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Abstract

We present a systematic density matrix theory of excitons interacting with charge transfer states in molecular systems subject to influ-
ence of a semiclassical bath. An excitonic dimer interacting non-linearly with an overdamped Brownian oscillator bath is studied, and the
effect of eigenstate renormalization by interaction with the bath is shown to be essential in a correct description of the unusual temper-
ature dependence of the absorption spectrum of the exciton–charge transfer state system.
� 2006 Published by Elsevier B.V.
Intermolecular charge transfer (CT) states, which occur
in molecular aggregates with close packing of their building
blocks, can strongly influence their exciton spectral proper-
ties [1–3]. Excitonic systems that exhibit unusual spectro-
scopic properties assigned to CT states are, for example,
the photosynthetic complexes [1], phthalocyanine aggre-
gates [2] and molecular crystals [3]. A prominent position
among these is held by photosynthetic reaction centers
(PRC) with their large homogeneous line width, strong
Stark signal, and pressure and temperature dependence of
their absorption spectra (see Ref. [4] and references
therein). Considerable effort has been invested into devel-
oping suitable theoretical models based on exciton–CT
(EX–CT) state mixing that would allow for correct descrip-
tions of absorption, Stark, hole burning and transient spec-
tra of these systems [5–12,4,13,14]. Temperature dependent
spectral broadening [13] and bandshift [4] have been mod-
eled recently by a similar EX–CT theory. However, a gen-
eral approach to the EX–CT state interaction that includes
all CT state effects and is applicable to both linear and non-
linear spectroscopic experiments does not to our knowl-
edge exist. Here we develop a dynamic reduced density
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matrix (RDM) theory that can be used in doorway–win-
dow type methods [15] for calculation of non-linear
response functions thus enabling calculation of all third
order spectroscopic signals. We employ the semiclassical
Brownian oscillator (BO) model [16], generalized for non-
linear system–bath coupling [17], to provide a microscopic
model for system–bath interaction. The theory is demon-
strated on a linear absorption spectrum of a molecular
dimer that represents a good model of the so-called special
pair of photosynthetic bacteria reaction centers (BRC).
Our model shows that an effective temperature dependent
renormalization of the system eigenstates (termed dynamic
localization in Ref. [4]) is required to capture the unusual
temperature dependence of the optical spectra of the
BRC [19].

Consider a dimer composed of two molecules, A and B.
The electronic states of such an aggregate include excited
states jEXAæ and jEXBæ representing excitation localized
on the molecules A and B, respectively, while the other
molecule is in its electronic ground state. Linear combina-
tions of the states jEXAæ and jEXBæ form the usual exci-
tonic states of the aggregate. Further, such a complex
may display CT states jCTAæ and jCTBæ denoting transi-
tions of an electron from the local excitation on molecule
A to the molecule B and from B to A, respectively. We
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partition the total Hamiltonian into pure electronic, pure
bath and system–bath interaction parts. Assuming reso-
nance coupling energies J (between the exciton states)
and X and Y (between exciton and CT states) the total elec-
tronic Hamiltonian reads

H el ¼
X

n

f�EX
n jEXnihEXnj þ �CT

n jCTnihCTnj

þ X nðjEXnihCTnj þ c:cÞg þ
X
n6¼m

fJ jEXnihEXmj

þ Y nðjEXnihCTmj þ c:cÞg ð1Þ

where n, m = A, B. Here �EX
n and �CT

n are the electronic
energies of the local excited and the CT states, res-
pectively. The local vibrational bath is described by
Hbath ¼ T AðP Þ þ T BðP Þ þ V g

AðQÞ þ V g
BðQÞ and the system-

bath interaction Hamiltonian can be written as

HS–bath ¼
X
n;K

ðV K
n ðQÞ � V g

nðQÞÞjKnihKnj; ð2Þ

where n = A, B and K = EX,CT. V EX
n ðQÞ, V CT

n ðQÞ, and
V g

nðQÞ represent the vibrational potential energies of the lo-
cally excited states, the CT states, and the monomer
ground states, respectively. Tn(P) stands for the vibrational
kinetic energy. The CT states have a zero transition dipole
moment with the ground state, and they are characterized
by large reorganization energies resulting from an addi-
tional Coulomb term due to the transferred charge [5].
Assuming homodimeric structure of the special pair, we
can introduce symmetric and anti-symmetric linear combi-
nations of states jEX+æ, jEX�æ, jCT+æ and jCT�æ and the
Hamiltonian (1) turns into a set of two independent
two-state problems, where only the states with the same
symmetry interact with each other. This provides a simple
justification for the two state model used by Renger [4].
However, according to Warshel and Parson [8], one of
the CT states of the BRC is substantially above the other,
and therefore the full four state model has to be employed
in general.

In this Letter we study the influence of the CT state on
linear absorption spectra. The absorption coefficient a(x)
can be expressed in terms of the time evolution of the
RDM coherences qig(t) = Æijq(t)jgæ as aðxÞ � x

nðxÞReR1
0

dt
P

i jligj
2qigðtÞ (see e.g. [18]), where we contracted

the double index Kn used in Eqs. (1) and (2) into single
index i. To calculate the coherence elements of the RDM
we derive later in this Letter a reduced equation of motion
(EM) in which the influence of the bath is expressed in
terms of the energy gap correlation functions (EGCF) of
the monomers

CjiðtÞ ¼
1

�h2
hDV jðtÞDV ið0Þi: ð3Þ

Here, DV jðtÞ ¼ U ygðtÞDV jUgðtÞ represents the evolution of
the energy gap DVi = Vi � Vg � ÆVi � Vgæ driven by the
ground state nuclear evolution operator Ug(t). The symbol
Æ. . .æ represents averaging over nuclear degrees of freedom
(DOF). We assume that nuclear DOF on two different
monomers are not correlated and set Cij(t) = 0 for j 6¼ i.
Selecting one effective classical harmonic vibrational mode
q (several modes can be selected), and regarding the rest of
the nuclear modes as a stochastic bath we can calculate the

EGCF analytically. Let us have V iðqÞ ¼ mx2
i

2
ðq� qiÞ

2,

where xi is the frequency and qi is the displacement of
the oscillator from the origin of coordinates qg = 0.
Assuming a harmonic form for the vibrational potential
energy surfaces of both the ground and the excited
states and taking, in general, xi 6¼ xg, we obtain

DV i ¼ mx2
i

2
1� x0

xi

� �2
� �

ðq2 � hq2iÞ � mx2
i qiq. This energy

gap function contains an ordinary linear, as well as a
quadratic term. The dynamics of the above classical vibra-
tional mode is assumed to be governed by a stochastic
Langevin equation [16,15] with a Gaussian random force
and a friction coefficient c. Using the definition of DVi

and Eq. (3) we can express Cii(t) in terms of correlation
functions Æq(t)q(0)æ and Æq2(t)q2(0)æ. The latter can be sim-
plified using the properties of the Gaussian process (see
e.g. [16 or 17] for details). The EGCF of the monomer then
yields

CiiðtÞ ¼
1

8

1� b2
i

kib
2
i

" #2

C2
i ðtÞ þ

1

bi
CiðtÞ; ð4Þ

where in a given electronic state jiæ, Ci(t) is modeled by
strongly overdamped BO with an Ohmic spectral density
~C00i ðxÞ ¼ 2ki

xKi

x2þK2
i
. We use the standard Fourier transform

relation [15] between ~C00i ðxÞ and its time domain counter-
part CiðtÞ ¼ mx2

i qi=�h
� �2hqðtÞqð0Þi in a given electronic state

jiæ. Thus, each BO mode is described by three parameters:
the reorganization energy ki ¼ mx2

i q2
i

2�h , inverse correlation
time 1=si � Ki ¼ x2

0=ci and the ratio of the ground state
to excited state vibrational frequency bi = x0/xi.

For the description of the relaxation and dephasing in
the EM for the RDM we use second order perturbation
theory with respect to the system–bath interaction (see
e.g. [18]). The treatments that go beyond second order in
electron–phonon coupling, like Modified Redfield theory
[20], proved to be very successful for the description of
most spectral features of molecular complexes [21]. How-
ever, Modified Redfield theory was formulated for popula-
tion dynamics only, and coherences are not explicitely
treated. We show below that even in the second-order we
can obtain a bath induced temperature dependent correc-
tion to the eigenstate energy of an excited electronic state
that leads to a band shift if coherence transfer is properly
taken into account. Let us write the system–bath interac-
tion Hamiltonian, Eq. (2), as H S–bath ¼

P
iDV iðqÞUðiÞ, with

U(i) = jiæÆij. The dissipative part of the EM then reads

o

ot
qðtÞ

����
diss

¼ �
X

i

½UðiÞ;KðiÞðtÞqðtÞ � qðtÞKðiÞyðtÞ�� ð5Þ

where KðiÞðtÞ ¼
P

j

R t
0

dsCijðsÞUðsÞUjU yðsÞ and U(t) =exp
{�iHelt/�h} is the system’s evolution operator. Let us now
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switch into the basis of excitonic states, jaæ, that diagonal-
ize Hamiltonian (1). Eq. (5) can be then rewritten as

o

ot
qabðtÞ

����
diss

¼ �
X

cd

X
i

UðiÞac K
ðiÞ
cd ðtÞqdbðtÞ þ qacðtÞ

X
i

UðiÞdbK
ðiÞ�
dc ðtÞ

( )

þ
X

cd

X
i

UðiÞdbK
ðiÞ
ac ðtÞ þ

X
i

UðiÞac K
ðiÞ�
bd ðtÞ

" #
qcdðtÞ

ð6Þ

with KðiÞabðtÞ ¼ ha jKðiÞðtÞjbi and UðiÞab ¼ hajUðiÞjbi. Eqs. (5)
and (6) can be used as a starting point for a derivation of
the well-known Redfield equations (Markov and secular
approximation) and the Lindblad form of dissipation (limit
of d-correlated bath) [18]. Below we show that the crucial
approximation to avoid is the secular approximation that
neglects coherence transfer rates. For the calculation of
the linear absorption spectrum we only need to know the
dynamics of the RDM coherences qag(t). The coherences
qag(t) form an independent block in Eq. (6) because the
functions KðiÞkl ðtÞ and elements UðiÞab become zero if any of
their indices is the ground state index. From now on in this
Letter we consider only the coherence part of Eq. (6).

o

ot
qagðtÞ

����
diss

¼ �
X

b

X
ic

UðiÞacK
ðiÞ
cb ðtÞ

( )
qbgðtÞ ð7Þ

For a 6¼ b the relaxation terms in the above equation link
different coherences of the RDM and they allow coherence
transfer. Using a simple two state model and Markovian
approximation, we will now demonstrate how the presence
of coherence transfer terms leads to temperature dependent
band shift. Let us take the limit t!1 in Eq. (7) to obtain
Markovian dephasing rates Ca = caa and coherence trans-
fer rates cab (a 6¼ b). Here cab ¼

P
icU
ðiÞ
abU

ðiÞ
cc

~CiiðxcaÞ and
~CiiðxÞ ¼

R1
0 dt e�ixCiiðtÞ can be obtained directly from

Eq. (7). Consider a system of two coupled excited states
with electronic eigenfrequencies x10 and x20 for its two
ground to excited state transitions. Using the Liouville
space formalism [15], we can express the EM, Eq. (7), for
such a system in a very compact matrix form, because all
the rates in the EM are constant, and we can find its solu-
tion by diagonalization. For a two-level system (e.g. a sym-
metric model of the special pair) an analytical expression
for the position of the absorption lines �x1;2 can be written
Table 1
The parameter sets used for calculations presented in Figs. 1 and 2, �EX

B ¼ �EX
A

SP �EX
A �CT

A �CT
B X

1 12045 13545 1500
2 12330 15000 15000 1600
3 12375 12546 12546 1200
4 12377 12549 12549 1200
5 12338 12908 13908 1600
6 11700 15732 1451
7 12093 13648 1451

All values are in cm�1, except sCT and sEX are in fs and b is dimensionless.
�x1;2 ¼ ðx10 þ x20Þ=2� 1

2
Re

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½x10 � x20 � iðC1 � C2Þ�2 � 4c12c21

q
Þ: ð8Þ

It immediately follows from Eq. (8) that the position of the
absorption maximum depends on the dephasing, C1, C2

and coherence transfer c12, c21 rates, if the latter are both
non-zero. If c12 = 0 and/or c21 = 0 we recover the standard
expression �x1;2 ¼ x10;20, and the bath does not renormalize
the electronic eigenstates. However, when c12c21 6¼ 0, the
real part of the square root in Eq. (8) is different from
x10 � x20, which results in an effective shift of both transi-
tion frequencies from x10,20. Consequently, the presence of
the coherence transfer produces a renormalization of the
system’s eigenstates and causes an absorption band shift.
The temperature dependence of the transition frequency
�x1;2 follows from the temperature dependence of the rates.
Examination of Ref. [4] and the rate equations of this Let-
ter suggests that the difference between the EGCF of differ-
ent states is the main factor leading to the coherence
transfer. For example, in Eqs. (4) and (5) of Ref. [4] there
is no coherence transfer term and no band shift if the
EGCF of the excitonic and CT states are the same. In
the rate equations of a homodimer, the equality of reorga-
nization energies in the two electronic states leads to coher-
ence transfer rates that are identically equal to zero. The
conditions for rapid coherence transfer and the corre-
sponding band shift are fulfilled in EX–CT systems, be-
cause of the large reorganization energy of the CT state,
but to a much lesser extent in systems having excitonic
states only. The contribution of the bath to the eigenstate
renormalization is here considered only up to the second
order of the perturbation theory.

We now consider some limiting cases for the molecular
dimer system. The sets of parameter (SP) used are given in
Table 1. First, we study a model system consisting of one
exciton and one CT state. In Fig. 1a we present calculations
of the position of the absorption maximum of the EX–CT
state system (SP 1 of Table 1) as a function of temperature
using the above rate theory and a linear BO model. Depend-
ing on the parameters, we observe a temperature dependent
shift demonstrating the dynamic localization, as well as
‘delocalization’, i.e. increasing of the gap between the eigen-
states of the system. Since we used Markovian rate equation
, J = 400 cm�1, Y = 200 cm�1 and kEX = 100 cm�1 in all calculations

kCT sCT sEX b f2

1500 300 300 1
2500 300 300 0.4
2500 300 300 0.4
500 300 300 0.4
1000 100 100 0.35

2.5
8



Fig. 1. (a) Temperature dependence of the position of the absorption maximum calculated by the rate theory. SP 1 with D� = �CT � �EX = 1500 cm�1 is
represented by full circles. For other SP D� is shown in the figure, and energies are rescaled to produce an absorption maximum at 900 nm at T = 15 K. (b)
Dependence of the absorption maximum on the position of the CT state, with exciton being fixed at 12330 cm�1, SP 2. Values of �CT given in cm�1. (c) Same
as B, but dependence on CT state reorganization energy kCT starting with SP 3. (d) The intensity and position of the absorption maxima for temperatures
between T = 15 K and T = 295 K (temperature steps as in a, b and c). Open circles: experiment of Ref. [19]. Diamonds: best fit, SP 4. Squares: best fit from
part C, SP 5.
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and linear system–bath interaction, it becomes clear that nei-
ther the non-linearity, nor the non-Markovian quality of Eq.
(6) is essential for the band shift effect.

Now we present results for a more realistic model con-
taining two exciton and two CT states and take into
account the non-linear system–bath interaction. The effect
of the position of the CT state with respect to the exciton
state on the ‘shape’ of the temperature dependence of the
band shift is demonstrated in Fig. 1b. We vary �CT

A from
15000 cm�1 to 12 500 cm�1 starting with SP 2. Between
15 and 295 K we observe behavior similar to that shown
in Fig. 1a. The temperature dependence in all cases starts
with a negative second derivative (concave) and changes
into a positive second derivative (convex) at higher temper-
atures. With smaller �CT the concave region extends to
higher temperatures. Next, we study the influence of the
reorganization energy of the CT state. Fig. 1c presents
the results for different reorganization energies starting
with SP 3. With decreasing reorganization energy of the
CT state, the magnitude of the shift decreases as expected
from the analysis above. With SP 4 we achieve a very good
fit of the temperature dependence of the experimental band
shift observed for a bacterial PRC in [19]. In Fig. 1d we
show the intensity and position of the absorption maxi-
mum for temperatures between 15 and 295 K for SP 4
and 5 compared with the experiment. This plot enables
comparison of the relative broadening of the spectra as a
function of temperature, because the area of the spectrum
is expected to be conserved. Our model clearly exhibits a
rich range of temperature dependencies.
If the influence of the resonant coupling energies J on
the K-functions of Eq. (6) is neglected, i.e. the evolution
operator U(t) is assumed to be diagonal in the site basis,
the Eq. (7) becomes identical with Renger’s results in
Ref. [4]. In Fig. 2a we compare our calculations of the
absorption spectrum of a two level model from Ref. [4]
at two different temperatures (SP 6) with those using the
original Renger theory. The magnitude of the temperature
dependent shift is significantly reduced and the line width is
smaller when using Eq. (7). However, by decreasing the
energy gap between the CT and the excitonic state and
increasing the importance of non-linearity (SP 7) we
achieve a shift of �30 nm again as seen in Fig. 2b. Both
SP 6 and 7 use the spectral density of Ref. [4] with dimen-
sionless coefficients fe = 1, fc = 25 and f2 given in Table 1.
In Fig. 2b, we also study the contribution of the non-linear
part of the system bath coupling to the shift. Complete
neglect of the non-linearity greatly reduces the shift. Since
the correlation function of Ref. [4] contains a constant term
and the BO model does not, we also studied the case where
only the constant contribution of the nonlinear coupling is
neglected. The shift remained similar to the one of the full
calculation. Fig. 2c presents a comparison of our calcula-
tions with the experimental data of Ref. [19]. In order to
reproduce the experimental band shift the theory overesti-
mates the line width of the spectrum at T = 15 K. From
multiple calculations we find that a large temperature
dependent shift is always associated with a large homoge-
neous line width. In Fig. 2d we present the linear absorp-
tion spectrum of the dimer model (SP 5) at 15 and 295 K



Fig. 2. (a) Comparison of the theory presented in this Letter (diamonds) with that of Ref. [4] (circles). Parameters are those of Ref. [4] (SP 6). (b) Linear
absorption spectrum with SP 7. Full line: full calculation including non-linearity. Open circles: non-linear part of system–bath coupling set to zero. (c)
Calculation using the theory from this Letter. Full line: experimental absorption spectrum at 15 K and 295 K. Filled squares: calculated absorption at
15 K, open squares: calculated absorption at 295 K, both with a Gaussian inhomogeneous distribution of site energies with r = 100 cm�1, SP 7. (d)
Absorption spectrum using SP 5 at 15 K and 295 K.
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including the region where the CT state absorption due to
oscillator strength borrowing appears.

In this Letter we presented a systematic treatment of the
system–bath interaction for exciton–CT state coupled sys-
tems. We show that the temperature dependent band shift
is driven by coherence transfer and can be demonstrated
even in the Markovian approximation. The presence of
the coherence transfer leads to an effective temperature
dependent renormalization of the electronic eigenstates.
The theory includes previous theoretical work [4] as its par-
ticular limit and reproduces the observed band shift of the
bacterial photosynthetic reaction center from Refs. [19,4].
Using a non-linear BO model we found non-linearity to
contribute significantly to the magnitude of the tempera-
ture dependent band shift. Generalization of this theory
to larger excitonic aggregates is straightforward.
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