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We employ a simple model for the electronic excitations and the exeititmation coupling characterizing

the B850 ring of the light-harvesting complex in photosynthetic bacteria to investigate the possibility of
coherence in the energy transfer within the system. The structure of the equilibrium density matrix is studied
using the path integral formulation of quantum statistical mechanics. The calculated mean coherence length
is computed from the average root-mean-square deviation of closed imaginary time paths that are sampled
via a Monte Carlo procedure. This procedure allows simultaneous examination of the effects of thermal
averaging and dynamic and static disorder in a single calculation. The mean coherence length is found to be
about two to three chlorophyll monomers at room temperature. The principal factor responsible for this
localization is thermal averaging, although static and dynamic disorder further destabilize extended states. At
low temperatures the circular arrangement of the pigments favors coherence with respect to the situation in
a linear aggregate. Visual inspection of typical paths offers an intuitive picture of the extent of coherent
energy delocalization in biological antenna systems.

I. Introduction molecules ofRs. molischianunfiorm two exciton bands. Only

the degenerate second and third excited states carry oscillator
strength, and thus, initial excitation at zero temperature should
produce a delocalized linear combination of these. Femtosecond

into the reaction centér® The light-harvesting complexes are  PUMBb-probe experiments have monitored the subsequent energy

molecular aggregates composed of several units that contain{low and found that intraband relaxation occurs within Iess_ than
peptides, chlorophyll molecules, and carotenoids. These building 20 S at room temperatufe:® Whether the energy deposited
blocks are organized in symmetric structures that assume theln the ring remains delocalized under biological conditions is a
shape of a ring. The light-harvesting complex | (LH-I) im- matter of considerable debate. Static disorder, caused by
mediately surrounds the reaction center, while a second typestructural inhomogeneityf; '8 and also excitorvibration cou-
of light-harvesting complex (LH-II) channels energy to the pling and temperature are factors expected to favor localization.
reaction center through LH-I. The energy-transfer process within the LH-1I system has been
The structure and electronic arrangemenRps. acidophila  studied by fluorescence, transient absoprtion, and time-resolved
andRs. molischianurwere determined in recent experimental fluorescence anisotropy techniqu€d?1820.21Because of the
and theoretical studi€® The basic unit of LH-Il is a het- complexity of these systems, the interpretation of the measured
erodimer consisting of two small protein subunits referred to superradiance and emission anisotropy has been elusive and the
as theo- and -apoproteins. Thex heterodimers bind three  reported estimates of the coherence lengths vary from one to
bacteriochlorophyll (BChl) molecules, two of which are in close two subunits to a substantial portion of the ring. Some groups
contact. These dimers form a ring (see Figure 1) that absorbshave reported evidence of delocalized states at all tempera-
around 850 nm. The third BChl of the structural unit is located tures?2-24while the findings of others indicate incoherent energy
about 19 A away on an outer ring whose absorption maximum transfer between monomers or dimers even under cryogenic
lies at 800 nm. Carotenoid molecules in proximity to the outer conditions!52> These apparent discrepancies have been at-
BChl ring harve;t Iight in a different spectral range and also {rjpyted® to a strong temperature dependence of the super-
prevent photooxidation of the chlorophylls. The LH-II of the  ragiance enhancement factor not accounted for in the interpreta-
above species is composed of eight or nine such units. tion of these experiments. Theoretical investigations have
This article is concerned with the energy-transfer process gssessed the effect of static disorder on the coherence of the
within the inner ring of these LH-Il systems. In the absence of o, i1 eigenstates in an isolated ring and found it to be sthall.
static disorder, the eigenstates of the 16 singly excited BChl 1o offects of static and dynamic disorder on the resulting
*To whom correspondence should be addressed. Address: School ofSUperraglance have been examined using adlapatlc and pplaron
Chemical Sciences, University of llinois, 601 S. Goodwin Avenue, Urbana, Modelsz® Other recent work has employed a multilevel Redfield
lllinois 61801. description to follow the dynamics of the photoexcited state in

The process of energy transduction in the membranes of
photosynthetic bacteria begins with the absorption of visible
light by light-harvesting antennas which then funnel the energy

10.1021/jp9917143 CCC: $18.00 © 1999 American Chemical Society
Published on Web 11/25/1999



9418 J. Phys. Chem. A, Vol. 103, No. 47, 1999 Ray and Makri

Figure 1. Top view of the B850 ring of the LH-II irRs. molischianumThe 16 bacteriochlorophyll monomers are shown in red, whilextaed
S heterodimers are depicted in green.

the presence of coupling to vibrations modeled in terms of a tunneling splitting is BQ2. Coherences are associated with the

dissipative bath and estimated the exciton coherence dééin.  off-diagonal elements of the density matrix in the site basis.
In the present paper we adopt the imaginary time path integral To obtain a quantitative measure for the significance of these

formulation of quantum statistical mecharfi€$o investigate off-diagonal elements, we examine their contribution to the

the equilibrium properties of the excited LH-Il complex. The canonical partition function. The latter is given by the expression

Monte Carlo path integral description of light-harvesting systems

is appealing for several reasons: it can take into account the 7= Tre " = m|e "ML+ Rle ™|R= 2 |e M |LD

effects of ensemble averaging at a given temperature, exciton (2.2)

vibration coupling, and static disorder automatically in a single

calculation; in addition, it leads to simple pictures that allow \here the last step follows from the symmetry of the Hamil-

easy visualization of the pertinent coherence length. tonian. By use of the path integral representation of the
In section Il we use a simple two-level-system paradigm to imaginary time propagator, this element takes the form

motivate the path integral analysis of the coherence length in

LH-I11. Section Il describes the model and the discretized path Ell|e_ﬂH|LD=

integral representation of the quantum partition function, which KETR K ZLR

we adopt. The results of our calculations are presented in section _BHIN _BHIN

IV. That section reports the mean coherence length that we Mle ! |0k1[[lilrk1|e ! |0kzm"m’

obtain as a function of temperature and dynamic disorder.

Further, graphical representation of typical paths provides anwhereo, = L, RandN is the number of imaginary time steps.

intuitive picture of the coherence in the energy transfer. Finally, As is well-known, each realizatioh, oy, o, ..., Ok_;, L Of

« JeMMNLO(2.3)

some concluding remarks are given in section V. localized states defines a closed path. Coherence prevails if the
paths that contribute most to the partition function alternate
Il. Theoretical Analysis between the two sites. On the other hand, if most statistically

significant paths are localized for the most part, the equilibrium
distribution is characterized by lack of coherence.

To obtain a feel for the nature of the coherent and incoherent
contributions, we examine the terms that enter the path sum
for N = 2. We choose this particular value Nfbecause it is

H = —AQ(|LOR| + |ROL|) (2.1) the smallest value that allows paths to visit both accessible sites.
A straightforward calculation leads to the following result for
where |LOand |ROare left- and right-localized states and the the contributions of localized vs delocalized paths:

To motivate the calculation and facilitate the analysis of the
results presented in the next section, it is instructive to consider
the equilibrium distribution of an isolated two-level system
(TLS). In the site representation the Hamiltonian reads
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e P2 L e PH2|L 0= {;

~FE92(] e*ﬁ/m)}2 (2.42)

1

2
e "2 RIR/e 2L 0= {Ee_ﬁEgz(l - e‘m)} (2.4b)

From these expressions it follows that localized and delocalized
paths make equal contributions to the partition function at zero
temperature. In the opposite limit of infinite temperature the
weight of the delocalized path vanishes and the partition function
is dominated by paths that remain on one site.

We define the coherence length of a path as twice the root-
mean-square deviation of the path from its centroid. Restricting
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TABLE 1: Parameterization of Eq 3.1 As Obtained by Hu
et ala

€ 13059
A1 806
V] 377
JAVE: —152
Aoy —102

aAll Parameters are in cm

modeling the nuclear motion of the complex in terms of a
dissipative bath of effective harmonic modes whose coordinates
x; are denoted collectively by the vector The harmonic bath
picture is justified by virtue of the linear response approxima-

attention to the above two types of paths, the mean coherencdion®* as in the case of electron transe?? The total Hamil-

length (MCL) at a given temperature becomes

| = Wloc;LIoc + WdeIO(,;LdeIoc (2-5)

wherewo, Wyelocare the weights of the localized and delocalized
paths andiioc, Ageloc are the corresponding lengths. In the TLS
example one finds

_d
V1+ yz
whered is the distance between left and right sites and

y = cothiQp/2) (2.6b)

(2.6a)

Applying eq 2.6, one concludes tHat 0 at infinite temperature,
while the zero temperature coherence length is found fobe
d/v/2. Note that even at zero temperature the MCL is smaller
than the site-to-site separation with the present definition. Other
workers have adopted different measures where the MCL is
defined as the inverse participation ratio or the autocorrelation
function of the exciton wave function. Finally, at a temperature
p~1 = 2hQ the TLS coherence length lisv 0.24d. Given that

the population of the excited state is only 0.37 at this

tonian takes the form

2

P 5 G
X2 %

n
H=H,+ Z—
=12m Mo, =

As is well-known, only the collective characteristics of the bath,
rather than the individual mode frequenciesand coupling
constantsg;, affect the ring dynamics with this Hamiltonian.
These collective features are contained in the spectral density

n

1
+ Emwj ui || (3.2)

T Cjz
J(a)) = EJZE 5((1)_(,()j) (33)

which can be obtained from the foreéorce autocorrelation
function of the mediuni*37:38 Since molecular dynamics
calculations of the LH-II correlation function have not been
reported, we employ a simple model of a generic Ohmic bath
whose spectral density takes the form

Jw) = 27hEw e V' (3.4)

This function has a maximum ab. = 100 cnr1.3930 The

temperature, one might expect a higher degree of coherencereorganization energy between two adjacent chlorophyll mono-

The reason for the short delocalization length predicted by eq

2.6 is the cyclic nature of equilibrium paths; as a consequence,

mers is related to the excitetvibration coupling characterized
by & through the expression

the actual distance traversed by such a path is double the site-

to-site distance.

Ill. Model and Computational Procedure

We model the photosynthetic antenna system by-atate
model in the basis of localized single excitations. This Hamil-
tonian is coupled diagonally to a dissipative heat bath comprising
the vibrational and torsional modes of the pigments and their
protein—water environment. In the absence of static or dynamic
disorder the system is completely symmetric and takes the form

n
Hy= GZ
=

wheren = 16 for the B850 ring of LH-II inRs. molischianum.
Here, |uOdenote single excitations of individual chlorophylls,
€ is the corresponding excitation energy, ang are the
couplings that are due primarily to dipolar interactions. Sym-
metry implies that\ai 2+ = Ajj. Hu et al?” have parametrized
this Hamiltonian by fitting the corresponding eigenvalues to
results of ZINDO electronic structure calculaticis he result-
ing parameters are given in Table 1.

A qualitative description of the effects of excitomibration
coupling on the dynamics of energy transfer is obtained by

n
oy g | +- zAij|uimﬂlj|

1]

(3.1)

Er = %(ak - O‘kfl)zj:%](w) 0 = Zhac(O_k _ O,k71)2 (35)

)
Given the unequal separations of neighboring chlorophyll
monomers that belong to a single or to adjacent dimers, we
expect the intra- and interdimer reorganization energies to have
somewhat different values. Knowledge of these reorganization
energies would uniquely determine the parameiexsdoy that
are needed to complete the model. A rough estimate of the
reorganization energy can be obtained from the dynamic Stokes
shift, which has been foul®°to be about 80 cm. Ultrafast
experiment¥ also revealed that the electronic excitations are
coupled to nuclear motions with frequencies ranging from 20
to 1000 cnt. We thus choose. = 100 cnt. In the absence
of more detailed information, we set equal to the chlorophyll
monomer index with periodic boundary conditions, i.e@rp+1
= o01. We have verified that the coherence length reported in
section IV remains essentially unchanged if a slightly nonuni-
form choice ofoy is made. Finally, we present results for the
valuesé = 0.1 and 0.25, which describe excitenibration
coupling corresponding to reorganization energies equal to 20
and 50 cm?, respectively.

The off-diagonal coupling elements obtained by Hu et al. are
likely to be too large’1=*3 For this reason we also report results
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for couplings that have been scaled down compared to those 10
given in Table 1 by a factor of 2.
The calculation is performed in the site bagisThe partition 81

function is given by the expression
n

Z=TreM= Z SO dxmxie™xu0 (3.6) 4]
=

which is written in the discretized path integral representation:

2= Z z Zf dxlf ax; .. f dXxy 0 200 - 400 600

Ki=1 K=
e BHIN Figure 2. Coherence length as a function of temperature for the LH-
[Xp— U1 L [0X5 e 7 xuy O Il model with couplings from Table 1: (solid circles) isolated ring
—BHIN (& = 0); (hollow triangles) very weak excitefvibration coupling
[0yx, e ™ xyugH (3.7) (¢ = 0.1); (hollow squares) weak excitewibration coupling
(&€ = 0.25). The lines are guides to the eye.

HIN
[ xyle X

The imaginary time propagator is split symmetrically using the
isolated exciton Hamiltonian as the referefite:
The effects of static diagonal disorder can be evaluated by
Euixi|e7ﬁH|xjujD= X | LP/NITH(@)~Hdl replac_ing the parameteiin eq 3.1 by.the indiyidu_al sitg energies
_BIENH()—Ho] N €i, which are chosen from a Gaussian distribution with variance
€ 7 X s le U0 (3.8) D. The MCL is then obtained from the ensemble averagke of
with respect to the fluctuation of the site energy. Interestingly,
the integration associated with the inhomogeneous broadening
of the ensemble can be combined with the Monte Carlo search
n for cyclic paths such that the effects of static disorder can be
mji|e_ﬂH°’N|ujD= ‘Zmi|q)k|:b_ﬂEk/Nm)k|ujD (3.9) assessed withira single random walk In this case the

In turn, the isolated exciton propagator is calculated in terms
of the eigenstate®y and eigenvaluegi of eq 3.1:

Boltzmann matrix elements of the reference Hamiltonian must
be reevaluated for each choice of site energies.
With the present harmonic model for the nuclear vibrations, In the next section we report the mean coherence length of
the integrals in eq 3.5 are of the Gaussian form and can bethe random walk and sketch typical paths for various parameters.
performed analytically. The result*ks

IV. Results
Z= Z z Z [ le PPNy, 0., e PNy, O . . .
K=1 k=1 In this section we present the results of the path integral
W, ﬂHolN|uN[F(Ol,O_2, 5y (3.10) simulations described in section Ill. Figure 2 shows the

coherence length in a 16-unit model of LH-II as a function of
temperature for the isolated ring and also in the presence of
small dissipation corresponding o= 0.1 andé = 0.25. These
calculations are performed without including disorder, using the
coupling parameters of Table 1 fdk= 32 path integral slices
F(0,,0,,...0y) = exp(— Zkz MO 0Ok)  (3.11) and 50 000 Monte Carlo points per integration variable after
EI= an equilibration step of equal length. At absolute zero the
. ) . eigenstates are entirely delocalized. Dominant paths reflecting
deﬁgﬁycoeﬁ'c'e”mkk are given through integrals of the spectral ;g gelocalized structure exhibit coherence. The centroid of a
Because paths entering the path integral expression of thef:mpletely delocalized pathy(= int(ki/N), k =1....n) is equal
partition function are closed, these paths can be thought of as
a necklace whose beads correspond to the auxiliary variables n+1
of eq 3.8% In the present case each bead can occupy one of 0. = 2 (4.1)
then lattice sites of the LH-II ring. This correspondence allows
straightforward visual examination of the system’s coherence. gnq (takingN = n for simplicity), the coherence length is
Paths contributing to eq 3.10 are sampled via a Metropolis
procedure using the entire integrand as the sampling function.
The coherence length of a path is obtained from the expression
ie.,

where F is the influence functional and is given by the
expression

| = 22 z [ |e PNy, 0. e RN, 0 which forn = 16 equals 9.22. At low temperatures and in the
= = absence of any disorder the system exhibits moderate coherence,
_BHIN P 2 reflecting the delocalized nature of the eigenstates. This is
Wy e MU (01,05, o) [(01 = 09 + (0, — 0 + illustrated in Figure 3, which shows typical paths having
.+ (oy — 097" (3.12) coherence length within one unit of the calculated MCIT at
50 K. Clearly, the delocalized exciton picture is relevant at or
whereao; is the centroid of the closed paflo,0,,... 0N} - below this temperature. However, even in the case of an isolated,
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Figure 5. Coherence length as a function of temperature for the LH-
Il model with couplings from Table 1 scaled by 0.5: (solid circles)
isolated ring & = 0); (hollow triangles) very weak excitetvibration

. . . . coupling € = 0.1); (hollow squares) weak excitewibration coupling
Figure 3. Typical paths for the isolated LH-Il systeré £ 0, no static (€ = 0.25). The lines are guides to the eye.
disorder) atT = 50 K with the parameters shown in Table 1. The

markers represent the chlorophyll monomers.

though the MCL at zero temperature (where the ensemble is
ST . dominated by the ground state) is still given by eq 4.2, the MCL
7 . . now decreases faster with increasing temperature and is equal
' ' tol = 1.5 at 300 K. The effects of dynamic disorder are again
significant at low temperature, but given the very small extent
. . - . of the paths afl > 250 K, this effect is negligible at room
. . . . temperature.
et et From the results of these calculations it is evident that the
coherence characterizing the exciton eigenstates of a perfect
light-harvesting ring prevails only at very low temperatures. The
T " calculated low-temperature MCL is in agreement with the
’ ’ ’ estimate of Fleming and co-worket%sThe major contributor
’ ’ to the localization observed at room temperature is thermal
averaging, which destroys the coherent nature of individual
\ . - . eigenstates. Although static and dynamic disorder induce further
' ' ' localization, they are not crucial for disruption of coherence at
biological temperatures. For this reason the conclusions reached
Fjgure 4. Typical pathsfqrthe isolated LH-IIsystera{: 0, no static on the basis of the simple model employing a harmonic
disorder) atT = 300 K with the parameters shown in Table 1. The dissipative bath appear robust and rather general.
markers represent the chlorophyll monomers. . .

In contrast to the localizing effects of the environment
perfectly symmetric ring, only at very low temperatures does (temperature and static and dynamic disorder), the geometry of
the path integral necklace begin to extend over the entire domainlight-harvesting rings favors coherent energy transfer at low
of the ring. As seen in Figure 2, thermal averaging has a temperatures. Compared to a linear aggregate, the circular
dramatic effect on energy localization. At room temperature the arrangement of the chlorophyll molecules eliminates the penalty
coherence length is only 2.3 in the absence of any disorder.in the Boltzmann factor associated with closing the path integral
Typical paths afl = 300 K are shown in Figure 4. These paths necklace for a path extending over at least half of the ring units.
now extend over only a few chlorophyll units. Note that these Choosing, for examplé\ = n, a completely delocalized path
paths appear more delocalized than they actually are, sincewith ox =k, k=1, ...,n enters the partition function with exactly
significant portions of the path integral necklace have collapsed the same weight as the path
on a single chlorophyll unit, an effect that cannot be discerned

in the graphs. Coupling the ring to a weakly dissipative o=k k=1,..n2
environment induces further localization, leadingd 0 2.1 with _ _
£=0.1andl = 2.0 if £ = 0.25 at 300 K. Still, coherence =n+1-k k=n2+1,..,n

spans one to two dimers at room temperature, so hopping hi Id be th if the pi di
between individual monomers does not provide a faithful 1S would notbe the case if the pigments were arranged in an

representation of energy transfer. At low temperatures where °P€N shape. Since the coherence length of the first of these paths

the perfect ring exhibits a high degree of coherence the effects!S larger, the overall MCL is increased. The geometric enhance-
of dissipation are more dramatic, as can be seen from Figure 2 ment of coherence is modest under conditions that already favor

Finally, inclusion of static disorder further enhances localization, delocalized paths, i.e., at low temperatures and weak disorder,

although this effect is rather small, since the standard deviation but F’F’es not have an observable effect under biological
of the site energies is small compared to the off-diagonal cond_|t|ons where coherence appears to span a small portion of
elements of the ring Hamiltoniaf:47 the ring.

As alluded to in the previous section, the coupling parameters .
obtained by Hu et al. are deemed too large. For this reason weV' Concluding Remarks
repeat the calculation of the MCL using coupling parameters In the absence of static disorder, the energy absorbed by the
that are scaled by a factor 8 with respect to those presented B850 ring of the LH-Il system is used to excite a pair of
in Table 1. The resulting MCL is shown in Figure 5. Even degenerate exciton states that are delocalized over the entire



9422 J. Phys. Chem. A, Vol. 103, No. 47, 1999 Ray and Makri

ring. However, coherence does not survive thermalization. At (10) Kumble, R.; Palese, S.; Visschers, R. W.; Dutton, P. L.; Hoch-

ilibri ; _ strasser, R. MChem. Phys. Lettl996 262, 396-404.
room temperature, the onset of thermal _eql_Jlllbrlum is character (11) Amett, D. C.. Kumble, R.: Visschers. R. W.. Dutton, P. L.-
ized by an incoherent ensemble of excitations that extend overyochstrasser, R. M.; Scherer, N. F. Laser techniques for condensed phase

two to three chlorophyll units. At very low temperatures and biological system$SPIE Proc 1998
coherence spans a significant portion of the ring and is enhanced_ (12) Freiberg, A; Jackson, J. A.; Lin, S.; Woodbury, N. W.Phys.

; ; Chem. A1998 102 4372-4380.
by the circular arrangement of the pigments. (13) Kennis, J. T. M.; Streltsov, A. M.; Permentier, H.; Aartsma, T. J.;

Although these conclusions were reached on the basis of aAmesz, J.J. Phys. Chem. B997, 101, 8367-8372.
very simple model, they appear quite robust and insensitive to ~ (14) Reddy, N. R. S.; Small, G. J.; Seibert, M.; PicoreldRem. Phys.
the details of the calculation. We employed the Hamiltonian of Lett. 1991, 181, 391-399.

K e . 15) van Mourik, F.; Visschers, R. W.; v. Grondelle, ®hem. Phys.
Hu et al. and a simple model for the effects of exciteibration Let(t, 1)992 193 1-7. Y

coupling to describe the equilibrium properties of the LH-II ring. (16) Reddy, N. R. S;; Codgell, R. J.; Zhao, L.; Small, G?Hotochem.

Despite the strong couplings in this parametrization, which Ph?:f%)i?/li.slsgc%iristﬁl.V'van Mourik, F.; Monshouwer, R.; van Grondelle
certainly favor delocalization, we find that room temperature g Biochim. Biophys. Acta993 1141 238. T ’

the coherence length is reduced by a factor of 4 with regard to  (18) Bradforth, S. E.; Jimenez, R.; van Mourik, F.; van Grondelle, R.;
the zero temperature cas@ur estimate of the room-temperature ~ Fleming, G. RJ. Phys. Chem1995 99, 16179.

. . . (19) Pullerits, T.; Visscher, K. J.; Hess, S.; Sundstry.; Freibert, A.;
MCL is in reasonable agreement with the conclusions reachedTimpmann’ K. van Grondelle, FBiophys. J1994 66, 236.

by the groups of van Grondetfe?>and Sundstim,228:30.34who (20) Monshouwer, R.; van Grondelle, Riochim. Biophys. Acta996
report a coherence domain of three to four monomers. If the 1275 70-75.

; ; (21) Hess, S.; Chachisvilis, M.; Timpmann, K.; Jones, M. R.; Fowler,
couplings of the model are scaled down to more likely values, G.J. 5.: Hunter. C. N.. Sund&tio V. Proc. Natl. Acad. Sci. U.S.A995

localization is even more pronounced. Addition of exciton g2 12333-12337.
vibration coupling enhances localization. In the present work  (22) Xiao, W. H.; Lin, S.; Taguchi, K. W.; Woodbury, N. W.

this coupling was modeled in terms of a dissipative harmonic Bi(’é@?”&iﬁﬁ’iﬁ -3F3€a$53§3—&2?5ée |3 Coadell R. 3 Small. GIJ
bath. Although anharmonicity of the vibrational degrees of ppys chem. m997 101 5’65‘;7663’. o OgEel R T

freedom may weaken the localizing effects of dynamic disorder,  (24) Kennis, J. T. M.; Streltsov, A. M.; Aartsma, T. J.; Nozawa, T.;
such motion should nevertheless destabilize extended states. [fmesz, JJ. Phys. Cheml996 100, 2438-2442.

; ; ; . : - (25) Monshouwer, R.; Abrahamsson, M.; van Mourik, F.; van Grondelle,
is thus hard to imagine the more intricate motion of the pigments Phys. Chem. B997, 101, 72417248,

and protein atoms resulting in a different outcome. Finally, if ~ (26) Meier, T.; Chernyak, V.; Mukamel, 8. Phys. Chem. 8997, 101,
static disorder is also taken into consideration, the resulting MCL 7332-7342.

i ati (27) Hu, X.; Ritz, T.; Damjanovic, A.; Schulten, K. Phys. Chem. B
becomes even shorter. Thus, energy delocalization over thelggz 101, 38543871,

entire ring appears extremely improbable under biological ~~(28) Meier, T.: Zhao, Y.: Chernyak, V.; Mukamel, $. Chem. Phys.
conditions, although within a dimer and probably across two 1997 107, 3876-3893.
(30) Kuhn, O.; Sundstmm, V. J. Chem. Phys1997 107, 4154-4164.
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