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Abstract: Photosynthetic antenna complexes are responsible for absorbing energy from sunlight and transmitting it to remote loca-
tions where it can be stored. Recent experiments have found that this process involves long-lived quantum coherence between pigment
molecules, called chromophores, which make up these complexes Expected to decay within 100 fs at room temperature, these coher-
ences were instead found to persist for picosecond time scales, despite having no apparent isolation from the thermal environment of
the cell. This paper derives a quantum master equation which describes the coherent evolution of a system in strong contact with a
thermal environment. Conditions necessary for long coherence lifetimes are identified, and the role of coherence in efficient energy
transport is illuminated. Static spectra and exciton transfer rates for the PE545 complex of the cryptophyte algae CS24 are calculated
and shown to have good agreement with experiment.
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1. Introduction pling, but may give unphysical negative or diverging exci-
ton populations. Such unphysical behavior may be avoided

When a solar photon is captured by a photosynthetic orthrough use of a secular approximation [3], at the cost of
ganism, it creates a localized excited state, or exciton, irlecoupling the evolution of populations and coherences.
one of several optically active pigment molecules, or chro-Neither the Brster nor the Redfield limits is applicable
mophores, in a specialized antenna complex. The excito#0 the limit in which the coupling between chromophores
is then conveyed via electrostatic coupling to a remote re2nd between chromophores and the environment are both
action center where its energy can be stored and ultimatelygtrong.
used to do work. Because the exciton has a natural lifetime  Nonperturbative approaches to the problem of exciton
on the order of nanoseconds, it is necessary that the tranglynamics are less easily classified. The Haken, Reineker,
fer process be very rapid, so that the exciton’s energy carstrobl model [4-5] calculates the evolution of an electronic
be stored before it decays. reduced density matrix due to electrostatic couplings be-
In order to understand the dynamics of photosynthe-tween chromophores, with dephasing due to interaction
sis, it is necessary to understand the dynamics of the exwith the environment. This model predicts long lived co-
citon transfer process. However, such an understanding ieerences between chromophores, but yields an equilibrium
complicated by the many internal degrees of freedom instate with equal occupation probabilities for all chromophores,
the chromophores, and by interactions between the chrowhich is true only in the high temperature limit. Other ap-
mophore and the cellular environment. In the limit of weak proaches include the stochastic Sidinger equation [6-
coupling between chromophoresprster theory [1] de- 9], methods based on the Holstein model, and methods
scribes the transfer of excitons as a fully incoherent pro-based on quantum walks [9]. Several studies have found
cess. In the opposite limit, of weak coupling between chro-that interplay between the system and the environment, in-
mophores and the surrounding environment, Redfield theeluding nonmarkovian effects and details of the system’s
ory [2] describes the coherent transport of excitons using avibrational structure, can affect coherence lifetimes and
perturbative expansion over a weak system-reservoir couthe rates of exciton transfer [10-11].
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a perturbative parameter. Instead, an assumption of rapid
thermalization of vibrational degrees of freedom is used
to derive equations of motion for a slowly evolving elec-
tronic reduced density matrix. In this way, both the transfer
of exciton population and the evolution of coherences are
treated on an equal footing. The resulting theory gives a
X | simple explanation for long coherence lifetimes in the high
(o ECTCN temperature limit for a system which interacts strongly
) by with its environment.
i = Section 2 derives equations of motion for an electronic
| : reduced density matrix. Part 2.3 reduces the full electronic
b ' + vibrational+environment density matrix to yield equa-
W ' tions of motion for a reduced electronic density matrix,
s while part 2.4 reduces these equations of motion to the
form of the Haken Reineker Strobl model [4], in which
both the density matrix and the effective coupling incor-
porate thermodynamic quantities. Section 3 applies the re-
sulting theory to a two chromophore system, to find life-
Figure 1 Spatial arrangement of chromophores and protein{imes for the decay of coherence or the transfer of popu-
backbone in PE545. lation between two chromophores. Section 4 applies this
theory to the PE545 antenna complex of cryptophyte al-
gae Rhodomonas CS24, shown in Figure 1, comparing to
experimentally measured transfer times, as well as absorp-
The need for an improved treatment of exciton dynam-tion, circular dichroism and fluorescence spectra.
ics has been highlighted by the recent observation of long
lived coherences between chromophores in photosynthetic
antenna complexes [12-15]. Whereas a simple energy-tim . .
uncertainty approach would suggest that such coherenc:%- Equations of motion
must die in less than 100 fs [16], they were instead found
to persist for picosecond timescales — on the order of thelthough the primary function of an antenna complex is to
time needed for excitons to travel between chromophorestransfer electronic excitation between chromophores, it is
Rather than being confined to the low temperature limit,not a purely electronic system in the sense of having elec-
such lifetimes were observed even at room temperaturetronic degrees of freedom which can be separated from the
shedding doubt on the common assumption that biologicabther degrees of freedom in the system. Rather, both the
systems are too "hot and wet” to display quantum coherentyround and excited "states” of a particular chromophore
behavior [17-18]. correspond to an infinite number of vibronic states. Each
The observation of long lived coherences in biologi- of these vibronic states may interact with the local envi-
cal systems at room temperature raises several questionsnment of the cell, a system which is complicated and
First, how can these coherences persist in the thermal erdifficult to characterize. In order to calculate equations of
vironment of the cell? Are the coherences somehow promotion for the purely electronic quantity of interest, it is
tected from interaction with the outside world, or are they necessary to remove the vibrational and environmental in-
preserved through another mechanism? Second, can ttfermation from the system — ie, to reduce the full elec-
organism exploit coherence to improve the efficiency oftronic + vibrational + environmental density matrix to a
photosynthesis? Does coherent transport alter the rate gurely electronic reduced density matrix.
which excitons travel between chromophores? Does the
guantum information contained in the coherence terms af-
fect the flow of population through the complex? Some . .
have speculatedpthF;t the complex may perform quantunZ'l' The Vibrational/Electronic System
information processing to optimize the transfer path [14],
although others [10-19] have found that such speedup mayhe full electronic + vibrational + environmental Hamil-
be short lived. In addition to these questions, the undertonian may be partitioned into an electronic + vibrational
lying problem of a few state system with internal degreessystem interacting with areservoll, = Hs+Hgr+Hgg.
of freedom interacting with a thermal reservoir may haveHere the part of the total Hamiltonian dealing with the
applications in fields such as quantum computing, wheresystem is relatively well characterized, while that dealing
loss of coherence due to interactions with the surroundingvith the reservoir is less so. To aid in the reduction to a
environment is a major limiting factor [20]. purely electronic density matrix, it is useful to write vi-
This paper presents a new theory of coherent evolubronic states as the product of vibrational and electronic
tion in a multichromophore system which does not rely oneigenstates. Writing the system Hamiltonidlg = Hg' +
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HY™® + V, system eigenstates in the single exciton man-the electronically diagonal characteriéimeans that; (¢)
ifold can be written|i,n), wherei is the excited chro- does not evolve, while the vibrational and environmental
mophore andn the vector of excited vibrational states, degrees of freedom are driven to thermal equilibrium

= .... In this basis,H§' |i,n) = E;|i,n), (i) (1) (i -
n - n1,m2,m3 o s H \z,% ' \Z.,n> Tre, b )Cé)c @ — 5, .0, @)
Hy™ li,ng) = €n’ i,n;) anden’ = 3 ey Vibrational e Y ’
states of the excited chromophdten;) may differ from  Here P." is the probability of vibrational state on chro-
those of the unexcited chromophdfen;) due to differ- mophorei being excited, whileP(? — H»Pﬁ) is the
ing potential ene_rg)J/rsurfages. Here it is convenient to in-pghapility of a particular vector of vibrational states being
troduce electroniq” = [i) (0| and vibrationaly,f, = oycited.

|1, m) (i, 0] +10,m4) 0,0;] excitation operators, so that Eq. 2 can now be used to reduce equations of motion

the state of the complex can be written as the product o, the full electronic + vibrational+environment system to
excitation operators acting on an initial ground state a purely electronic subsystem.

o 2.3. Density Matrix Reduction

Deexcitation operatorg; andv,,, are given by the Her- ) , , )
mitian conjugates of the excitation operators. In the limit E/€ctronic equations of motion can be found by tracing
that electronically exciting one chromophore does not af-CVer environmental and vibrational degrees of freedom. To
fect the potential energy surfaces on other chromophoredis €nd, let

the electronic excitation/deexcitation operators COmMMut€;,cjmy = aibnce,
with the vibrational excitation/deexcitation operators for a

i? n, C’L> <]7 m, 77]| a;b:nc:]j

(B4 _E 0 _
different chromophore. x e Fitent B =By —em —En;)t, )
be the full density matrix written with factorized coeffi-
cients and
2.2. The reservoir Ging,mn; = & 160) (G (LT 0% 1) (1)
n’,

J

In contrast to the system being studied, whose Hamiltonian o o

is relatively well known and studied, the reservoir may be XpinCimn(H by [m3) (mi|) e (1) (0] (4)
complicated and difficult to characterize. lanster theory, ™}

rapid dephasing of electronic and vibrational degrees of  pe an auxiliary matrix defined in terms of the squares
freedom allow explicit consideration of the reservoir to be of viprational and environmental coefficients, so that: =
avoided, as dynamics can be calculated from the overla?n7m7<hm Ginc,jmn, - EQuations of motion for the elec-

of the donor emission and the acceptor absorption spectrg” ™ . -
) - onic coefficientsz;a* can now be found by substituting
[21]. In Redfield theory, the reservoir is often modeled asEq_ 2 into equationsjof motion far.

an infinite set of harmonic oscillators [22] . The rate of dephasing between different chromophores
In the current work, each chromophore is assumed 195 found by substituting Eq. 2 into Eq. 4, yielding

interact with a separate reservoir, so thatz can be writ- , ,
ten asHgr = 5., V&2 ]i) (i], and the system-reservoir a;a}(t) = a;a’(0) ZP,(f)Pé?e_i(E"“f‘l)_Ej_eg‘))t, (5)
interaction is incapable of transferring excitation between n,m
chromophores. As indtster theory, an assumption of rapid  Similarly, equations of motion for coherent evolution
thermalization allows electronic equations of motion to be gre found by substituting Eq. 2 into the operator equation
derived without explicit reference to the form Yzfﬁ%. of motion foro due toHg + Hpg, %a = —i[Hs+ Hg, o],

If eigenstates of the reservoir Hamiltonian correspond-yielding
ing to chromophore are given byHI({) IGi) = E¢, |G, o
then the mixing of eigenstatés n, ¢;) is governed by ot 4%

. i (B g, (B
:—Z[Wnkar(,k)Pl(g)aka;e UBiten —Br—ep )t

and Hgr. The assumption of rapid thermalization is that « p(i) p(k) —i(Bate®™ —B,—eDyt
the short time evolution of the system is givenibit, o) ~ —@ia Py Py Vipjme 740 I (6)
[1, U9(t, o), where whereVipjm = (0] vVl [0). .
. The complicated forms of7 Egs. 5 and 6, which result
UD (4. t0) — 7./ VD a8 Gl in part fr(_)m their generall_ty, may be simplified by making
(#,to) = exp[—i to sr(T)dr][i) il assumptions about the vibrational spectrum and the form

of the vibrational/electronic operatdr. In terms of the
vibrational density of states

D(t) = D aib (e, ()i, n,G) DW(e)=> (e —€l) ()

3,1,G;

If
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and thermodynamic weighting factor 2.4. The thermalized density matrix

PO(e)=PW| 8) NEQ.13Ti; plays the role of the overlap between donor
molesen emission and acceptor absorption spectradnster the-

the dephasing between two chromophores given in Eq. Y- it reflects the number of acceptor states sufficiently

becomes close in energy to an occupied donor state to receive pop-

ulation. The asymmetry df;_, ; reflects irreversible flow
K)o 1(3) () G) (1) (1 of population from high- to low energy chromophores: for
3 () = aid; (())/Ck/d6 () D) (€) E; > E;, every potential donor state on chromophore
we—i(Bite—Ej—c)t 9) has a degenerate acceptor state on chromophawbile
: the reverse is true only ) > E; — E;.

In the limit of a constant density of states and boltzmann _ The asymmetric form of Eq. 13 which results from
occupation factors, Eq. 9 gives a Lorentzian decay of cothis irreversible flow can be rectified by defining a sym-
herence foi # j metrized density matrip;; = e***iq;a} and effective
, couplingV;; = Vi;Ti—je" . Requiring that the effec-
)(t) = (aia®)(t)e Fi—Fi)(t=to) B ,(10) tive coupling be Hermitian yield%fi = e¥i=2%, while
’ B+ (t —to)? requiring that Eq. 13 be unaffected by the change of vari-
: . i . ables requires that; = —;. Performing this symmetriza-
while fori = j, unitarity of U") (¢, to) ensures thatia; (£) = 4o and approximating the dephasing between chromophores

a;a; (0). ) ) ) as exponential yields a master equation of the form
If the vibronic termV is assumed to be purely elec- 9

tronic, so that” = 3=, Vi;u 15, then 5P = —i[V,p] — (1 = 6:5)p. (16)

o +o¥ + o+ For a constant density of states and Boltzmann probabil-
Vinjm = Vi (0 ptivm, v, 10) (O v, 1450, 11510) ity distribution, the Lorentzian dephasing is well approxi-
> H Oy (11) mated by setting” = kgT.
g A byproduct of this symmetrization procedure is that
pi; Now incorporates information about the equilibrium
where the matrix elements are Franck-Condon overlapslistribution. In Eq. 13, with all coherence terms set to 0,
between vibrational states of the excited and unexcited chreguilibrium is given by the condition of detailed balance,
mophores. when
Further simplification can be achieved by replacing the a;a;  T;_;

oscillatory integrals in Eq. 6 with their average over some ;q* T T, (17)

periodAt. As At grows, this average goes o 1 if the ener- for all 4, j pairs. Due to the symmetrization procedure, this

giesinthe expongntial sum tQO; 0 otherwise. Including th(.econdition is satisfied whep is proportional to the iden-
effects of Lorentzian dephasing between chromophores "fity matrix. In this way, the current approach differs sig-

this average yields an exponential linewidth, so that nificantly from that of Haken, Reineker and Strobl [4,5],
Ai /dtefi(EiJreif)fEkfe;,k))t 32 which applies a quantum master equation of the form of
4

a;a

(aiaj

Eqg. 16 to an unsymmetrized density matrix, yielding equi-

_ g2+ librium distributions in which all chromophores have equal
o e~ 2B Eiteld) —Ep—el| (12)  occupations, regardless of excitation energy or ambient tem-
perature. If the density of states is again assumed to be con-
Eq. 6 then becomes stant andP”) (¢) to be Boltzmanng; = —v; = BE;/2,
e BE;

5 so that at equilibriumg;a’ = S

(aiaj) = —iVieTii(araj) + i(aia) Vi Ty (13) In the high temperature limit, where the weighting fac-

ot
tors approach unity, the thermalized and unthermalized den-
where sity matrices approach one another. For this reason, Eq. 16
_ _ may be thought of as a generalization of the HRS model
Ty = /dﬁ/del(”(ﬁ)D(])(ﬁl) which describes dynamics at low temperatures. Due to the
, identical form, many results of the HRS model will carry
xPY(e)F(e,¢')L(E; + ¢ — Ej — €), (14)  through unchanged to describe the dynamics of the ther-

malized density matrix.
A second consequence of the symmetrization proce-
n_ , +, 4+
F(e,€') = (0 pivn, 1 vy, |0) dure is that thermodynamic weighting factors have been
X (0] v, uju,,,tj 15 10) | o oo (15)  incorporated into the effective coupling. Assuming a con-
e stant density of vibrational states with Boltzmann weight-
is the Franck Condon overlap aldAFE) is the linewidth.  ing factors and approximating the linewidth and Franck
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Condon factors a&'(e, ¢ )L(E; + ¢ — E; —€¢') = 0(E; + from the under- to the overdamped limit. For a constant
¢ — E; — ¢) yields f/ij - ‘/'ije_ﬁlEi_EjV2, so that the density of states and Boltzmann weighting factors, 'ghis
effective coupling strength decays exponentially with theterm evaluates te~?1:~%1/2, so that chromophores which
difference in excitation energies at a rate dependent on thare distant in energy relative to the ambient temperature
temperature. Because;T is only 200 wavenumbers at Will have very weak effective couplings.
300K, the effective interaction between two chromophores A final observation about the two chromophore system
will decrease rapidly even for small separations in excita-is that extremely long coherence times may correspond
tion energy. Because of this, the effective coupling matrixto slow exciton transport through the antenna complex.
V will be both weaker and effectively more sparse than theBecause the population imbalan¢ay, — 511) and the
matrix of bare electronic couplings,. antisymmetric off diagonal compone(yi;o — po1) obey

the same differential equation, long coherence times cor-

respond to slow decay of population imbalances. As the
3. The two chromophore system differential equations decouple from one another, this is

not an example of coherence affecting exciton transport;
The equations of motion derived in the previous sectionrather, coherence and population dynamics are parametri-
give a simple explanation for the long coherence lifetimescally varying with respect to the same parameters.
observed in [12-15]. For a system of two chromophores,

with V' = AdE —ZE , applying Eq. 16 twice yields

differential equations for density matrix components 4. Comparison With Experiment — PE545

d? ~ d . .

g2 (Poo = p11) + I (poo — pu) The principles which govern the evolution of the two chro-
mophore system apply as well to the case of a photosyn-

+4d*(poo — p11) =0 thetic complex, with the exception that, with more than

£ d two chromophores, there are now multiple pathways for

@(ﬁw — po1) + F%(ﬁm — po1) the exciton to follow through the complex. The effect of
these pathways is limited, however, by the thermodynamic

+4c (p10 — po1) =0 weighting of the effective coupling, which may make the

%('510 + po1) = —I'(pro + po1) effective coupling matrix both weaker and effectively more

d (= SN sparse than the bare electronic coupling matrix.
at (Poo + p11) = 0. N !

Here the total population remains constant, while the ~ In order to test the theory derived in Section 2, Eq. 16
sum of off diagonal elements decayseag ¢, wherel” = was used to describe dynamics in the PE545 antenna com-
(25fs)~! at 300K. However, both the population imbal- Plex of the cryptophyte algae Rhodomonas CS24, which
ance and the difference of off diagonal elements behav&vas found to display long coherence lifetimes in[13].

as damped harmonic oscillators. Ifilf = (599 — p11) OF Because the effective coupling strength is exponentially
(P10 — por), P(t) = AeM?t + Ber-t, with dependent on the energy spacing between two chromophores,

it is important to use accurate excitation energies in order

e = —I'+VI?— 16d2. (18)  to yield the correct dynamics. Here the error in Hartree

2 Fock or ci singles calculations, which may be sizeable frac-

In the underdamped limit wheh' < 4d, P(t) oscillates  tions of an electron volt, may prove unacceptably large.
within the exponential envelope 7'*/2. WhenI" >> 4d, For this reason, the effective couplings and site energies
the system is overdamped and decays without oscillatindor PE545 were taken from [23], where the couplings were
at two rates, with\, — —4d?/I", and\_ — —TI". calculated ab initio, but the site energies were found by
Significantly, long coherence times do not depend onmatching to several static and dynamic spectra, as calcu-
isolation of the system from the environment or a slow ratelated using Redfield theory. The theory was then tested by
of dephasing”. On the contrary, long coherence times are comparing calculated lineshapes and times for excitons to
obtained in both the underdamped limit, whEn— 0 and  transfer between chromophores to those measured in ex-
in the overdamped limit wheR® >> 4d. Because of this, periment. Here it must be noted that the procedure of find-
long coherence times will be observed in both the high andng excitation energies by matching to excitation spectra
low temperature limits. may yield an artificially good agreement for lineshapes
The preceding analysis has been previously derived ircalculated using a different theory but the same excitation
the context of the HSR model [4,5]. However, the ther- energies.
modynamic weighting of the coupling matrix elements is  The validity of the assumptions made in deriving Eq.
crucial to accurately describing the timescale for exciton16 — namely, the assumption of a continuous vibrational
transport or the decay of coherence. The exponential weighiensity of states and a delta function linewidth, can be
ing termT;_, ;e ~% which multiplies the bare matrix ele- tested by constructing an effective density of states, cor-
mentV;;, can easily change a particular chromophore pairresponding to a discrete vibrational spectrum with a finite
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. PEB bands, it may be difficult for spectroscopic experi-
== Sy S — ments to distinguish precisely which chromophores are ex-
==t G [ cited.

vz P 3\ _,-./" f

s Y T 4.1. Static Lineshapes — Absorption,
2 | /] 3 Fluorescence and Circular Dichroism

0.4 !
/ Spectra for absorption, circular dichroism and fluorescence
22| / can be calculated from time dependent expectation values
/ of a density matrix which has been supplemented by ad-
i dition of the ground state [26]. Here the quantities of in-
5 G - S . S o terest,(a;a})(t) can be found by removing the thermody-
namic weighting factors from the thermalized density ma-
trix, in which the dynamics are calculated. The absorption
spectrum is given by the Fourier transform of the dipole
correlation function

d(t) =< p()p(0) > . (20)

where the dipole operat@r = ", pi(]2) (0] + |0) (i]). In
linewidth caused by dephasing between chromophores. FiffrMs Of the density matrix, this is given by

Figure 2 Effective vibrational density of states, calculated for
PE545 assuming linewidth(AE) = e 4141,

ure 2 shows the effective density of states d(t) = Tr(up(t)), (21)
DI (w) = 3 e Plumwitnt1/2)], (19) wherep(0) = 9(0) Q4*(0), $(0) = |0) + €, pi [i)
— and p(t) is found by propagating according to Eq. 16.

The parameter factors out of the Fourier transform and is
calculated at = 77K and300K for the set of vibrational  discarded upon normalization of the spectrum. Dephasing
energies taken from [23]. At both temperatures, the effecbetween the ground and excited states is treated as an ex-
tive density of states levels out at vibrational energies of goonential decay terniy; = (400cm 1), taken from [23].
few hundred wavenumbers. At both temperatures, the ef- In the same way, the circular dichroism spectrum is
fective density of states shows a dip at zero energy, due téound by taking the Fourier transform of
the zero point energy of the vibrational modes. This drop
is more accentuated at low temperatures, due to the naf™(t) =< m(®)u(0) > (22)

rowness of the resulting linewidth. wherem = p x R is the magnetic dipole operator. Fig-
Because of this, the assumption of a constant densityires 3 and 4 compare the calculated absorption and circu-
of states may break down for pairs of chromophores whichar dichroism lineshapes to those measured in experiment
are close to degenerate, or at low temperatures. In thesa [23]. Because the current theory does not account for
limits, 7;_.; should be calculated using a finite summation reorganization energy of the chromophores following ex-
in place of the integrals in Eq. 14. citation, these spectra have been shifted in energy so that
The description of dynamics in PE545 was tested bythe peak of the calculated spectrum aligns with the peak of
calculating lineshapes for absorption, circular dichroismthe experimental spectrum.
and fluorescence spectra, as well as the times necessary to In contrast to the absorption and circular dichroism
transfer excitation between pairs of chromophores. spectra, the fluorescence spectrum reflects emission at large
PE545 consists of six phycoerythrobilin (PEB) and two times, for a system which has settled into the lowest energy
dihydrobiliverdin (DBV) chromophores, held in place by eigenstate. If this eigenstate is given by and(0) =
a dimer of twoa3 monomers. Each monomer contains ¥. + €0), the fluorescence spectrum is proportional to
three PEB chromophores on tf¥esubunit and one DBV~ w?|f(w)|?, where
chromophore on ther subunit. The DBV chromophores
are redsphifted with respect to the PEB chromophgres, with (8) =< po(t) > (23)
absorption maxima at 569 nm, compared to 545 for theand p(0) = (0) ® v(0). Figure 5 compares the nor-
PEB chromophores [24]. Fig 1 shows the spatial arrangemalized fluorescence spectrum to that measured in experi-
ment of the chromophores in the complex. Excitons escapenent.
the comples by first making their way to the DBV bilins, At 300K, the calculated lineshapes show good agree-
then slowly settling onto the lowest energy DBV bilin be- ment. The width of the absorption and the negative lobe of
fore escaping the complex. Fluorescence experiments [25he circular dichroism spectra agree closely with the exper-
indicate that excitons primarily escape the complex via aimental widths, although the positive lobe of the circular
single DBV bhilin. Due to spectral overlap in the DBV and dichroism spectrum has a broader tail and less accentuated
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peak than the calculated lobe. The calculated fluorescence
spectrum agrees with experiment in the peak region and on
the blue side of the maximum, but falls off more quickly
than experiment on the red side of the maximum.

Agreement with experiment is somewhat worse at 77K.
The absorption spectrum gives the correct width in the
peak region, but falls off more quickly than experiment on
the red side of the maximum and less quickly than experi-
ment on the blue side. The fluorescence spectrum shows
good agreement with the experimental lineshape on the
blue side of the maximum, but falls off much more quickly
than the experiment on the red side. Both the absorption
and fluorescence spectra miss a broad tail on the red side of
the fluorescence. The circular dichroism spectrum at 77K
was not available for comparison.

4.2. Exciton Transfer Times

While static lineshapes incorporate some dynamical infor-
mation in the form of a Fourier transform of a time de-
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T (k) Aexcitation (nm) T1 (ts) T2 (fs) T3 (ps) T4 (ps) T5 (ns) Bsoc @194 ®rop Bsac Bisso Bsop Bsep Bisso
208 185 S Bsoc 293 211 121 481 129 149
208 530 25 260 184 164 > 1 o
194 204 2.64 7.37 19.3
77 485 9 960 30 30 > 1
ajep 2.93 204 0.158 97.2
77 530 9 960 30 177 > 1

B2 2.11 2.64 0.158

) _ _ Bissc 1.21 7.37 53.5 287 25.3
Figure 6 Experimentally measured transfer times, taken from
[7]. Bsop 4.81 53.5 211 7.75
Bgop 12.9 19.3 28.7 2.11 8.67
Bissp 14.9 27.2 25.3 T7.75 RB.67
Bsoc o104 @B Bsac Pissc Psop Bs2p Pissp
Broc: 3.7
o4 8.4 0.96 Figure 8 Transfer / coherence lifetimes (ps) shorter than 100 ps
oom 4 0.06 4+ 0.00 for PE545 calculated at 300K.
Bsac 0.96 0.06 + 0.09¢
Bissc 3.7 . .
: have transfer times in the range of 1-3 ps, comparable to
50D the remaining experimental rate of 1.84 ps.
Peap [ Agreement with experiment is considerably worse at
Bissp 7.7 77K. Population of a DBV chromophore is now calcu-

lated to occur in 956 fs, compared to an experimental value
of 960 fs, while a 3.7 ps time for transfer betweénc
Figure 7 Transfer / coherence decay times (ps) shorter than 10@Nnd 153 matches well with a 3 ps experimental trans-
ps for PE545 calculated at 77K. fer times. However, the 8.4 ps calculated for transfer be-
tween DBV chromophores and the 7.7 ps calculated be-
tweengsop andfsep do not correspond well with exper-
imental times of 30 ps and 17.7 ps. Finally, the theoreti-
pendent correlation function, this information is obscuredcal calculations include an underdamped transfer between
somewhat by the thermodynamic factors favoring popula-a19s and Bsac which is not seen in the experiment, per-
tion of low energy chromophores and by finite linewidths haps because the real part of the transfer time, at 60 fs, is
due to the decay of coherence. In [27] timescales for excishorter than the experimental resolution of 120 fs.
ton transfer were measured more directly by finding Evo-
lution Associated Difference Spectra (EADS) associated
with particular transfer lifetimes following an excitation 4.3. Density Matrix Propagation vs. Pairwise
pulse of a particular frequency. Here interpretation is com-Decay Model
plicated by spectral overlap between chromophores, and

by the difficulty in distinguishing between similar trans- The agreement between the calculated pairwise decay times
fer "fetimes, so that Only a few, picosecond scale .”fetimeSand transfer times measured in experiment raise the gues-
could be measured, and the chromophores being popuion of which information ing is necessary to describe the
lated/depopulated could not be completely identified.  dynamics of excitons in the complex. In principle, the en-
Within these limitations, the calculated rates for exci- tire density matrix is necessary to describe these dynamics,
ton transfer show good agreement with experiment. Taas excitons may follow any pathway through the complex,
ble 6 shows the experimentally measured EADS transfego that the amplitude to be on any particular chromophore
times, measured at 300K and 77K, for excitation wave-is the sum of many interfering pathways. However, due
lengths of 485 nm and 530 nm. Tables 8 and 7 show exto thermodynamic weighting of the effective coupling ma-
perimental decay timeks_ !, calculated using Eq. 18. trix, many of these pathways are strongly overdamped,
As with static spectra, agreement between theory andvith weak effective coupling and slow decay of any popu-
experiment is somewhat better at 300K than at 77K. Atlation imbalance. Because of this, the network of efficient
300K, population of a DBV chromophore is found to oc- transfer pathways is relatively sparse. This can be seen in
cur in 150 fs, vs an experimentally measured 250 fs, whileTables 8 and 7, or pictorially in Figure 9, where the opacity
transfer of population between DBV chromophores is cal-of the line connecting two chromophores reflects the rate
culated to occur in 20.4 ps, compared to an experimentabf decay for population imbalancég;; — p,;) (or anti-
value of 23.4 ps or 16.4 ps, depending on the excitatiorsymmetric coherence ternig;; — p;;)) between them. As
frequency. Several pairs of chromophores are calculated ta result of this sparsity, there are relatively few efficient
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Figure 9 Rates of population transfer / coherence decay in

Time (ps)
PES545. Lines connecting chromophores have opacity propor- ’
tional to A} ", with full opacity corresponding ta; ' = 1 ps.
a) Rates calculated at 77K b) Rates calculated at 300K. 10 -

o.elk an (d

each other effectively. In Figure 9, two interfering path-
ways would form a closed curve of lines with nearly equal
opacity.

At 77K, aq94, Bs2c andaigp form the only closed
curve, while none are present at 300K (the 150 fs transfer ||
time betweenv oz andSsac is much faster thanthe 2ps ™ .~
transfer times betweam, gz, 5153¢c andBsac, Bissc)- 4

Due to the lack of interfering pathways, the flow of  ool- s
excitons through the PE545 antenna complex is well ap- Time {ps)
proximated by a minimal model, in which population im-
balances in the thermalized density matrix decay exponen-

i/

pathways through the complex which may interfere with — j
| 3,

3

tially as Figure 10 Exciton populations vs time calculated at a) 300K b)
d _ ~ _ ~ 77K for initial statea;95. Solid lines give populations calculated
%(pii —pjj) = —Ap(Pii — Pjj), (24) by Eq. 16, while dashed lines give populations calculated using

. . the minimal tial d del.
with ), given by Eq. 18. e minimal exponential decay mode

The close agreement between the minimal model and
the full density matrix propagation is shown in Figures
10, 11, 12, 13, 14, 15, 16, and 17, which compare the’quantum speedup” would offer only transient advantages.
two models for initial conditions with the excitons local- For these reasons, it appears that the importance of coher-
ized on each individual chromophore. The largest deparence terms in PE545 is dynamic rather than informational
ture between the two models is observeddes 4, Gs2c — coherence terms are important because they are required
and a9 initial conditions at 77K, which correspond to to give the correct transfer rates between chromophores,
the closed curve of efficient transfer pathways previouslybut the information contained in these terms does not ap-
identified. pear to play an essential role in the transfer of the exciton

The close agreement between the two models explainpopulation to the radiating DBV chromophore.
why the experimental transfer rates show good agreement
with the pairwise transfer rates, and indicates that the in-
formation contained in the long lived antisymmetric co- 5. Conclusions
herence terms, which are not included in the exponential
decay model, does not play a vital role in the transfer of This paper has presented a new theory of coherent dynam-
exciton population. Although the antisymmetric coherenceics in photosynthetic complexes. Strong interaction with a
terms show the same picosecond timescales for decay asservoir causes rapid thermalization of vibrational states,
the population imbalances, the lack of efficient, closed cy-allowing equations of motion for slowly varying electronic
cles in the PE545 complex leave little opportunity for in- coefficients to be derived. By incorporating thermodynamic
terference. In addition, all initial conditions settle rapidly quantities into the definition of a thermalized density ma-
to the same equilibrium distribution at 300K, so that anytrix and an effective coupling, these equations of motion
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Figure 11 Exciton populations vs time calculated at a) 300K b)

77K for initial statedsoc. Solid lines give populations calculated Figure 12 Exciton populations vs time calculated at a) 300K b)

by Eq. 16, while dashed lines give populations calculated using? 7K for initial statea19 4. Solid lines give populations calculated

the minimal exponential decay model. by Eq. 16, while dashed lines give populations calculated using
the minimal exponential decay model.

are reduced to the Haken, Reineker, Strobl form. Unlike

the original HRS model, the incorporation of thermody- long times, even in the high temperature limit for a system
namic information causes the system to settle to the corwhich interacts strongly with its environment.

rect thermodynamic equilibrium rather than to equal pop-
ulation of all states. The resulting theory gives good theo-
retical lineshapes for absorption, fluorescence and circula
dichroism for PE545 at 300K and 77K, and yields exci-
ton transfer times which agree with those found by EADS

experiments. For both kinds of experiments, agreement Icomplex, which has the effect of limiting interference be-

better at 300K than at 77K. : - .
tween competing pathways. A minimal exponential decay
Long lived coherences between chromophores, such asiodel describes the flow of exciton population through
those observed in [12-15], are simply explained in terms ofthis network accurately at 300K, when this network has
an overdamped harmonic oscillator, in which the strengthno closed cycles, but departs from the full density matrix
of the damping is proportional to the temperature and thecalculation at 77K, when such a cycle allows for interfer-
effective coupling decreases exponentially with the exci-ence between multiple pathways through the complex. It
tation energy separation between two chromophores. Beis possible that other photosynthetic molecules, with func-
cause of this, coherence terms may survive for arbitrarilytions more sophisticated than the simple direction of ex-

Somewhat surprisingly, the long lifetime for survival
f coherence terms appears to have a minimal effect on
he transfer of exciton population in the PE545 antenna
complex. This can be understood as resulting from the rel-
gltively sparse network of efficient transfer pathways in this
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Figure 14 Exciton populations vs time calculated at a) 300K b)

77K for initial stateB15s¢. Solid lines give populations calcu-

lated by Eq. 16, while dashed lines give populations calculated
gusing the minimal exponential decay model.

Figure 13 Exciton populations vs time calculated at a) 300K b)
77K for initial statefs2c. Solid lines give populations calculated

by Eq. 16, while dashed lines give populations calculated usin
the minimal exponential decay model.

for the thermalized reduction procedure show that quan-
citon population to the lowest energy chromophore, maytum mechanical behavior does not require low tempera-
make more sophisticated use of this information. tures or elaborate isolation from the surroundings to be

The method of thermalized reduction of the density observed.

matrix introduced in this paper allows the derivation of
guantum coherent equations of motion in a regime of high
temperature and strong interaction with the surroundingg Acknowledgments
environment which is often considered inimical to quan-

tum mechanical behavior. Rather than being destroyed rapigl .
by interaction with the reservoir, coherence terms may per- 1S work was supported in part by the SAW grant of the

sist or even be preserved by interaction with the reservoir.l‘elbnlz society.
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