
  
Abstract— Absorption and steady state fluorescence spectra are 

simulated for relatively simple circular molecular system. It can be 
treated as a model of peripheral light harvesting complex LH2 from 
purple bacterium Rhodopseudomonas acidophila. Both rings (B850 
ring and B800 one) are included in our model. The spectra are 
calculated within full Hamiltonian model and compared for two types 
of slow fluctuations. Gaussian fluctuations in local excitations 
energies and Gaussian fluctuations in positions of 
bacteriochlorophylls are considered. Fast fluctuations, interaction 
with phonon bath, is also taking into account for low and room 
temperature. The resulting spectra show strong dependence on 
temperature. Splitting of both spectra are visible at low temperature. 
The differences caused by static disorder type are also remarkable. 
Localization of exciton states contributing to the steady state 
fluorescence spectra is investigated by thermally averaged by 
participation ratio. 
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I. INTRODUCTION 
HE antenna systems of photosynthetic units from purple 
bacteria are formed by ring light harvesting (LH) 

complexes LH1, LH2, LH3, and LH4. Their geometric 
structures are known in great detail from X-ray crystallography 
[1-5]. The general organization of above mentioned light-
harvesting complexes is the same: identical subunits are 
repeated cyclically in such a way that a ring-shaped structure is 
formed. However the symmetries of these rings are different. 

The bacteriochlorophyll (BChl) molecules from LH2 
complex in purple bacterium Rhodopseudomonas acidophila 
are organized in two concentric rings. One ring features a 
group of nine well-separated BChl molecules (B800) with 
absorption band at about 800 nm. The other ring consists of 
eighteen closely packed BChl molecules (B850) absorbing 
around 850 nm. As in B850 ring as in B800 ring dipole 
moments of BChl molecules are oriented approximately 
tangentially to corresponding ring. While the nearest 
neighbour dipole moments in B850 ring have antiparallel 
arrangement, in B800 ring the orientations of the nearest 
neighbour dipole moments are parallel [6]. LH2 complexes 
from other purple bacteria have analogous ring structure. 

Some bacteria express also other types of complexes such as 
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the B800-820 LH3 complex (Rhodopseudomonas acidophila 
strain 7050) or the LH4 complex (Rhodopseudomonas 
palustris). LH3 complex like LH2 one is usually nonameric 
but LH4 one is octameric. The other difference is the presence 
of an additional BChl ring in LH4 complex [3]. Different 
arrangements manifest themselves in different optical 
properties. At this article we mainly focus on LH2 complex. 

Despite intensive study of bacterial antenna systems the 
precise role of the protein moiety for governing the dynamics 
of the excited states is still under debate. At room temperature 
the solvent and protein environment fluctuates with 
characteristic time scales ranging from femtoseconds to 
nanoseconds. The simplest approach is to substitute fast 
fluctuations by dynamic disorder and slow fluctuations by 
static disorder. 

In our previous papers we presented results of simulations 
for B850 ring from LH2 complex. In several steps we 
extended the former investigations of static disorder effect on 
the anisotropy of fluorescence made by Kumble and 
Hochstrasser [7] and Nagarajan et al. [8-10] for LH2 ring. 
After studying the influence of diagonal dynamic disorder for 
simple systems (dimer, trimer) [11-13], we added this effect 
into our model of LH2 ring by using a quantum master 
equation in Markovian and non-Markovian limits [14-17]. We 
also studied influence of four types of uncorrelated static 
disorder [18,19] (Gaussian disorder in local excitation 
energies, Gaussian disorder in transferintegrals, Gaussian 
disorder in radial positions of BChls and Gaussian disorder in 
angular positions of BChls on the ring). Influence of correlated 
static disorder, namely an elliptical deformation of the ring, 
was taken into account too [15]. We also investigated the time 
dependence of fluorescence anisotropy for the LH4 ring with 
different types of uncorrelated static disorder [19,20]. 

Recently we have focused on the modeling of absorption 
and steady state fluorescence spectra. Our results for B850 
ring from LH2 complex and B-α/B-β ring from LH4 complex 
within the nearest neighbour approximation model have been 
presented in [21-25]. The results within full Hamiltonian 
model were published in [26-34]. Very recently we have 
started to investigate the nearest neighbour transferintegral 
distributions for various types of static disorder connected with 
fluctuations in ring geometry of B850 ring from LH2 complex 
[35-38]. 

Main goal of the present paper is the extension of our 
previous investigation of absorption and steady state 
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fluorescence spectra to the whole LH2 complex (B850 ring 
and B800 one) and static disorder in geometry of modeled 
system. 

The rest of the paper is structured as follows. Section II 
introduces our model of LH2 complex with two types of static 
disorder. Used units and parameters can be found in Section 
III. Results are presented and discussed in Section IV and 
conclusions are drawn in Section V. 

II. MODEL 
Only one exciton is assumed to be present in our model of 

LH2 complex after an impulsive excitation. The hamiltonian 
of an exciton in the molecular complex is composed from four 
terms, 

 0
ex s ph ex-ph .H H H H H= + + +  (1)   

A. Ideal Complex 
The first term in (1), 
 0 †

ex ,
, ( )

ˆ ˆm n m n
m n m n

H J a a
≠

= ∑ , (2)  

describes an exciton in the ideal system (e.g. in the complex 
without any disorder). The operator ˆma+  ( ˆma ) creates 
(annihilates) an exciton at site m, ,m nJ  (for m ≠ n) is the so-
called transferintegral between sites m and n. It gives the 
strength of interaction between these sites. The arrangement of 
dipole moments in our model of LH2 system (see Fig. 1) gives 
us following relationship between transferintegrals: 

 B850 B850
, , , , , , 1,...,18m n m k n kJ J m n m k n k+ += + + = , (3)  

 B800 B800
, , , , , , 19,..., 27m n m k n kJ J m n m k n k+ += + + = . (4)  

The nearest neighbour transferintegral B850
, 1m mJ +  in B850 ring 

is marked as 0J  and the nearest neighbour transferintegral 
B800

, 1m mJ +  in B800 ring as 1J . Their signs are given by the 

orientations of corresponding dipole moments [6], i.e. 0J  is 
positive and 1J  is negative. The relation between them is 

 1 00.1J J− , (5)  
according to [6]. Each bacteriochlorophyll from B800 ring has 
two nearest neighbour bacteriochlorophylls from B850 ring. 
The transferintegrals 1,19J  and 2,19J  that connect these BChls 
from both rings have opposite signs and their values are 
approximately [6] 

 1,19 3,20 17,27 0... 0.1J J J J= = =  , (6)  

 2,19 4,20 18,27 0... 0.03J J J J= = = − . (7)  
The dipole--dipole approximation, 
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3
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ϕ ϕ ϕ−
=
 



, (8)  

which is considered by us, and the relations between 0J , 1J , 

1,19J  and 2,19J  give the geometry of our model of the whole 

complex. I.e. the ratio of the radii and the axial distance 0z  of 
both rings are 

 1 0 0 01.078 , 0.575r r z r= = . (9)  

Here 0r  denotes the radius of B850 ring and 1r  the radius of 
B800 ring (see Fig. 1). 

The pure exciton hamiltonian 0
exH  can be diagonalized 

using the wave vector representation with corresponding 
delocalized Bloch states α and energies Eα. Using Fourier 
transformed excitonic operators âα , the Hamiltonian 0

exH  in 
α-representation reads 

 0 †
ex ˆ ˆH E a aα α α

α
= ∑ . (10)  

If we consider only one ring (B850 or B800) separately 
within the nearest neigbour approximation model (i.e. only the 
nearest neighbour bacteriochlorophylls are connected with 
nonzero transferintegrals ,m nJ ), the form of the operators âα  
in (10) is 

 i

1

2ˆ ˆ e ,
N n

n
n

a a l
N

α
α

πα
=

= =∑  (11)  

and 
 02 cosE Jα α= − . (12)  

Here 

 0, 1,...,
2
Nl = ± ±  (13)  

for even number of sites N (i.e. for B850 ring, where N=18) 
and 

 10, 1,...,
2

Nl −
= ± ±  (14)  

for odd number of sites N (i.e. for B800 ring, where N =9). 
If both rings are considered simultaneously and all 

transferintegrals ,m nJ  are considered to be nonzero, energetic 

 
Fig. 1 Geometric arrangement of dipole moments in the ideal LH2 
complex (without any fluctuations) dipole moments are oriented 
tangentially to the rings (B850 ring – red arrows: αm;m+1 = π/9; B800 
ring – blue arrows: αm;m+1 = 2π/9) 
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spectrum is more complex (see Fig. 2). 

B. Static disorder 
Influence of static disorder (second term in (1)) can be 

modeled by totally uncorrelated fluctuations of local excitation 
energies nδε  with Gaussian distribution and standard deviation 
∆ . Hamiltonian of static disorder sH  then reads 

 s ˆn n n
n

H a aδε= ∑ . (15)  

Another way to take into account such disorder is to model  
it as slow fluctuations in ring geometry. Deviation in ring 
geometry results in changes of transferintegrals 

,  ( )m nJ m nδ ≠ , 

 0
, , , ,m n n m m n m nJ J J Jδ= = + . (16)  

Static disorder in ring geometry can be consider in two ways - 
fluctuations in molecular positions or fluctuations in molecular 
dipole moment orientations. 

In the present paper we consider as fluctuations in local 
excitation energies (15) and the first above mentioned type of 
fluctuations in transferintegrals - fluctuations in molecular 
positions, 

 ,0 , 1,..., 27n n nr r r nδ= + =
   . (17)  

Here ,0nr
  and nr

  denote the position of n-th 
bacteriochlorophyll in ideal complex and disordered one  and 

nrδ   marks the displacement of m-th bacteriochlorophyll. The 
length of nrδ   has Gaussian distribution with zero mean and 
standard deviation r∆ , the direction of  nrδ   is distributed 
uniformly.  

C. Dynamic Disorder 
The third term in (1), 
 †

ph q q q
q

H b bω= ∑ , (18)  

represents phonon bath in harmonic approximation (phonon 
creation and annihilation operators are denoted by †

qb  and qb , 

respectively). 
Last term in (1), 

 † †
ex-ph

1 ˆ ˆˆ ˆ ( )n
q q n n q q

n q
H G a a b b

N
ω= +∑ ∑  , (19)  

describes exciton-phonon interaction which is assumed to be 
site-diagonal and linear in the bath coordinates (the term n

qG  
denotes the exciton-phonon coupling constant).  

D. Spectral Responses 
Absorption ( )OD ω  and steady-state fluorescence ( )FL ω  

spectra of the system with exciton-phonon coupling are 
calculated by the cumulant-expansion method of Mukamel et 
al. [39,40], i.e. 

 i( )2

0
( )  Re  e t g t R tOD d dt α αααα ααααω ω

α
α

ω ω
∞

− − −= ∑ ∫ , (20) 

 i( ) i2

0
( )  Re  e t t g t R tFL P d dt α αααα αααα ααααω ω λ

α α
α

ω ω
∗∞

− + − −= ∑ ∫ . (21) 

Here n n nd c dα
α = ∑
 

 denotes the transition dipole moment of 

eigenstate α , ncα  mark the expansion coefficients of the 
eigenstate α  in site representation and Pα  is the steady state 
population of the eigenstate α . The inverse lifetime of exciton 
state α  is denoted Rαααα  and it is given by a sum of the 
relaxation rates Rββαα  between exciton states α , β , 

i.e. R Rαααα ββαα
α β≠

= ∑  [41]. Rββαα  are the elements of Redfield 

tensor Rαβγδ [42]. The g-function and λ -values in (20), (21) 
read 

2 ( )
2
dg Cαβγδ αβγδ

ω ω
πω

∞

−∞
= − ×∫  

 ( ) ( )coth cos 1 i sin
2 B

t t t
k T
ω ω ω ω

 
× − − − 

 
, (22) 

 ( ){ } ( )lim Im
2t

d dg t C
dtαβγδ αβγδ αβγδ

ωλ ω
πω

∞

→∞ −∞
= − = ∫ . (23) 

The matrix of spectral densities ( )Cαβγδ ω  in the eigenstate 
(exciton) representation reflects one-exciton states coupling to 
the manifold of phonon modes. In what follows only a 
diagonal exciton phonon interaction in site representation is 
used (see (19)), i.e., only fluctuations of the pigment site 
energies are assumed and the restriction to the completely 
uncorrelated dynamic disorder is applied. Each site (i.e. each 
chromophore) has its own bath completely uncoupled from the 
baths of the other sites in such case. Furthermore it is assumed 
that these baths have identical properties [16,43,44]. Then we 
need only one spectral density ( )C ω . The matrix of spectral 

 
 
Fig. 2 Energetic spectrum of the whole LH2 complex (B850 ring and 
B800 ring) without any fluctuations 
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densities has the form 
 ( ) ( )mnm n mn mm nnC Cω δ δ δ ω′ ′ ′ ′=  (24) 

in site representation and 
 ( ) ( )n n n n

n
C c c c c Cα β γ δ

αβγδ ω ω= ∑  (25) 

in the exciton representation. 
From various models of spectral density ( )C ω  of the bath 

[41,45,46] we have used the model of Kühn and May [45] 

 ( ) ( )
2

0 3 e
2

c

c

C j
ω
ωωω θ ω

ω
=  (26) 

which has its maximum at 2 cω . 
Localization of the exciton states contributing to the steady 

state fluorescence spectrum ( )FL ω  can be characterized by 

the thermally averaged participation ratio PR , which is 
given by 

 e

e

E
kT

E
kT

PR
PR

α

α

α α

α

−

−

∑=

∑

, (27)  

where quantity 

 
4

1

N

n
n

PR cα
α

=
= ∑  (28) 

gives information about localization of eigenstate α . Higher 
value of participation ratio PRα  corresponds to higher 
localization of this eigenstate and similarly higher value of 

PR  corresponds to higher localization of exciton states 
contributing to the spectrum. 

III. UNITS AND PARAMETERS 
Energies normalized to the transferintegral 0J  (the nearest 

neighbour transferintegral in B850 ring) have been used in our 
calculations. Estimation  of 0J  varies in literature between 250 
cm-1 and 400 cm-1. In our previous investigations [47] we 
found from comparison with experimental results for B850 
ring [48] that the possible strength ∆  of the uncorrelated 
Gaussian static disorder in local excitation energies nδε  is 
approximately 00.30J∆ ≈  and possible strength of the 
uncorrelated Gaussian static disorder in transferintegrals is 
approximately two times smaller. That is why we have taken 
the strengths ∆  and r∆  in following intervals: 

 0 0 0 00.10 ,0.60 , 0.05 ,0.30rJ J r r∆ ∈ ∆ ∈ . (29) 
All our simulations of LH2 spectra have been done with the 

same values of 0J  and unperturbed transition energy from the 
ground state 0E , 

 1 1
0 0370 cm , 12280 cmJ E− −= = , (30) 

that we found for the B850 ring only and for static disorder in 
local excitation energies [49]. All our calculations have been 
done for 4000 realizations of corresponding type of static 
disorder. 

In agreement with our previous results [18,50] we have used 
the strength of dynamic disorder 0 00.4j J=  and cut-off 
frequency 00.212c Jω =  (see (26)). 

IV. RESULTS AND DISCUSSION 
Absorption OD  and steady state fluorescence FL  spectra 

are calculated for full LH2 complex (B850 ring and B800 
one). Two types of uncorrelated static disorder (Gaussian 
fluctuations in local excitation energies nδε  and Gaussian 
fluctuations in positions of bacteriochlorophylls nrδ   are taken 

 
 
Fig. 3 Calculated absorption spectral profiles ( )OD λ  (arbitrary units) for the whole LH2 complex (B850 ring and B800 ring) at low 

temperature 00.1kT J=  averaged over 4000 realizations of uncorrelated static disorder (six strengths, fluctuations in positions  of 

bacteriochlorophylls nrδ   - solid lines, fluctuations in local excitation energies nδε  - dashed lines). 
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into account in our simulations simultaneously with dynamic 
disorder in Markovian approximation. 

Resulting absorption OD  and steady state fluorescence FL  
spectral profiles as functions of wavelength λ  can be seen in  
Fig. 3 ( ( )OD λ  spectrum) and in Fig. 4 ( ( )FL λ  spectrum) for 

low temperature 00.1kT J= . Here k  is the Boltzmann 
constant. The same spectra for room temperature 00.5kT J=  

are presented in Fig. 5 ( ( )OD λ  spectrum) and Fig. 6 ( ( )FL λ  
spectrum). The influence of above mentioned two types of 
static disorder on spectral profiles is compared in each 

 
 
Fig. 4 Calculated steady state fluorescence spectral profiles ( )FL λ  (arbitrary units) for the whole LH2 complex (B850 ring and B800 ring) at 

low temperature 00.1kT J=  averaged over 4000 realizations of uncorrelated static disorder (six strengths, fluctuations in positions  of 

bacteriochlorophylls nrδ   - solid lines, fluctuations in local excitation energies nδε  - dashed lines). 

 
 
Fig. 5 Calculated absorption spectral profiles ( )OD λ  (arbitrary units) for the whole LH2 complex (B850 ring and B800 ring) at room 

temperature 00.5kT J=  averaged over 4000 realizations of uncorrelated static disorder (six strengths, fluctuations in positions of 

bacteriochlorophylls nrδ   - solid lines, fluctuations in local excitation energies nδε  - dashed lines). 
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presented figure. 
The distributions of the thermally averaged participation 

ratio PR  at low temperature ( 00.1kT J= ) are shown in Fig. 

7 for the static disorder in local excitation energies nδε  and in 
Fig. 8 for the static disorder in positions of molecules nrδ  . 

The same at room temperature ( 00.5kT J= ) is presented in 
Fig. 9 and Fig. 10.  

In case of absorption spectrum ( )OD λ  at low temperature 

( 00.1kT J= , Fig 3) the shift of spectral profile maxima with 
growing static disorder strength is present. As concerns the 

 
 
Fig. 6 Calculated steady state fluorescence spectral profiles ( )FL λ  (arbitrary units) for the whole LH2 complex (B850 ring and B800 ring) at 

room temperature 00.5kT J=  averaged over 4000 realizations of uncorrelated static disorder (six strengths, fluctuations in positions of 

bacteriochlorophylls nrδ   - solid lines, fluctuations in local excitation energies nδε  - dashed lines). 

 
 
Fig. 7 The distributions of the thermally averaged participation ratio PR  calculated for the whole LH2 complex (B850 ring and B800 ring) 

at low temperature 00.1kT J=  for 4000 realizations of uncorrelated static disorder in local excitation energies nδε . 
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maximum which corresponds B850 ring (right hand side 
maximum), we can see the shift in opposite directions for 
different types of static disorder.  In case of the fluctuations in 
local excitation energies nδε  the maximum shifts to higher 
wavelengths in comparison with the case of the fluctuations in 
positions nrδ   of bacteriochlorophylls where the maximum is 
shifted to lower wavelengths. The maximum which 
corresponds B800 ring (left hand side one) shifts to higher 
wavelengths for static disorder nδε  and it does not shift 

significantly for the static disorder nrδ  . 
If the peak height ratios (B850/B800) are compared, we can 

see diminishing ratio with growing static disorder strength for 
both types of static disorder. But this ratio diminishes much 
more for the static disorder nrδ   in comparison with static 
disorder nδε . 

 
 
Fig. 8 The distributions of the thermally averaged participation ratio PR  calculated for the whole LH2 complex (B850 ring and B800 ring) 

at low temperature 00.1kT J=  for 4000 realizations of uncorrelated static disorder in the positions of bacteriochlorophylls nrδ  . 

 
 
Fig. 9 The distributions of the thermally averaged participation ratio PR  calculated for the whole LH2 complex (B850 ring and B800 ring) 

at room temperature 00.5kT J=  for 4000 realizations of uncorrelated static disorder in local excitation energies nδε . 
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Fluorescence spectra ( )FL λ  at low temperature (Fig. 4) 
also show two peaks especially for lower static disorder 
strengths. But contrary to absorption spectra, these maxima are 
not connected with different rings. They are also present in 
fluorescence spectral profile of B850 ring only [26]. As 
concerns spectral profile widths, they are larger for higher 
static disorder strengths (both types of static disorder). 
Significant peak shift to higher wavelengths is present only in 
case of the static disorder nδε . On the other hand, pronounced 
right spectral tail can be seen in case of the static disorder nrδ  . 

Dynamic disorder depends on temperature and its influence 
at room temperature ( 00.5kT J= ) is higher. Peaks are wider 
and overlap. That is why only one peak is present in both 
spectral profiles ( ( )OD λ  and ( )FL λ ) in case of room 

temperature 00.5kT J=  (see Fig. 5 and Fig. 6). Both spectral 
profiles become wider for growing strength of static disorder 
regardless of its type. The peak of absorption spectrum shifts 
to higher wavelengths for higher strength of static disorder 

nδε  in comparison with static disorder nrδ  , where the peak 
slightly shifts to lower wavelengths. The peak position of 
fluorescence spectrum varies only in case of static disorder 

nδε . It again shifts to higher wavelengths. 
As concerns localization of exciton states contributing to 

steady state fluorescence spectra, the distributions of 
participation ratio PR  are wider at room temperature 

00.5kT J=  than at low temperature 00.1kT J= . It indicates 
larger contribution of the exciton states with higher 
localization at room temperature for both types of static 
disorder. We can see the shift of the distribution maximum to 

higher values of PR  for growing strength of static disorder. 
This shift is more noticeable in case of the static disorder in 
positions of bacteriochlorophylls nrδ  . It means that the 
contribution of localized exciton states increases faster for this 
type of static disorder.  

V. CONCLUSIONS 
From our new results for full LH2 complex and comparison 

with our previous results we can make following conclusions. 
At low temperature ( 00.1kT J= ) two strong peaks of 

absorption spectral profiles corresponding B850 ring and 
B800 one are visible for both presented types of static 
disorder. Fluorescence spectra at low temperature also show 
splitting especially for lower static disorder strengths but this 
splitting does not come from the individual B850 ring and 
B800 ring. At room temperature ( 00.5kT J= ) no splitting is 
visible as in absorption spectra as in fluorescence ones. It is 
caused by higher influence of dynamic disorder. Exciton states 
contributing to fluorescence spectra are more localized in case 
of room temperature. 

Remarkable differences between presented static disorder 
types are in peak positions. The peaks of both spectral profiles 
significantly shift to higher wavelengths with growing strength 
of static disorder in local excitation energies. On the other 
hand, peak positions are slightly shifted to lower wavelengths 
or they do not show any change in case of static disorder in 
positions of bacteriochlorophylls. The localization of exciton 
states contribution to fluorescence spectrum grows faster in 
case of  static disorder in positions of bacteriochlorophylls.  

 
 
Fig. 10 The distributions of the thermally averaged participation ratio PR  calculated for the whole LH2 complex (B850 ring and B800 ring) 

at room temperature 00.5kT J=  for 4000 realizations of uncorrelated static disorder in the positions of bacteriochlorophylls nrδ  . 
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