(n�m)

+ 
0(�� �) + '� � '� ] + cos �� cos ��g:

Inserting the expression into Eq.(15), we have

V��(j) =
d2

4�"0�2f2r sin[
j=2 + 
0(� � �)]g3

� fsin �� sin �� [3 cos('� + '�)

� cos('� � '� + 
j + 
0(� � �))]=2

+ cos �� cos ��g;

where � and � denote the position of molecules in

a dimer, 
 and 
0 are the turning angles between

the neighbouring molecules from di�erent dimers and

within the same dimer respectively, and d is the abso-

lute value of the molecular transition dipole moment.

Fig.1. The model of a circular chain of dimers.

Because of periodic boundary condition and sym-

metry of the system, not all excitonic states are acces-

sible through optical transition. Only transitions into

six exciton states are allowable with a �nite oscillator

strength[8]

A�(�
) =
1

2
Nd2

X
��

u��(�
)u
�
��(�
) sin �� sin ��

� exp[�i(
0(�� �) + '� � '�)] (16)

for the degenerate states of the chain, and

A�(0) = Nd2
X
��

u��(0)u
�
��(0) cos �� cos �� (17)

for the nondegenerate states. Inserting Eq.(6) into

above expressions, we have similar results to Ref.[8],

A�(
) =
Nd2

2(F�(
) + 1)

�
F�(
)

2 sin2 �1 + sin2 �2

+ 2F�(
)
ReL12(
)

jL12(
)j
cos('1 � '2

� 
0) sin �1 sin �2

�
(18)

and

A�(0) =
Nd2

F�(0)2 + 1
[F�(0) cos �1 + cos �2]

2; (19)

where

F�(k) =
jL12(k)j

E�(k)� L11
: (20)

It is noted that the expressions of F�(k) and L12 are

di�erent from Ref.[8], because all interactions between

pigment molecules in the system are included here.

The CD spectrum is more sensitive to the struc-

ture of the complex. The general expression of CD

is[8;10]

C�(k) �
1

N

X
��

u��(k)u
�
��(k)

�
X
nm

exp[ik(m� n)]

� rn�;m� � (dn� � dm�): (21)

Because of the symmetry of circular chain of dimers,

we have only six non-zero components of CD. The

nondegenerate component is

C�(0) ��
rNd2

F�(0)2 + 1
[F�(0)

2 sin 2�1 sin'1

+ sin 2�2 sin'2 + 2F�(0)H(0)]; (22)

where

H(0) = sin �1 cos �2 sin'1 + cos �1 sin �2 sin'2:

And the component of the degenerate pairs is

C�(
) �
rNd2

2(F�(
)2 + 1)
[F�(
)

2 sin 2�1 sin'1

+ sin 2�2 sin'2 + 2F�(
)H(
)]; (23)

where

H(
) =Re
L12(
)

jL12(
)j

�
sin �1 cos �2 exp

�
'1 � 
0 �

�

2

�

+ cos �1 sin �2 exp

�
'1 � 
0 �

�

2

��
: (24)

The expression of C�(
) is quite similar to Eq.(22) of

Ref.[8], but the main di�erence is the expression of

L12 with all the interactions between pigments.
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It is well known that the excitonic band of an ag-

gregate of N monomers is composed of N excitonic

levels, which is called Davydov's splitting. Under the

nearest neighbouring interaction approximation, the

excitonic band has a width of 4V , where V is the res-

onance integral between neighbouring monomers.[14]

When the monomers are replaced by dimers, the ring's

excitonic spectra will become more complicated. The

case of nearest dimer{dimer interaction has been dis-

cussed in Ref.[8]. This paper here is to extend it to

more general situation when all interactions among

chromophore molecules are included.

At �rst we focus on the case where N is odd. Con-

sidering all interactions between Bchls, it can be seen

from Eq.(12) that the overall excitonic band width

now becomes

W = E+(0)�E�(0) = 2

vuut[�odd
� (0)]2 +

����
NX
j=1

V12(j)

����
2

;

(25)

and the band splits into two Davydov subbands with

the same width

W odd
� =�

�
E�(0)�E�

�
N � 1

N
�

��

=

N�1

2X
j=1

[V11(j)� V22(j)]

�
1� cos j

N � 1

N
�

�
+

vuut[�odd
� (0)]2 +

����
NX
j=1

V12(j)

����
2

�

vuut��odd
�

�
N � 1

N
�

��2
+

����
NX
j=1

V12(j)exp

�
i
N � 1

N
j�

�����; (26)

where subscript \+" denotes the higher subband, \�" the lower subband. The energy gap between the two

subbands is

Godd = 2

vuut��odd
�

�
N � 1

N
�

��2
+

����
NX
j=1

V12(j)exp

�
i
N � 1

N
j�

�����; (27)

when N is even, the structure of excitonic band is sim-

ilar. The total band width is the same as Eq.(25), but

the subband width becomes

W even
� =� [E�(0)�E�(�)]

=

N

2X
j=1

[V11(j)� V22(j)](1� (�1)j)

+

vuut[�even
� (0)]2 +

����
NX
j=1

V12(j)

����
2

+

vuut[�even
� (�)]2 +

����
NX
j=1

(�1)jV12(j)

����
2

: (28)

So the gap between the higher and lower subbands is

Geven = 2

vuut[�even
� (�)]2 +

����
NX
j=1

(�1)jV12(j)

����
2

: (29)

In the absence of heterogeneity of the two

molecules in a dimer, i.e., �1 = �2 = �,

�odd
+ = �+

N�1

2X
j=1

[V11(j) + V22(j)] cos(jk); (30)

�odd
� =

N�1

2X
j=1

[V11(j)� V22(j)] cos(jk); (31)

and

�even
+ =�+

1

2

�
V11

�
N

2

�
+ V22

�
N

2

��

+

N

2
�1X

j=1

[V11(j) + V22(j)] cos(jk); (32)

�even
� =

1

2

�
V11

�
N

2

�
� V22

�
N

2

��

+

N

2
�1X

j=1

[V11(j)� V22(j)] cos(jk): (33)

Inserting them into Eqs.(12), (14), (27) and (29), the

modi�ed excitonic levels, band widths and energy gaps

can be acquired immediately.

If we con�ne the treatment to the nearest neigh-

bouring approximation, the problem can be simpli-

�ed considerably. Let Vb = V12(0) and Va = V12(1)

be the interaction energies between two neighbouring
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molecules in the same dimer and from the adjacent

dimers respectively, then

E�(k) =
�1 +�2

2

� (�1)�

s�
�1 +�2

2

�2

+ jL12(k)j2; (34)

where

L12(k) = V� exp(�ikj) + Vb: (35)

The results are just the same as Eqs.(8) and (9) in

Ref.[8]. So our analytical approach is a reasonable

extension of the result of Liuolia et al.

The energy di�erence between the lowest exci-

tonic level and the strongly allowed transition level E1

(symbol borrowed from Ref.[7]) must be emphasized,

since the recent hole burning experiment calculated

the lowest level.[7] Koolhaas et al [11] identi�ed the ex-

citonic band of Rhodobacter sphaeroides directly by a

B800-free mutant strain. The band is located at about

780 nm. From Eqs.(12) and (14), we have

�Eodd
1 =

vuut[�odd
� (0)]2 +

����
NX
j=1

V12(j)

����
2

�

vuut[�odd
� (
)]2+

����
NX
j=1

V12(j) cos

�
j
2�

N

�����
2

�

N�1

2X
j=1

[V11(j) +V22(j)]

�
1� cos

�
j
2�

N

��
; (36)

when N is odd; and

�Eeven
1 =

vuut[�even
� (0)]2 +

����
NX
j=1

V12(j)

����
2

�

vuut[�even
� (
)]2+

����
NX
j=1

V12(j) cos

�
j
2�

N

�����
2

�

N

2X
j=1

[V11(j) + V22(j)]

�
1� cos

�
j
2�

N

��
; (37)

for even N .

3. Applications to LH1 and LH2

complexes

3.1. LH2 complex

In LH2 complex of purple bacteria, the outer

BChl800 ring is believed to consist of monomers be-

cause of the large separations between the neighbour-

ing BChlas and resulting in small interaction energies.

Therefore, the excitonic e�ect is negligible in the

ring.[6] In contrast, in the inner B850 ring the dis-

tances between pigment molecules are small and can

lead to large interaction energies between them. The

resulting strong excitonic e�ect is important in this

case. We focus on the exciton in the B850 ring, which

can be approximately modelled as a circular chain of

dimers. In previous sections, we have analytically

shown that the level structure of the system can be

expressed in terms of site energy and interactions

between pigment molecules. Now we applied the an-

alytical results to B850 ring of LH2 complex. Up to

now, there are two kinds of LH2 complex, Rs. molis-

chianum and Rps. acidophila, whose high resolution

structural data are available. Their structures are sim-

ilar, but exhibit C8 and C9 symmetry respectively.

It will result in di�erent excitonic levels. We discuss

their spectral properties separately.

Rs. molischianum: Its LH2 complex exhibits 8-

fold rotational symmetry. The B850 ring contains 16

Bchl molecules that form 8 dimers. It has 16 excitonic

levels including 4 nondegenerate levels and 6 degener-

ate pairs. Figure 2 shows its simulated excitonic lev-

els. As a common feature of dimer chain, the total

excitonic band is split into upper and lower subbands.

Among all the 10 levels, only 2 nondegenerate levels

and 2 degenerate pairs possess nonzero oscillator

strengths because of the symmetric con�guration.

They forms the upper and lower absorption peaks

in the excitonic band. Based on the con�guration

data in Ref.[13], we can calculate all the interaction

energies between pigment molecules under the point

dipole approximation by using the dipole{dipole cou-

pling formula. The interactions are listed in Table

1. These data correspond to the dipole strength of

4:673�10�58 C2m2 for Qy transition of Bchl when the

dielectric constant of the surrounding medium is taken

to be 1.0. According to these parameters the overall

exciton manifold width is 1250 cm�1, with an upper

subband width of 468 cm�1 and a lower 763 cm�1. By

�tting the calculated strongest transition to the max-

imum absorption peak at 850 nm, the site energy of

Bchla is taken to be 12500 cm�1. Assigning each ex-

citon component a Gaussian pro�le (full width at half

maximum (FWHM)=120 cm�1) with the amplitude

proportional to the dipole strength, we have a simu-

lation of the absorption spectrum of LH2 as shown in

Fig.3. It is noted that we have added the contribution

of B800 ring as monomers to the spectrum. The sim-

ulated absorbance reproduces the main features of the
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experimental results. The calculated amplitude ratio

between B850 peak and B800 peak is 0.8, while the ex-

perimental value is 0.77.[15] In our calculation, the dif-

ference between the strongly allowed level and the low-

est one in the excitonic manifold is 103.3 cm�1, which

agrees well with the experimental value reported in

Ref.[9]. The simulation spectra of nearest neighbour-

ing interactions are also overlaid for comparison with

the present model.

Table 1. The interaction energies between pigment molecules

for B850 of LH2 of Rs. molischianum.

m� n V (1; 1) V (1; 2) V (2; 1) V (2; 2)

1 {32.68 10.74 319.27 {43.69

2 {3.60 2.16 12.08 {5.35

3 {0.91 0.95 2.59 {1.69

4 {0.49 1.06 1.06 {1.10

5 {0.91 2.59 0.95 {1.69

6 {3.60 12.08 2.16 {5.35

7 {32.67 319.27 10.74 {43.68

8 { 329.90 320.90 {

Note: m � n denotes the dimer index di�erence and V (a; b)

represents the interaction energy (cm�1) between the a-th and

the b-th molecules.

Fig.2. The calculated excitonic level structure for

B850 ring of LH2 of Rs. molischianum.

CD spectrum: CD spectra are more informative

in the con�guration study of the assembly of interact-

ing Bchls than are absorption spectra. According to

Eqs.(22) and (23), we have calculated the CD signal

of the system by assigning each component a Gaus-

sian pro�le (FWHM=120 cm�1), as shown in Fig.3.

It is a conservative CD spectrum, while the recent

experimental CD of LH2 of Rs. Molichianum is not

conservative,[16] where a small positive lobe is present

on the blue side and a large negative peak on the red

side. It seems that our basic excitonic model is too

simple to explain the CD spectral properties of the

antenna system.

Fig.3. The calculated absorbance (solid line), CD

(dashed line) of LH2 of Rs. molischianum. The dot-

ted line denotes the simulation absorbance of nearest

neighbouring interactions.

Fig.4. The calculated excitonic level structure for

B850 ring of LH2 of Rps. acidophila.

Rps. Acidophila: The system exhibits C9 sym-

metry and the number of pigment molecules is 18.

The 18 excitonic levels are shown in Fig.4. The level

structure is quite similar to that of C8, but with di�er-

ent total level number. The simulated absorbance of

the complex, as shown in Fig.5, exhibits a redshifted

B850 peak compared with that of Rs. Molischianum,

because its B850 ring has additional Bchls pairs. The

calculated CD is also presented in Fig.5. In this calcu-

lation, the same site energy and FWHM of the Gaus-

sian pro�le are taken as those for Rs. Molischianum.
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Fig.5. The calculated absorbance (solid line) and CD

(dashed line) of LH2 of Rps. acidophila. The dot-

ted line denotes the simulation absorbance of nearest

neighbouring interactions.

3.2. LH1 complex

Rsp. rubrum: Based on a low-resolution (0.85 nm)

projection map of LH1 complex of Rsp. Rubrum,[5]

a circular aggregate model with a 16-fold rotational

symmetry was proposed. The complex has an inner

core large enough to house the RC complex. The sim-

ilarities of protein sequence, spectral and structural

features suggest that the structure of LH1 strongly

resembles the inner dimer ring of LH2. Therefore, we

use a similar structure to discuss its spectral proper-

ties. We take the con�guration data of LH1 complex

presented in Ref.[13]. The resulting excitonic level

structure of the complex is plotted in Fig.6. Its ab-

sorption and CD spectra, based on the exciton model,

are given in Fig.7. The simulated absorbance consists

of a large red peak centred at 875 nm and a small

Fig.6. The calculated excitonic level structure of LH1

of Rsp. rubrum.

blue peak. The two peaks represent the upper and

lower excitonic bands due to Davydov splitting. The

small blue absorbance has not been emphasized in

previous theoretical and experimental works. After

carefully examining the recent experimental absorp-

tion data for LH1 of Rs. Molischianum,[15] we found

that a small but distinguishable peak around 780 nm

existed indeed. We ascribe it to the upper excitonic

band of the complex. Of course, further studies are

needed to justify this assignment.

Fig.7. The calculated absorbance (solid line) and CD

(dashed line) of LH1 of Rsp. Rubrum. The dotted line

denotes the simulation absorbance of nearest neigh-

bouring interactions.

4. Discussions

In this paper we adopt an analytical approach to

study the excitonic level structure of a tightly coupled

ring-like chain of dimers. All the interactions between

pigment molecules are included with the point-dipole

approximation in the formalism. Although the point-

dipole approximation may be satisfactory when the

interchromophore distances are large relative to the

chromophore dimensions, it could break down in such

systems as LH1 and LH2, where the distance between

nearest neighbour pigment molecules is smaller than

the size of Bchl molecule. An alternative approach

could be a point-monopole treatment that distributes

the transition moment over the spatial region of the

orbitals involved. The point-monopole treatment will

produce an 8%{25% increase in the magnitude of the

interaction energy, compared with that resulting from

the point-dipole approximation.[6] But in this case, the

interaction energies can be taken as parameters and

we can obtain an equivalent reduced dipole (not ac-

tual) value for a Bchl. Then our theoretical treatment

is still e�ective since the equivalent reduced dipole will

result in the same excitonic level structure.
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In the present formalism, we have not taken into

account the interactions of the exciton with the vi-

brational modes (phonon) of the molecules in the ag-

gregate, nor that of the exciton with the vibrational

modes of the surrounding medium. The excitation is

treated as delocalizing over the whole molecular ring.

At a very low temperature this may be true. But at

room temperature, the e�ect of phonons is not neg-

ligible and it will reduce the coherent length of the

exciton because a small inhomogeneity causes the ex-

citon to be localized on a limited number of pigments.

The exact coherent length of exciton is of much con-

cern by many experimentalists and theorists,[17] and

is still an issue for further study. On the other hand,

we have neglected the e�ect of charge transfer (CT)

states by introducing shifted site energies as param-

eters in our simple model. In the strongly coupled

molecular ring of dimers, however, the intramolecular

Qy transitions are mixed to various extents with CT

transitions.[18�20] Stark spectroscopy of LH1 and LH2

has indicated that the CT states are related to the ex-

change interactions of Bchl and carotenoid.[21;22] It is

necessary to include e�ects of phonon and CT states

in future theoretical simulation. Also, in the present

model, all Bchls are approximated as identical two-

level systems to obtain an analytical expression of

excitonic level structures. But in the LH1 and LH2

complex, the Bchls are bound to � and � peptides

respectively by hydrogen bonds. The protein envi-

ronment may vary the excitation energies of �- and

�-bound Bchls. The site energy dependence of CD

spectroscopy has been simulated in Ref.[10] numeri-

cally, which shows that the rotational strength is quite

sensitive to the detailed site energies when degeneracy

is lifted. Therefore, the di�erence in site energies, i.e.,

e�ects of protein environment, should be included in

a further analytical model.

|||||||||||||||||||||||||||
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