PHYSICAL REVIEW E VOLUME 59, NUMBER 3 MARCH 1999
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In photosynthetic light-harvesting systems carotenoids and chlorophylls jointly absorb light and transform its
energy within about a picosecond into electronic singlet excitations of the chlorophylls only. This paper
investigates this process for the light-harvesting complex Il of the purple bact&hodospirillum molis-
chianum for which a structure and, hence, the exact arrangement of the participating bacteriochlorophylls and
carotenoids have recently become known. Based on this structure and on Cl expansions of the electronic states
of individual chromophoregbacteriochlorophylls and carotenojdss well as on an exciton description of a
circular aggregate of bacteriochlorophylls, the excitation transfer between carotenoids and bacteriochlorophylls
is described by means of Fermi’s golden rule. The electronic coupling between the various electronic excita-
tions is determined for all orders of multipolé€oulomb mechanisimand includes the electron exchange
(Dexter mechanisinterm. The rates and efficiencies for different pathways of excitation transfer, e.g.,
1!B (carotenoid)- bacteriochlorophyll aggregate an&iA[g(carotenoid)a bacteriochlorophyll aggregate, are
compared. The results show that in LH-II the Coulomb mechanism is dominant for the transfer of singlet
excitations. The 1B —Q, pathway appears to be partially efficient, while th’ef\g—»Qy pathway, in our
description, which does not include vibrational levels, is inefficient. An improved treatment of the excitation
transfer from the ?Aa state is required to account for observed transfer rates. Exciton splitting of bacterio-
chlorophyll Q, excitations slightly accelerates the excitation transfer from ﬂ“neg_Zstate, while it plays a
crucial role in accelerating the transfer from 800 BChlQ, state. Photoprotection of bacteriochlorophylls
through triplet quenching is investigated, too. The results suggest that eight of 88506bacteriochloro-
phylls in LH-1I of Rhodospirillum molischianurare protected well by eight carotenoids observed in the x-ray
structure of the protein. The remaining eigd850 bacteriochlorophylls can transfer their triplet excitation
energy efficiently to their neighboring protected bacteriochlorophylls. B0 bacteriochlorophylls appear
not to be protected well by the observed carotendi8$063-651X98)11007-3

PACS numbgs): 87.15.Rn, 71.35:y, 33.50.Hv

I. INTRODUCTION dophila[9] and Rs. molischianunf10] allows one to study
excitation transfer between carotenoids and bacteriochloro-
Carotenoids perform two major roles in photosynthesis aphylls involved in light harvesting and photoprotection on
partners of the usually more prevalent chlorophylls: lightthe basis of a known geometry of the chromophore aggre-
harvesting and photoprotection. Carotenoids absorb radiatiogate. Figure (a) displays the structure of the light-harvesting
in the visible region inaccessible to chlorophylls and transfeprotein LH-II of Rs. molischianunFigure 1b) presents only
the absorbed energy to chlorophylls which channel it into thehe chromophores contained in the structure, namely eight
photosynthetic reaction center. For example, in the lightlycopenes and 24 BChl's. LH-II dRs. molischianunfiorms
harvesting complex I[LH-1I) of the purple bacteriunRho-  an octameric aggregate, possessinggadfation symmetry,
dospirillum (Rs.) molischianupeight carotenoidflycopeng  with eight monomer units consisting of an- and a
absorb light at 500 nm, whereas 24 bacteriochlorophylls3-apoprotein, one lycopene, and three BChl's. Figure 2 dis-
(BChl's) absorb at 800 nm and 850 nfh,2]. In peridinin-  plays the chromophores of one such unitYC,
chlorophyll-protein, a light-harvesting protein of dinoflagel- B800,B850a and B850b). Bacteriochlorophylls from
lates, carotenoids serve actually as the main light absorbersighboring unitgthe latter marked with a prime and a star
with a carotenoid:chlorophyll ratio of 4:[3]. are also shown in Fig. 2, since the lycopeh&' C) exhibits
If carotenoidless mutants of the photosynthetic purpleclosest edge-edge distances with BChB850a’ (3.99 A ),
bacteria are exposed to light and oxygen, their bacteriochloB85(b(4.14 A ), B800* BChl (3.23 A).
rophylls (BChl's) are destroyed and the organisms [dib]. Absorption of light by carotenoids and singlet excitation
This photo-oxidative death is thought to be primarily due totransfer between a carotendjexcitation donor and a bac-
excitation of singlet oxygertfO} through excitation transfer teriochlorophyll (excitation acceptgrconstitutes the light-
from triplet excited bacteriochlorophyfl,7], an unavoidable harvesting function of carotenoids. Figure 3 compares the
side product of light harvesting. Singlet oxygen is a strongenergy levels of the carotenoid and bacteriochlorophyll states
oxidant that combines rapidly with dienes causing the deatinvolved in the transfer. As measured for LH-Il d&tb.
of an organisn8]. Carotenoids prevent this photo-oxidation. sphaeroide$11], the bacteriochlorophylQ, state absorbs at
The availability of the high-resolution x-ray structure of 590 nm and the BChQ, state absorbs at 800 nm for the
LH-1I of the purple bacteridRhodopseudomonas (Rps.) aci- individual B8OO BChl's and at 850 nm for the850 BChl’s.
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B850a B850b BS850a B850b

FIG. 2. Lycopene(LYC) and its neighboring bacteriochloro-
phylls. Coordinates are taken from the x-ray structure of LH-II
complex ofRs. molischianuml0]. Lycopene B850a, B85, and
B800 molecules within the outlined area belong to one monomer
subunit as defined ifl0]. The structure of a monomer subunit is
repeated with eight-fold symmetry. It should be noted that the ly-
copene displays closest contact with BChl's from the neighboring
subunits, namelyB850a’ andB800*. The phytol chains as well as
some other atoms of tH8850 BChl's have been omitted for clarity.
The figure has been produced with the progranm [70].

tion to the B state. However, for long chairiaumber of
conjugated double bonds exceeding)tiérbecomes difficult

to detect fluorescence from théA?g state due to the widen-
ing of the 2A_ to 1'B energy gap with increasing chain
length [14,16—-18, which slows down the internal conver-
sion I'B; —2'A; , and due to a decrease of the gap to the

FIG. 1. (a) LH-II of Rs. molischianumThis image displays a 20000
top view with N-termini pointing upward, the apoproteins being - 11B,*
represented a€ ,-tracing tubes. EighB800 and 16B850 BChl - N Q
molecules are shown in black. The lycopenes are represented in § 10001 —
licorice representation(b) Arrangement of chromophores in side E - “ g M Q. 500 TN
view. Bacteriochlorophylls are represented as squaresB8%0 § 10000 |— y
BChl's are arranged in the bottom ring and ei@®00 BChl's in = -
the top ring(produced with the programmp [70]). 000 -
Due to the strong coupling between neighboriBg50 E "
BChl's, theQ, excitations form exciton states that, under the o[- I'Ag G
assumption of complete exciton delocalization, range in en- Carotenoid BS00 BChl B850 Exciton

ergy from 871 nm to 712 nnjl2] as depicted in Fig. 3.
Carotenoid’s optically allowed 1]3: state[carotenoid states
are labeled due to an approximatg,GAg,B,) and due to
alternancy(+, -) symmetry} absorbs at 515 nrfi13]. The
1'B; state converts rapidly to a longer lived but symmetry

FIG. 3. Excitation energies of carotenoid and BChl states. The
carotenoid states are labeled according to their approxif@ate
and alternancy symmetry. Next to the carotenoid states, the location
of the B800 BChl states and of the exciton states of B8&0 band
are shown. Solid lines represent spectroscopically measured energy

forbidden _21A§; excit_ed state{l_4]. _ levels for LH-l of Rs. molischianumdashed lines indicate the
The optically forbidden 2A; state in polyenes had been estimated excitation energies of the symmetry forbiddeh,2state
characterized both theoretically and spectroscopiddlb, in lycopene ofRs. molischianunand the symmetry forbidden exci-

e.g., through fluorescence from this state after initial absorpton states of th&850 band.
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ground state, which increases the rate of internal conversiotioned mechanisms contribute to light harvesting and which
2'A;—1'A; . By means of fluorescence spectroscopy theoverall excitation transfer rates result.

gap between the'2; and T'A; states for carotenoids with ~ Before the solution of the structures of LH{B,10], Na-
n=3-9 double bonds has been measyt® and an ex- daeetal.[27] had calculated rates for carotenoid BChI
trapolation of then dependence reflected by the data Suggestgxcitation transfer for hypothetical configurations of caro-
an excitation energy of the!2 state in lycopener(=11)  tenoid and BChl. The authors argue that the excitation trans-
of 757 nm. This is consistentgwith the recerta — 1A fer can occur from both the'B | and the optically forbidden

(0] — . . .
fluorescence measurement for polyenes with 11 conjugatedAg State once the asymmetry of carotenoids is taken into
double bonds which places thelmg’ state at 758 nm in account. The authors compared also the relative efficiencies
n-hexane and at 704 nm in G§20]. of the Dexter mechanism and the Coulomb mechanism and

Noting that the carotenoidB; state is absorbing at a dete_rmmed that the Coulomb m_echanlsm is much more _ef-
_ Ty — fective than the Dexter mechanism. Recently, a calculation
similar wavelength as th@, BChi state and that the 2, of transfer rates from the!B_ state through the Coulomb
state is close in energy to i@, state of BChl, two natural u 9

pathways of excitation transfer arise: excitation transfetmeChan!sm bgsed on the x-ray crystallographic structure of
11B* 0, and excitation transfer . —Q, . the latter Rps. acidophilahas been reporteﬁQG]: These calc'ulatl_ons

u X . . T — . demonstrate the breakdown of the dipole approximation for
preceded by the internal conversiohBL — 2 Ag . Excita-

X transfer between the optically allowed states of chro-
tion trans;‘]elr from lycopene could proceed to b8800 and  ,qphores in LH-II. However, if26] transfer through the
B850 BChl’s.

The carotenoid— BChl transfer time had been deter- Dexter mechanism and from the optically forb|ddei“Ag

. . ' state have not been studied.
mlned.to be 200 fs for .th.8850 BChl band irRb. sphaer.0|— As photoprotecting agents, carotenoids prevent photo-
des with an overall efficiency of 0.9521]. The shortening oxidation by quenching singlet oxygertO% , into triplet
of the 1'B state lifetime from 200 fs in C§22] to 80 fs in states(scavenging 2
the protein environment of LH-1l oRb. sphaeroide$23], 9
suggests an energy transfer time of 135 fs with an efficiency 10% + 'Car—3Car* +20,. (1.1)
of approximately 40%. The lifetime of 9.1 ps of thé

state in cyclohexangl1] is shortened to 2 ps in LH-124]  Thjs requires the energy of the lowest carotenoid triplet state
indicating that the optically forbiddenlag state can also to be lower than the excitation energy of 0.97 g34] of
efficiently transfer energy with a transfer time of 2.5 ps. Q% . In addition, carotenoids efficiently prevent the produc-
The 1'B; —Q, excitation transfer was thought to occur tion of singlet oxyger{32] by quenching the triplet excited
via the Faster mechanisni25], originating from coupling  states of BChl according to
between transition dipole moments of molecular moieties,
the coupling representing the dominant term in a multipole- 3BChl* +1Car—1BChl+3Car, 1.2
multipole expansion of the respective Coulomb interaction.
However, in the case of excitation transfer between chrobefore BChl can interact with molecular oxygen. This triplet
mophores in LH-Il, where the distance between chro-quenching reaction has been demonstrated in several photo-
mophores is smaller than the overall size of chromophoresynthetic systemi33,34], which implies that the triplet caro-
themselves, the multipole expansion of Coulomb interactiorienoid state lies energetically below the triplet state of BChl.
and particularly the dipole-dipole approximation cease to apThe excitation energy of the triplet carotenoid state could
ply. Even at distances of 20 Ave note here that the length not, until now, be measured directly. It is known that the
of the conjugated system in lycopene is approximately 25 Aexcitation energy decreases with a larger number of conju-
the higher-order multipole contributions to the Coulomb in-gated double bonds. Theoretical estimaf85,36 predict
teraction between different chromophore states in LH-II carthat carotenoids with more than seven conjugated double
still be on the order of the dipolar contributig@6]. Espe- bonds are able to quench the triplet chlorophyll state and that
cially, excitation transfer involving the dipole forbidden carotenoids with nine or more double bonds can quench the
ZlAg state is not accounted for at the dipole-dipole level, butsinglet oxygen state. Sincen vivo experiments indicate
requires either vibrational borrowing of oscillator strength orclearly that carotenoids with nine or more conjugated double
the inclusion of higher-order multipoles, e.g., quadrupole-bonds offer efficient protection against photo-oxidation,
dipole. One therefore needs to account for the full Coulombwvhile carotenoids with less double bonds do [8%—39, it
interaction between participating chromophore sté@su-  is reasonable to assume that the triplet state of carotenoids
lomb mechanisi and determine the respective Coulombwith nine or more double bonds lies energetically below the
coupling without evoking the multipole expansion, as also'O} state.
suggested in27]. Since the photoprotection function of carotenoids in-
An alternative to transfer through the Coulomb mecha-volves triplet excitation transfdicf. Eqg. (1.2)], the Coulomb
nism is, in principle, transfer through electron exchange, i.e.mechanism, which conserves the spin state of both donor and
through the so-called Dexter mechanig28-30. In this  acceptor, can be ruled out; the only possible mechanism for
case, exact knowledge of the geometry of the carotenoidthe transfer is the Dexter mechani§®8]. For the latter to be
BChl aggregate is crucial since electron exchange couplingfficient it is necessary that the chromophores involved are in
decays rapidly with the edge-edge distance between donatose proximity, since exchange coupling involves electron
and acceptor. The main goal of recent spectroscopic and thénneling and, therefore, decreases exponentially with dis-
oretical investigations on LH-II is to determine how the men-tance. The authors if27] argue that the Dexter mechanism
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is nearly 100% efficient at a distance of approximately 3.5 ¢m¢p|¢n¢q)
A, since the lifetime of the donor BChI triplet state is ex-
tremely long, approximately 12s[40]. This argument dem-
onstrates that knowledge of the geometry of the carotenoid-
BChl aggregate in LH-Il, as documented in Figs. 1,2, is a
necessary prerequisite to derive any conclusions about the 2.4
rates of triplet energy transfer in LH-II. . The intramolecular contributions to E¢.3), arising from

In this paper, we study the excitation transfer pathways Ny :
P X ) e sumsz and > , are accounted for in
LH-Il of Rs. molischianurby evaluating the rates of excita- mn.p.gelp mn.p.gela

tion transfer between the lycopen8800 BChl, andB850 detgrmining the intrqmoleculddonor, acceptz)rglectronic
BChl moieties. We will first summarize the theory underly- excitations;  the ~ intermolecular  contributions, &9,
ing excitation transfer due to the Coulomb and the Dextermpelp nacl, @Nd Zmgeiynper, are the perturbations
mechanism. On the basis of the atomic level structure othat induce the electronic excitation transfer as described by
LH-Il of Rs. molischianuni10] (as shown in Figs. 1)2 of Eg. (2.1). These contributions can be written, exploiting the
available spectroscopic data, and of a quantum mechanicanticommutation properties of fermion operators,
description of the electronic structure of lycopene and bacte-

2
=f fdFlsz¢;<Fl)¢p<Fl>|Fe—¢:<F2>¢q<F2>.

1_F2|

. - . R +
nochlqrophylls_wg will discuss the pathways for both singlet V= E > (¢ ¢j|¢R¢S)CiTngUCRU'CSa’
and triplet excitation transfer. ij,elp RS el
o o’
+ t
Il. THEORY AND METHODS = (¢ibg PrP})Ci,Cj o CryrCsirl- (2.9
A. Electronic coupling for excitation transfer The initial and final electronic states involved in the ex-

The rate of transfer of electronic excitation from dofipr ~ Citation transfer are assumed to be products of intramolecular

to acceptorA can be evaluated by means of the well-knowndonor and acceptor ground and excited Stéﬁ’f@a |VE),
expressior{ 25,29 |Wa), [W3), namely,|inity=|VE)®|¥,) and|fin)=|¥p)
®|W¥x). The electronic coupling/p, in Eq. (2.1) can then
2m 2 be expressed by the matrix element
kDA:7|UDA| Joa,  Jpa= | Sp(E)Sa(E)dE.

(2.2) Upa= (init|V[fin), (2.6)

. . . which can be evaluated using E@.5). The result can be
Here Up, describes the electronic coupling between donor, 9 E@.5

i split into two contributions
and acceptor]Jpa represents the spectral overlap integral,
whereSp(E) and Sp(E) define the normalized donor emis- Upa=USa+ U, 2.7
sion and acceptor absorption spectrum, respectively. Follow-
ing the authors ih27] we approximate rather crudeS (E) where
and S,(E) by Gaussians

DA= < > (¢i¢j|¢R¢s)<‘PB|; CiTaCj<r|‘I’D>

Soa)(E)=(2mada) " 2exd — (E—Epa) %205 4], RS
(2.2
_ X(Wal > cf Cop|PE) (2.9
where ap = (Ip(ay/2)(2In2) Y2 Ep sy is the energy of o

the emission or absorption maximum ahg,, is the full
width at half-maximum. The values &p ) andI'p(a) are
estimated from the observed emission and absorption spec-

tra. %XA=—Z]_ 2 2 (hi6d drd)(WlciCior[Wo)

The electronic couplingJp, arises from the Coulomb o0’

describes the direct Coulomb interaction and where

elp el
interaction in the donor-acceptor pair. This interaction can be e
expressed as x(\IfA|c;U,cSU|‘lf,§> (2.9
1 describes the exchange interaction which is well known in
- t [tielectron systems. The terlS . in Eq. (2.8) encapsu-
> 2 ($ménl bphg)ChuChyiCaorCnys (2.3 MU y terip, In Eq capsu-
2m|,n,8,lq P mEN TR e T pe HeT e lates the Coulomb mechanism introduced above; in the limit
€lpYlia

that donor and acceptor are sufficiently separated such that
only the leadingin the case of optically allowed excitations
wherec! , ¢, denote the fermion creation and annihila- |¥p)—|V5), |Wa)—|Px)) dipole-dipole contributions
tion operators that create and annihilate, respectively, eleagieed to be evoked, the coupling is that described originally
trons with spinso ando’ in the mutually orthogonal atomic by Farster[25]. The termUZ}, in Eq. (2.9) encapsulates the
orbitals ¢, and ¢,,. Ip,l A denote the set of atomic orbital Dexter mechanisnfi28] also introduced above. Due to the

indices of the donor and acceptor molecules, and we defineclose proximity of donor and accept@see Fig. 2 and the



PRE 59 ENERGY TRANSFER BETWEEN CAROTENOIDS AN. .. 3297

arrangement of atomic orbitals, {,R,S) involved in an ex-
citation transfer. We adopt the convention that lower case

a)
letters, e.g.,i(,j), denote orbitals of the donor while upper
case letters, e.g.R;S), denote orbitals of the acceptor.
B —— ]

B. Spin tensor properties of electronic couplings

The operatoE(,,(,/c;r(,cj,,,c;;(r,csl,, arising in Eq.(2.9), is

b) a rank zero tensor operator for the ovefdibnor and accep-
— tor) spin, but the intramolecular operatorsTUCjU, and
@ C;U,CSU can actually be expressed as sums of rank zero and
——0— —— rank one spin operators. Defining
A 1 i t
) . Q_ E 2/ Ci(erU’CRa-’CSO'! (21@
FIG. 4. Schematic representation(ef the Coulomb andb) the 7,0

exchange mechanism of excitation transfer. L. .
where the prefactor is introduced for convenience, one can

involvement of the optically forbidden 1’A§ excitation in expand

energy transfer between lycopene and BChl's in LHske
Fig. 3), both Eq.(2.8), without evoking the dipolar approxi-
mation, and Eq(2.9) need to be taken into account.

The Coulomb and exchange mechanisms are illustrated iﬁl . e IMAR
Fig. 4. In case of the Coulomb mechanism, multipole-'N€ OPerators introduced he €0; and "Og, are of rank,
multipole Coulomb interaction deexcites an initially excited 2nd are defined as
electron on the donor molecul and simultaneously excites

Q:oo()}ooég_10@}10@g+11@}1—1()§+1—1éi111©%_ )
2.1

an electron on the acceptor molecile In the case of the 005 = \/g(CiTaCja"' ClsCip). (2.12
Dexter mechanism, excitation is transferred between a donor
D and an acceptoA when an excited electron, initially be- A

P y 190! = \J3(c], 610 ClsCin). (2.13

longing toD, is exchanged for a nonexcited electron initially

belonging toA. Figure 5 depicts schematically a possible N
UQ= ¢l ¢, (2.14

1710 =cl4c),- (2.15

« andB denote “up” and “down” spin+4 states. The tensor
operatorsooé} do not alter the spin state in the intramolecu-
lar transitiond W) — |WE), |Wa)—|¥X); the tensor opera-

tors 1”‘(5} couple singlet to (1) triplet excitations. In case
of singlet excitations the matrix elements in £g.9) are

Bi=—2i2j RES (il brb))(¥]%0]| W)
E’lD E]A

X(W |08 k). (2.16

In case thatWg) and|¥3) representl,+1) triplet excita-
tions, the matrix elements are

%XA=2iEj RES (¢ dsl preb)) (W3O} Wp)

elp €lp
X(W A" OGP R). (2.17
cs = The coupling for triplet excitation§l,0) and (1;-1) yields

FIG. 5. Schematic representation of conjugated double bonds if€ same numerical result as the expression above, such that
LYC gown @s defined in Sec. Il C and the bacteriochlorophyll analogonly one type of triplet state needs to be considered.
actually employed in the calculations. Representative interacting We note finally that in the present notation the coupling
atomsi, j, R, andSare indicated in the figure. ba can be expressed as
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TABLE I. Semiempirical parameters of the PPP Hamiltonian as

U%Azzizj st (¢ ¢j|¢R¢s)<‘I’E|°°©}|‘I’D> defined in expression@.21), (2.22 and (2.23.
ell ei
v yo=—2.43 eV
X(W A %O W}3). (2.18 Z=1.0

r+1=1.35A (double bonds
=1.46 A (singe bonds

Evaluation ofUp, in Eq. (2.1) then requires knowledge of

the transition density matrix elements Carbon(C) Oxygen(O) Nitrogen (N)
l=11.16 eV l=17.70 eV | =14.12 eV
N B Ru=11.13 eV Ry=15.23 eV Ryc=12.34 eV
'Mp(i.j)=(¥p|"™Oj| ¥p) (2.19
and H:; Z|Z]R|l+|2 _Ii_jzi ZjRij)ni(,
| _ IMAR\ *
MA(R,S)=(W¥ Og|P7). 2.2 1
A( ) < A| S| A> ( Q +i§ tijcitrcjtf—’_z E~ Rijni(,ni;, (221)

L],0,0
We drop them dependence on the left-hand side since one
expects identical coupling for any of the three triplet statesyhich involves only a minimum number of orbitals, namely,
such that them dependence is immaterial. those ofr type.c;, andc;, act on the mutually orthogonal
atomic 7 orbitals; the operaton;,=c; c;, is the corre-
sponding number operatoR;; is the effective electron-
electron repulsion integral between an electron in an atomic
The calculation of the transition density matrix elementsgypital at sitei and one in an orbital at sife t;; is the core
(2.19,2.20 requires the description of the carotenoid andintegral between atonisandj; I; is the effective ionization
BChl electronic states involved in the excitation transfer pro-potential of an orbital at site Z, is the net charge of the core
cesses. Excitation transfer between BChl's and carotenoitgt atomi that was chosen &= 1.

involves exclusivelyr-7* transitions. The first term in Eq.(2.21) is constant for fixed geom-
Figure 5 depicts the conjugatettelectron system of ly-  etries and represents the nuclear repulsion. The second term

copene. Lycopene has 11 conjugated double bonds; howevek, Eq. (2.21) denotes the energy of an electron placed in the

only 10 double bonds and 20 C atoms are shown in Fig. tomic orbital at site, |; is the ionization potential at atomic

and employed in our calculations. The latter choice is necessite|, and—Z;R;; accounts for the attractive Coulomb inter-

sitated by the extreme computational effort to describe thction with another atomic sije The third term in Eq(2.21)

w,7* states of lycopene. The approximation is not expectediescribes the coupling between different atomic orbitals; it is

to introduce qualitative errors in the predicted |y00penenonvanishing for nearest-neighboring orbitals only, and is
— BChl excitation transfer rates since a small difference ingyajuated according to the empirical form{iel]

the length of the conjugated system leaves the symmetry
properties of the transition density matrix elements un-
changed and introduces only small quantitative changes. We
calculate transition density matrix elements employing two
lycopene analogue structures, Lyfz, and LYG,,. Yo is @ constant and;; is the distance between the nuclear
LYC4own COnsists of the 20 lycopene C atoitielonging to  sitesi andj. The fourth term in(2.21) accounts for the Cou-
the conjugated systenthat are closest t8850 BChl's and lomb interaction between ther electrons and, following
LYC,, of the twenty lycopene atoms closerB800 BChl's.  [14,17], is expressed by the Ohno formula

All coordinates are taken from the x-ray structure of LH-II of

C. Carotenoid and bacteriochlorophyll electronic states

tij=yo+3.21(r;;—1.397 A). (222

Rs. molischianum 2 ,27-12
) - . . 2X14.397 e r
The calculations of the BChl transition density matrix el- R;=14.397 eV —\j +ﬁ}
ements are based on the geometry of a symmetric BChl ana- Rii +Rjj
logue (Fig. 5 rather than on the x-ray structure. This ap- (2.23

proximation allows one to identify th®, and Q, states.

(Identification of theQ, state of the asymmetric BChl as The semiempirical parameters for the PPP Hamiltonian are
taken from the x-ray structure is precluded since in this casésted in Table I.

these states mix strongly with higher-energy excitations. A self-consistent field configuration interacti¢8CF-C)

In describing the electronic states of BChl the effect of thecalculation was performed including single excited
central magnesium atom has been taken into account by ada@-electron configurations for the triplet carotenoid states as
ing two electrons to the conjugated system of the tetrapyrrowell as for all bacteriochlorophyll states. Since the singlet
ring. carotenoid EAQ state is dominated by double excited con-

For the required electronic states we choose a semiigurations[42], a basis set including both single and double
empirical description as provided by the Pariser-Parr-Poplexcited configurations was employed for the carotenoid sin-
(PPB Hamiltonian[41] glet states. The large size of this basis for a polyene with



PRE 59 ENERGY TRANSFER BETWEEN CAROTENOIDS AN. .. 3299

eleven double bonds, namely, 7503, suggested the use of a 0 e .
10-bond analogue of lycopene in the calculations below. Uga=22 X (¢irdj/|drids)Mp(i’,j")°Ma(R',S")

w-electron states of polyenes obey a,Gymmetry that ot

involves 188 rotation about the symmetry axisymmetry
i i - ~ 5% T o= (12 e (L

labelsA,B) and the inversion at the symmetry centgym -2 E E (P ¢j|¢R¢s)S.,i(fl 2>Sj‘j<,1 2)
metry labelsg, u). The overall symmetry of th&l electron i1 RSR' .S
states(hereN is the number of C atoms of the conjugated elp ela
system is eitherAq or B, [15]. Besides the spatial symme- w5 (V25 (1/12)0 N .
try, the PPP Hamiltonian of pure polyenes exhibits the so- Srer Sss Mpli%])"MAR',S)
called alternancy symmetrisee also Appendjx according ~ e o o
to which ther-electron states are characterized as™and :2%: ;S (¢i9j| preds)°Mp(i,i)°MA(R,S), (2.26
*“ —" [41,17. Accordingly, the carotenoid states involved in elp ela

our calculation are IabeledlAg for the ground state,lAg_
for the optically forbidden singlet state!B. for the opti-
cally allowed singlet state and®®, for the lowest energy

ORA (i i) — —(1/2) o= (1/2)0 Sro
triplet state. Singlet +” states are reasonably well de- MD("J)_iZj, S Si,i’ Mo(i"j"), (2.2

(N

scribed in terms of singly excited-electron configurations elp

only, while singlet “—" states require single and double

e_xcned c_onﬂguraﬂ_ong for their d_escnptlcEnZ]. An inclu- _ O (R, S)= D SE(S{Z)SQ(S%IZ)OMA(R',S')- (2.29
sion of higher excitations, e.g., triple and quadruple excita- RS '

tions, is required to determine quantitatively the energy gaps ela

between the electronic states of polyefie®,17], but are not Similarly, expression2.16, 2.1 become
needed to capture the essential character of the low-energy ’ B

polyene electronic excitations as it relates to excitation trans-

ex _,__ 1+1 . .
fer rates. Below we will employ the electronic wave func- pa=(—1) ZiZ, RZS, (bi' P | dribjr)
tions obtained solely for the purpose of evaluating the tran- E'|JD el

sition density matrice$2.19,2.20. x Mp(i',j") ' MAR,S')
D ] A )

D. Transformation to nonorthogonal orbitals =(—1'12> > (?&@Sﬁﬁ,@ﬁj)
] RS
Coulomb and exchange couplindsy  [Eq. (2.18] and elp €l

ex .

ba [Egs.(2.16,2.17], are expressed in terms of orthogonal =
atomic orbitals. Standard procedures of calculating Coulomb X Mp(1,))Ma(R,S), (2.29
and exchange integrals (¢j|¢rps) and (dids|drd;).  wherel=0 for singlet excitations anti=1 for triplet excita-
however, involve nonorthogonée.g., Slateratomic orbitals  tions. Expressionf2.26) and(2.29 show that the couplings

|?¢'Si), related to the orthogonal orbitdlg;.) as can be expressed equivalently in terms of orthogonal and
nonorthogonal atomic orbitals. Since we calculate the Cou-
[3)=> STlbin), (2.24 lomb and exchange integrals ${p;|drds) and
i!

(¢idd drb;) in terms of nonorthogonal orbitals, the transi-
tion density matrix elements need to be calculated for non-
) orthogonal orbitals as well. These matrix elements have been
or inversely evaluated according to expressi@h27,2.28 and are, for
different states and pigments, shown in Figs. 6, 7, and 8.

—(12)~ E. Evaluation of two-electron interactions
|piry=2 Sl,i('12)|¢i>- (2.29 o

' The matrix elements<;§i¢j|gbR¢s), arising in the Cou-
lomb term(2.26), can be expressed quite accurately in the

Mulliken approximation

(B Bbe)= (B ) + (Bl B

Here S,lf (S{i(,llz)) are elements of the square rasguare

root to the minus oneof the positive definite nonorthogonal

atomic orbital overlap matri§; ; =S, ;=(b;/|$;). As sug-

gested in[43] we takeS; ;, to be 1 wheni=i’, 0.27 when o~ — o~

atomsi and i’ are joined by a chemical bond, and zero +(pjdi|drdR) + (DD psbs) 1.

otherwise. (2.30
Employing Eq.(2.25 expression2.18 can be rewritten

in terms of nonorthogonal orbitaldiere we use dummy in- HereS;; (Sg9 are the elements of the atomic orbital overlap

dicesi’, j’, R’, andS’ to number orthogonal atomic orbit- matrix as defined in the previous section. One can approxi-

als, andi, j, R, andS for nonorthogonal orbita)s mate further G, é:| prdr) =€*Rir, etc., whereRig is the




3300 ANA DAMJANOVI(f, THORSTEN RITZ, AND KLAUS SCHULTEN PRE 59

(a) 1lBu+ direct electron exchange couplings betweensthgystems of
oy on 00 6n  on  on  on 0 @ the chromophor.es also the electron exchange coupling medi-
s6 49 40 20 06 26 38 .51 55 ated through bridge atoms.
(-50.2) % (-64.4) % (77.9) 5 (-88.5) % (-89.7) % (-86.2) % (-T5.7)% (-58.6)% (-40.1)% (-19.9) : Toti ;
300 5655 w0 97 L0s %913\ 768\ 94 | 407 % 208 A bridge consisting of two atom®8 (elt_her hydrogen
S > > 3 X > > > N or carbon, located between th€(2w) orbitalsi and R,
J22 Ja03 506 743 /857 944 /887 801 eas  /s04 is d ted a<.(27)—B B —Cuo(2 h
J@s) fesm) S688) [34) @48 [ 930) [@B1.6) (089 a0 /(506 !S enoted a<C;(2) i(H,C)" " " PR(H,C) r(2m) where
48 36 35 6 68 00 28 29 a0 47 i(H,C) andR(H,C) are indices for hydrogen or carbon at-
) 00 00 0n 00 06 eh  an  0h 60 oms bonded to atormisandR. The effective coupling through
(b) 21Ag' such a bridge can be expressed 44,45
154) (589) (1193) (170.5) (199.3) (188.8) (130.9) (68.5) (18.3)
157 606 1232 1758 2058 1955 1349 707 187
©0) % 00 0.0) (0.0) o0 5 (0.0 (0.0) (0.0) (0.0) 0.0) off B ~ -~ _ _
02 G 12 03 %23 %84 % 84 11 88 489 % 22 B :E(¢i(H,C)¢R(H,C)| ¢R(H,C)¢i(H,C))E!

)

H 4 4 ! H ! h ) s 4
Jon o fanfan fon Jan fas o fa /& (2:32

-1.0 =235 «61.6 -105.0  -134.9 -1433  -1144 -70.7 -27.9 27

(-L7) (-239) (-61.2) (-103.7) (-132.9) (-140.9) (-113.0) (-70.1) (-28.3) (-34)

where 8 is the through-bond exchange interaction between
the C(27) « orbital and the bridge orbital, typically about
0.1 eV, and wheréE is the difference between the energy

of the C(27) and the bridge orbitals which is assumed to be

FIG. 6. Transition density matrix element&V(i,i) and
OMp(i,j)+°Mp(j,i)(i#]) in units of 103, as defined in Egs.
(2.27,2.19 for (a) the 2'A; —1'A; transition and(b) the 1'B;
—>11A§ transition of lycopene (LY, - Transition density ma- ~ ~ ~ ~
trix elements expressed in orthogonal atomic orbitals defined in Eq8 €V; (¢i(H,C)¢R_(H,C)|¢R(H,C)¢i(H,C)) denotes the electron
(2.19, i.e.,°Mp(i,i) and°Mp(i,j)+°Mp(j,i)(i#]) are shownin  €xchange coupling between the two bridge atomic orbitals.
In case of a bridge consisting of a single atom, e.g., for
Ci(27) —Bjn,c)- - - Cr(2m), EQ.(2.32 can be expressed as
(44,49

brackets. Numbers on atoms corresponditby (i i), while those
on bonds correspond &M (i,j) +°Mp(j,i) (i #]).

distance between atomic centérand R and use alsdR;g
+Rig'+ Rz +Rg'~4R s, WhereR;; gs is the distance P
between the midpoint of atormisandj and the midpoint of Beff=— (9, brl Prbi ), (2.33
atomsR andS Accordingly, we adopt in our calculations the AE IO Rl Prdicnc)
approximation, suggested also[i&7],
o~ € ) where in.c)Prl Prébin.c)) is the electron exchange cou-
(‘/’i‘f’”‘f’Rd’S)_Sﬂj Ri; RSSRS' (2.3) pling between the bridge atomic orbital and Gé2) or-
’ bital.

The exchange coupling decays exponentially with dis- [ncluded in our evaluation of bridge-mediated electron
tance and, therefore, the strength of the coupling depend®xchange are all bridge atoms that are directly bonded to the
sensitively on the separation between donor and acceptor a& Systems. The positions of carbon atoms were obtained
oms. One must note in this respect that bridge atoms ndfom the x-ray structure, while the positions of hydrogen
belonging to the conjugated-electron system, but bonded atoms were modeled using the prograyuAnTA [46]. In
to it, can mediate electron exchange. Figure 9 shows thatrder to account for both direct and bridge-mediated contri-
several atoms at the edges of lycopene and BChl can fundutions to the exchange coupling, the exchange integrals
tion as bridge atoms. We include, therefore, in addition to( ¢; | prep;) in Eq. (2.9) were replaced by

@ Qy ® Q,

352 0

FIG. 7. Transition density matrix elements
OMA(R,R) and °MA(R,S)+°MA(S,R)(R#S)
in units of 103, as defined in Eqs2.27,2.20
for (a) the Q,— ground state transition an(h)
the Qy— ground state transition of bacteriochlo-
rophyll analogue. Numbers on atoms correspond
to °M A(R,R), while those on bonds correspond
to °M A(R,S) +°M A(S,R)(R#S).
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b) Ty

0.0 0.0) (-0.1) -6.1) (01) (0.1) (0.1 ©.0) (0.0)
9.8 -8.5 <72 -4.2 -4.1 5.0 71 921 104

(55.4) (89.8) (119.7)"'1 (146.1)\‘-,. (158.0)‘:.. (168.4):"-.. (146.5)‘:,‘ (113.5)"‘-.. (77.2)"'-._‘ (35.0)
554 1932 % 1243 G 1521 % 1641 G 1759 1529 G 1185 809 . 368
1 i) L) A 1 b

L) L) Ll
,4\ 4 ) 4 ) 4 ¢ 1 ‘ )
£330 /723 /1093 /1376 /-1568 /-1815 ;-1617 [-1369 /-1020 627
£ (314) / (:69.0) /(1047 (-131.9) / (-150.7)/ (173.7)/ (-155.5)/ (-1318)/ (983)/ (-62.7)

6.0 6.1 5.6 37 28 0.1 -4.4 54 -6.8 6.6
0.0) 0.0) 0.0) 0.1) {0.1) 0.0) {0.0) 0.0y (0.0 0.0)

FIG. 8. Transition density matrix element®) Mp(i.j),
OMp(i,j)+Mp(j.i)(i#]) in units of 1073, for the triplet —
ground state transition of bacteriochlorophyll analogue &od
IMA(R,S), ‘M A(R,S) +°M A(S,R)(R#S) in units of 1073, for the
triplet — ground state transition of lycopene (LY&, ). The ma-

trix elements have been determined according to Ey87, 2.19,
2.20.

(E’ias@R?f’j)TOTAL
= (H’i:f’SW’RH’j) + (&(H,C)&S@R&NH,C))A’% Sij
~ ~ ~ ~ B
+(didr.c)l ¢R(H,C)¢j)ﬁ Srs

- - ~ - B \?
+(¢i(H,C)¢R(H,C)|¢R(H,C)¢i(H,C))<E> 5i,j5R,s-

(2.39

The quantities &;dg drdj), (Pin.c)PslPrdin.c).
etc., arising in expressiof2.34), account for electron ex-
change involving the atomic orbitals j, R, andS for the
first exchange integral in E¢2.34), ori(H,C), R and S for

@ (b)

FIG. 9. Geometry of closest contacts between chromophores in
LH-1I of Rs. molischianumincluded are atoms belonging to the
conjugated systerfconnected by thick bongdsnd atoms in direct
contact with the conjugated systeigonnected to the latter by thin
bonds. All nonhydrogen coordinates are taken from the x-ray struc-
ture of Rs. molischianuni10], while the hydrogens were modeled
with QUANTA [46]. Carbon atoms are in black, hydrogen atoms in
light gray. Distances between the conjugated systems are indicated
in A. The distances betwee850a’ BChl and lycopendgb) are
short enough to insure efficient photoprotection. Due to larger dis-
tances between 800 BChl and lycopef@ and betweerB850h
BChl and lycopendc), these BChl's are not efficiently photopro-
tected. HoweverB85( BChl can transfer excitation energy effi-
ciently to the closéB850a BChl (d).

Here z is a unit vector in the direction of ther orbital
(r-z=rcos). The coefficients in(2.35 were determined in
[47] as: a;=0.00847, a,=0.17442, a;=0.45191, a,
=0.43645, @;=6.827, a,=2.779, a3=1.625, and a,
=1.054, in atomic units.

To calculate the exchange coupling in E8.9), we ex-
pand the &, 2s, and 2w valence orbitals in terms of Gaus-
sians since the exchange integrals involving Gaussian orbit-
als can be expressed analyticall$8], rendering quick
calculations of three- and four-center integrals possible. The
H(1s) and C(3) orbitals(of atoms bonded to the conjugated
carbon$ are expanded in terms of three Gaussians,

the second exchange integral, etc. These exchange integrals _ 3 )

depend sensitively on the shapes of atomic wave functions. ¢’(1s(23))=2 ci(2y; /)3 ", (2.36
Instead of exploiting single Slater orbitals which decay too =1

quickly with distance for a description of the carbon atomicyyith, coefficients (in au) [48] c,=0.444635, c,

2p wave functions, we employ SCHZr orbitals that have
longer “tails” and are more accura{@7],

5
$(SCF aoW):F-i_Zl ai(allm) e . (2.35

=0.535328,c3=0.154 329,v,=0.168 856,y,=0.623 913,
v3=3.42525 for theH(1s) orbitals, andc;=0.700 115,
c,=0.399513, c3=-0.0999672, v;=0.22229, vy,
=0.683482,y;=2.941 25 for the C(8) orbitals.

The SCF d orbital (2.35 was approximated by a linear
combination of sums of twe orbitals displaced from the
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center of the P orbital by =B; along the axis of the unit this strong coupling, electronic singlet excitations form com-

vectorz which accounts for the orientation of theorbitals ~ Pletely delocalized excitons in the absence of disof8ét.
2.37. All 7 orbitals within one chromophore were taken to In our calculations we employ an effective Hamiltonian de-
be oriented in the same direction. For the carotenoid LYCScribing excitons delocalized over the entire ring. This has to
(with the coordinates of LYC1 in the Protein Data Bank be considered an approximation since static and dynamic
and BChI'sB850a, B85(b’, B800, andB800* employed in  disorder disrupts the coherenfy2]. The suitability of such

our calculations and depicted in Fig. 2, the unit vectprs approximation is further analyzed in the discussion.
were taken in the, y, X, z, andz directions of the labora- An effective Hamiltonian, limited to th@, excitations of

. : : the individual BChl's, has been constructed and described in
tory frame, respectively. To describe properly the tails of th . L X ;
SCF 27 orbitals it is not sufficient to use a linear combi—egf%‘ctithee::ﬂﬁtssi;gegg}']?gigzihn;i{{éxmrgﬁt;esemat'on of the
nation of three % type Gaussians as for the H{)land C(3)

orbitals. Instead, the SCFpZr orbitals were approximated a))=1(9) o 1(9) $al Qy) s 1() - - - ().
by means of five & type Gaussians (2.39

5
~ _ 314/ o Bi(T—B;-2) Here, ¢;(g) describes thg¢th BChl in the electronic ground
@' (SCFapm) =2, bi(2;/m* (e state andj,(Q,) describes therth BChI in theQ, excited
R, state; N is the number of BChl's in the aggregate, i.e., 16-in
—e AT TBi-9% (2.37  case of theB850 system oRs. molischianumDue to pair-
wise dimerization of BChl's in LH-II, the spectrum of the
The coefficients in Eq(2.37) were determined by a minimi- Hamiltonian displays only arN-fold symmetry, featuring
zation of they? difference between functions(SCF ) four nondegenerate statesE,=11482 cm?!, Eg
as defined in Eq(2.359 and$' (SCF 2pm) as defined in Eq.  =12863 cm*, Eg=13715 cm*, E;=14046 cm ') and
(2.37). X% is twelve pairwise degenerate statds, =117 65 cmt, Ess
=12250 cm?, E617= 12676 cm 1, Eloiu: 13794 cm %,
~ Ei51713922 cm ", E1415=14012 cm *) [12]. The corre-
X(bi,Bi ’Bi):Z % [#(SCF 2om) sponding eigenstates of this Hamiltonian, the so-called exci-
tonic stategexcitong, are represented generically,

— @' (SCF 2om,b; ,B8;,B;)J?Ar Acoss, N

(239 Im=2 Coalla)). (2.40
and is considered on the intervals of 1 asr <15 a.u., 0

<cog<1. Indicesr and cog indicate that the sums run over Here, C, . are the expansion coefficients as characterized in
a large number of divisions alongand co# of length Ar [12].

and Acoss, respectively. The minimization of*(b; , 3;,B;) Singlet excitation transferred from lycoperfer B80O
with respect to parametebs, 3;, andB;, yielded the values  Bchl) towards theB850 BChl's is not absorbed into elec-
b,=0.354 20, b,=0.53064, b;=0.00311, b,;=0.00015, tronic excitations of individual BChI's, but into excitonic
bs=0.62191, B;=2.75841, 8,=0.566 44, 53=0.04532,  states. The Coulomb coupling@.8 between the carotenoid

B4=0.005859, B5s=0.09818, B;=0.343077, B, state|¥,) and the excitonic statgn) is
=1.627 830, B;=0.000 037, B,=0.000001, Bs

=0.597 397. The minimization was performed employing a 2

gradient method in 15-parameter space, using the minimiza- U ,(n)=>, Cn, > Sij e—SRS
tion packageminuIT [49]. g 1fRs " Rijrs(@)
To check the accuracy of the approximations used to cal-
culate the exchange integrals, we compared the approxi- X(¥E| > CiT,,Cj,r|‘I'D><<a||E CRoCsoll0)),
mated exchange integrals to the exact two-center exchange o o
integrals for Slater orbitals ifi50]. For H(1s) orbitals, the (2.4

approximated exchange integrals agree within 1% to the val-

ues in[50]. The approximated @ and 2pm exchange inte-  \yhere||0) represents the electronic ground state of the BChl
grals reflect the same distance dependence as the eXChar}ﬂfgregate.

integrals in[50], but are between a factor of 2 and 4 t00 | “case of energetically degenerate exciton states
large. Since various exchange integrals can cancel ea 1,M,), excitation can be absorbed into any linear combi-
other, the factor 2—4 represents an upper bound for the ovef,tion cos ||my)+siny||m,) of these two states. We choose

estimate of the exchange coupling due to the above approXjpat combination which renders the resulting coupling,
mations.

. L Upa(my,my)=cosy Up(my) +siny Upa(my)
F. Couplings to excitonic states (2.42)
Electronic excitations in the ring of LH-II's 16850
BChl's are strongly coupled because of the close proximitynaximal. This combination is defined through the angle
of neighboring unit§Mg-Mg distance 8.9 or 9.2 ADue to  specified through
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TABLE II. Spectral overlap integraldp, as defined in Eq(2.1) in units of eV ! for the states involved
in singlet-singlet excitation transfer. Values &k, smaller than X 10~ eV~ ! have been set to zero.

2'A; 1B Qy (B800) Q, (B800)
E; 1.1 7.6x10°8 0.12 0.
E,s 14 2.0x10°° 1.2 0
Eus 1.9 1.2x10°4 8.8 0
Ee 7 2.3 4.7%x10°4 7.4 0
Eg 2.4 8.3x10™4 3.9 0
Eg 2.2 8.7x10°3 25x%x10°3 0
Ei011 2.2 1.1x10°2 0 0
Ei213 2.1 1.5x10°2 0 0
Ei415 2.0 1.8x10°2 0 0
= 2.0 2.0x10°2 0 0
Q, (B850) 6.4x10°2 1.6 0 6.9
Q, (B800) 6.4x10°2 1.6
Q, (B800) 2.2 2.7x1072
c c do not influence the features of the fluorescence spectrum
tan2y= 2Upa(My)Upa(Mz) ) (2.43 significantly, as shown ifi54]. Following the suggestion of
CDA(ml)2— CDA(mz)2 [27] for the 21A; state emission spectrum we assume an

equivalence to the emission spectrum of siphonaxanthin in

In the following we introduce a single indew to enumerate | | f
7 I
the degenerate states; andm, and replaceJp(m;,m,) g'fsél[gg] :rr:]_dlemp oy arp value of 760 nm and Bp value

by Uga(m). In_ this manner we will relabgl th_e states such Singlet-singlet excitation transfer B800 BChI
thafc only one index labels a linear comblnatlﬁyqnth Y a8 B850 BChl can occur either through th@, state or
defined by Eq(2.43] of two degenerate states, i.e., we Will 5 g, theQ, state. The absorption spectrum of B850
count subsequentl_y qnly states W.'th d|fferent_energy._ BChl's is the same as in case of the lycoper®850 exci-
The rate of excitation transfer into excitonic stfe) is tation transfer. The emission spectrum of @gstate of the
20 B800 band in LH-II ofRb. sphaeroidebas been measured in
Kpa(n)= 7|uDA(n)|2 f Sp(E)San(E)dE, (2.44  [56], with a peak at 805 nm and a width of 230 ¢t To the
best of our knowledge, the emission spectrum of@jestate
has not been measured in light-harvesting complexes. To
characterize th&), emission spectrum we assume that the
ratio of the widths of th&, andQ, state emission spectra is
Kpa= zn: kpa(n). (249 the same as the ratio for their absorption spectra which yields
al'p value of 620 cm®. We also assume the same shift of
) the Q, andQ, emission maxima compared to their absorp-
G. Spectral overlap integrals tion maxima, which leads to ay value of 595 nm for the
To calculate the spectral overlap integrals in expressio, state ofB800 BChl.
(2.1,2.44, Epn) and I'ps) for the involved states are The spectral overlap integrals for the various singlet-
needed as parameters. We consider in this regard first tisinglet excitation transfers are listed in Table II. For triplet-
carotenoid- BChl singlet-singlet excitation transfer, with thetriplet excitation transfer we assume a spectral overlap inte-
participating £B;) , 2'A; , Q, andQ, states. From the ab- gral of 1 eV ! as suggested if27].
sorption spectrum of the LH-II dRs. molischianumeported
in [53], one obtains for th€), spectrum arE, value of 590 Il. RESULTS
nm and al", value of 1240 cm?, whereas for th&®, spec-
trum the widthI", is determined to be 460 cm [53]. The
Ea values of theQ, exciton states are presented in the pre-

vious section. Thé', values for the exciton states have been(2.2@ and exchangé.29 coupling and the associated rates

assumed the same as for Qg states of individual BChl's, of excitation transfer. Below we present the transition den-

an assumption that is certainly an oversimplification. To de—sity matrix elements for the lycopene and BChl analogue

scribe the emission spectrum of lycopene we employ theem loyed in the calculations and the electronic couplings
available parameters for spheroidene in LH-1I &b. ploy ping

sphaeroide$11], namely, arEp value of 550 nm and &, and rates for different transfer pathways.
value of 3100 cm? for the 1B state. The use of spheroi-
dene, which has ten conjugated double bonds instead of ly-
copene, which has 11 conjugated double bonds is justified Figure 6 shows the transition density matrix elements
since small changes in the length of the conjugated systenf(i,j)+°Mp(j,i) (i#]) and °Mu(i,i) for the caro-

while the total excitation transfer rate is a sum

The atomic level structure of LH-1I oRs. molischianum
revealed the relative arrangement of lycopenes and BChl’s in
the protein; this permitted us to determine the Coulomb

A. Transition density matrix elements
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tenoid I'B; and 2'A; states as calculated from expressions R -

(2.27,2.28, i.e., employing the nonorthogonal atomic orbit- dp= \/EEZ rijSiMo(isj), 3.4
als. The transition density matrix elementtMp(i,j) !

+OMp(j,i) (i#j) and °M(i,i) [Egs. (2.19,2.20] ex-

pressed in terms of orthogonal orbitals are shown in brack- da= 126>, rRSrMA(R,S). (3.5
ets. The alternancy symmetry of polyenes is reflected in the RS

vanishing °Mp(i,j)+°Mp(j,i) values for the 3B
HzlAa transition for bonds j(=i*1) and those of the
2'A; —1'A; transition in the vanishindMp(i,i) values.
The observed selection rules are derived in the Appendix. co=v2e> Mp(i,i) (3.6
The slight deviation of positions of lycopene C atoms from '

those of perfect polyenes is not destroying the alternanc&nd using Eq(2.12 together with1=3, cf ¢ and the
y \L. L,o¥lo¥lo

symmetry, since this deviation concerns only the off- , * i
diagonal matrix elements of the PPP Hamiltonian. A changémhoqon"JlIIty of[¥5),[¥p), one can show that the mono

in the diagonal elements, i.e., ionization potentials of C at-pOIe Cp vanishes. The same holds fox. This property of

oms, would, however, result in disruption of alternancy sym-CD and Ca 1S expecte_d and |_mplles t_hat th? leading term of

metry. the m_ultlpole expansm(B.l) is the dipole-dipole term, i.e.,
Figure 7 shows the transition density matrix elementsthe th'rd and fourth terms in EG3.1). We note.that _only the

OM (R.S)+MA(SR) (R£S) and M, (RR) for the consistent use of nonorthogonal atomic orbitals in calculat-
A ’ A y A )

. ing Ug 5 reproduces this result; if one employs a combination
BChl Q,— ground state an@,— ground state transitions ~— i~ ~ . .. . .
as calculated from expressié®.28 for the symmetric BChl  Of (#i¢jldrds) with transition density matrix elements
analogue(cf. Fig. 5). Mp(i,j) andM4(R,S) rather thanMp(i,j) and Ma(R,S),
The transition density matrix elements for the BChl andthe monopole terms do not necessarily vanish and grave er-

carotenoid triplet— ground state transitions are shown in rors result. . . .
Fig. 8. In a similar fashion one can derive using E¢&27) and

notationr;, =r;,

Employing Eqs(2.27,2.28 one can verify

B. Transition Dipole Moments
Expression (2.26 with the Coulomb integrals 5D=Z er,Mp(i,i), 3.7
(¢ bl prbs) given by Eq.(2.31) can be expanded into a '

multipole series, which in turn is equal to the well-known expression for the

. - transition dipole moment,
CaCp Rp—Ra

[Ro—Ral  [Ro—Ral®

C

DA™ '(CAaD_CDaA)

aD:<‘I'B|Ei en|¥p), (3.9

+—=——-—{caldp- (Rp—Ra)]?
2|Rp— RAIS{ Aldo-(Ro=Rw)] whereﬂ is the position of atoni. One can derive an equiva-
- = = -~ = = lent result ford, as defined in Eq(3.5).
~2[do-(Ro=Ra)][da"(Ro—Ra)] The calculat%d transition dip(;qle moments of the different
_ electronic states of lycopene and BChl's in LHRE. molis-
[(caldpl|?) chianumare shown in Table Ill. As expected, thé4, state
dipole moment vanishes within the precision limited by er-
rors in the atomic coordinates. The calculated transition di-
(3.1)  pole moment of 1B, agrees well with the experimental
value of 13 Debyd57]. The value of the transition dipole
L. .. . moment ofQ, agrees also remarkably well with the experi-
which converges rapidly for; —rrd<|Rp—Ra|. HereRp  mental value of 3.29 D; however, the calculated value of the
andR, are centers of mass of the donor and acceptor moltransition dipole moment of, exceeds the measured value
ecules, respectively, ang (rrg are distances of midpoints of 6.13 D[58] by more than a factor of 2.
of atomsi(R) and j(S) from ﬁD (ﬁA); Cp andc, are the
monopole moments of donor and acceptor defined through C. Lycopene-BChl singlet excitation transfer

+Cp[dar (Ro—R) 1D — —=——=—
2|Rp—Rpl®

_zaD'aA+(CD|aA|2)]+O

[Ro—Ral*

Table IV provides the coupling termdg:° and associ-
co=v2e2, S;Mp(i,j), (3.2  ated transfer rates for the'B; —Q, and 2'A; —Q, exci-
h tation transfer from lycopene to different BChi'shown in
Fig. 2. We consider only coupling of the LY. to the
ca= 26> SedMiA(R.S), (33 B850 BChl's and of LYG, to the B80O BChl's. B
RS —Qy and 21Ag — Q, excitation transfers are not considered

R . since the rates are negligible due to small spectral overlap
anddp andd, are the respective dipole moments, (Table 1I).
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TABLE lll. Transition dipole moments in Debye for subunit one of LH-1I RE. molischianumcalcu-
lated according to Eq$3.4, 3.5. In case of lycopene we present the results for Ly only.

Pigment(state d, dy d, |d|
LYC (2'Ay) —0.002 0.001 0.000 0.002
LYC (1'B}) 2.577 10.598 —10.444 15.101
B85Ga (Q,) —13.777 —1.838 —-3.771 14.402
B850 (Q,) 0.006 —0.145 —3.383 3.386
B85 (Q,) 12.972 4.686 —3.896 14.332
B85Mm (Q,) 0.073 —0.242 —3.396 3.406

B800 Qy) 10.738 9.282 —2.117 14.351
B800 (Q,) —0.905 2.793 1.712 3.399

The exchange couplings between lycopene and its closest The largest rates are found for transfer from thd 1
four BChl's have been calculated according to expressiortate to theQ, band through the Coulomb mechanism. The
(2.29, (with I=0) and the Coulomb couplings according to most strongly coupled BChl's a®850a’ andB80C* BChl,
expreSSior(Z.ZG)'. The transfer rates f0r' the eXChange and thqhe two BChI,S positioned C|Osest to the |ycopene_
Cpulomb coupllrjg have been det.ermln.ed t.hen from expres- Tne ZlAgaQy pathway, is more than 100 times slower
sion (2.1) assuming that the ngpmgm Is either only due ) e 1B —Q, pathway with the excitonic structure of
to exchange COUplmgL(DA: o) Or only due to Coulomb Q, band speeding up the rate of excitation transfer only
coupling Uppa=Up,) and using the spectral overlap inte- slightly.

grals listed in Table II. The transfer rates through exchange coupling for the

Because of the excitonic nature of tB850 Q,, band, the 1+ ; .
. Y 1'B, — Qy pathway are predicted at least six orders of mag-
transfer rates for Coulomb coupling to tiB850Q, band . :
; y nitude smaller than those through Coulomb coupling.
have also been calculated according to express#b).

Table V lists the couplings between lycopenéB] and
21A5 states and the individual excitonic states as evaluated
according to expressior{2.41-2.43 using the spectral over- Table VI provides the coupling energiek,, and associ-
lap integrals listed in Table Il. The transfer rates to @g  ated transfer rates for the different possible pathways from
exciton band are given by the sum of the transfer rates to thB800 BChl to its closedB850 BChl. The couplings and rates
individual exciton state$2.44) and are provided in Tables were calculated as for lycopei850 BChl coupling, except
IV and V. that the donor states were given by 800 BChIQ, and

D. B800 BChI-B850 BChl singlet excitation transfer

TABLE IV. Couplings (in eV) and transfer rate¢in Hz) for the 1'B;-Q, and 2A;-Q, excitation
transfer pathways from lycoperieYC) to different BChl's(shown in Fig. 2. The couplings are calculated
according to Eq92.26,2.29. The rates are calculated according to Eg1) assuming that the couplindpa
is either only due to exchange couplibig,o=Uga or only due to Coulomb couplingp,=Ug, . Because
of the excitonic nature of thB850 Q, band, the transfer rates through Coulomb coupling are also calculated
according to Eqs(2.42—-2.4%. The corresponding couplings to the different exciton states are listed in

Table V.
1'B; Qs 21A;-Qy

BChl |UBal k(Upa) |UBal k(Uba)
B850a 2.2x10°3 7.3x 10 1.6x10°4 3.4x10°
B85 5.4x1073 4.4x 101 2.9x10°° 1.1x 107
B85’ 1.8x1072 4.8x 102 4.7x1074 3.0x 1¢°
B85’ 5.8x10°° 5.1x 10 2.4x10°° 7.6x10°
Exciton see Table V 4910°
B80O 1.6x10°2 4.0x 10%? 2.1x10°4 9.0x 10°

B800 2.8x1073 1.2x 104 3.7x10°° 2.8x 10

BChl |UBal k(UBh) |UBal k(UBa)
B85 1.4x1071° 3.2x10°4 4.1x10710 2.2x10°8
B850’ 2.9x10°° 1.3x10° 45x10°° 2.8x10°
B80O 6.8x10°8 7.0x 10 7.3x10°8 1.1x 107

B800 2.2x107° 7.7x10°2 1.8x10°° 6.5x 102
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TABLE V. Coulomb couplingdin eV) and transfer rate§n Hz) between the singlet lycopene states and
the exciton states of thB850 BChlQ, band.

Exciton |UBAl k(UBa) |UBAl k(UBa)
State (2'Ay) (2'Ay) (18 (1B
E; 7.1x10°% 5.8x 10° 1.8x10°2 2.3x10°
Ess 1.3x10°4 2.2x10° 2.0x10°2 7.7x10°
Ess 1.7x10°4 5.5x 10° 2.2x10°2 5.8x10°
Ee7 2.0x10°* 8.5x10° 2.3x10°2 2.4x10°
Eg 1.4x10°* 4.2x10° 1.6X10 2 2.0x10°
Eq 1.8x10°* 6.8x10° 6.4x1073 3.4x10°
E1011 2.3x1074 10.9x10° 8.6x1072 7.7x10°
Eis13 1.8x10™* 6.3x10° 7.4x10°° 7.8x10°
Ei41s 1.3x10°4 3.4x10° 7.4x10°°8 7.8x10°
Eig 8.3x10°% 1.3x10° 1.9x10°3 7.0x10°
b 4.9x10° 3.2x10%

Q, states, instead of the lycopenéB[ and 21A5 states. eleven and six orders of magnitude slower. HoweB&50
The couplings betweeB800 andB850 BChl's are listed in BChl can transfer triplet excitation energy to its closest
Table VI. Couplings between states that are not listed ar®850a BChl within 3.5 ns making indirect transfer possible.
negligible.

Besides the couplings to individuBB50 BChl states also IV. DISCUSSION

the couplings to the different exciton states of the o . - :
B850 BChIQ, band are listed in Table VI. The rate for Excitation energy in photosynthetic light harvesting flows

transfer to the exciton band, given as the sum of the transfdimavily in the form of chlorophyliQ, excitations at near-
rates to the different exciton states, is ten times faster theffiffared energies. The carotenoids fuel this stream with pho-
the transfer rates for transfer to an individuz850 BChl.  tons absorbed in the middle of the visible spectrum and em-

Exchange coupling has not been investigated sB&e0 and ploy for that purpose a short lived, but strongly allowed

B850 BChl's, with a closest Mg-Mg distance of 19 A, are 1'B, state and a low-lying optically forbidden'a; state.
out of range of the Dexter mechanism. The exact contribution of the two states to the excitation

transfer and the mechanism of excitation transfer are subject
of debate with different mechanisms and pathways being
proposed in the literaturesee, e.g.[12,20,30,59,6D.

Table VIl provides the coupling energiésy, and asso- The calculations in this paper predict that, for the case of
ciated transfer rates, calculated according to Eg<29 (I LH-II of Rs. molischianumthe singlet excitation transfer
=1), and (2.1), for triplet excitation transfer from three proceeds through the Coulomb and not the electron exchange
BChl's (B800,B850a, B85, cf. Fig. 2 to the closest ly- mechanism. For all excitation transfer pathwdysble 1V)
copene(LYC). B850a BChl transfers triplet excitation en- the Coulomb coupling exceeds the electron exchange cou-
ergy to this lycopene within 0.4s while transfer from pling by a factor of 10([21A§—>Qy (B850') transfef to
B850 and B800 BChl's to lycopene are, respectively, up to 10[1'B; —Q, (B85M) transfel, which means that

transfer rates through Coulomb coupling exceed transfer

TABLE VI. Coulomb couplings(in eV) and transfer rategin rates through exchange coupling by at least four orders of
Hz) for the different singlet-singlet excitation transfer pathways magnitude.

E. Triplet excitation transfer

from B800 BChl to B850 BChl. Only couplings betweeB800 Due to vibrations of the protein the positions of the chro-
BChl and theB850 BChl to which the former is most Strongly mophores can Change_ Since a distance Change affects the
coupled are listedupper part of the Tabje exchange coupling stronger than the Coulomb coupling, one
might argue that the exchange coupling can become stronger
States EN k(Up,) than the Coulomb coupling for shorter distances. To estimate
Q, (B800)-Q, (B85(") 1.6x10°? 2.9x10%?
Q,(B800)-Q, (B85(R) 2.3%x10°3 0 TABLE VII. Exc_hange c_ouplingiin eV) and transfer rate€n
Q, (B800)-Q, (B850) 2 6x10°3 0 Hz) for the triplet-triplet excitation transfers from BChl to lycopene
Q, (B800)-Q, (B85M) 5 3% 104 1.8x 101 and fromB850b BChl to B850a’ BChl.
Q, (B800)E; 2.7x10°8 8.2x10° x ox
ny(BSOO)Em 8.7x10°%  8.6x 10" BChl U k(U3
Q, (B800)E, 5 1.0x10°? 8.8x10%? B850’ 1.2x107° 1.4x10°
Q, (B800)Es; 7.4x10°3 3.8x10%? B850 6.2x10 1 3.6x10°°
Q, (B800)Eg 2.4x10°3 2.2x 101 B800 2.7x10°8 7.0

Qy (B800)-Q, (B850-exciton 13.7x10? B85(b— B850a 1.7x1074 2.9x10°
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the effect of position changes on the couplings, we havelonor and acceptor states. ThéB}— Q, transfer time is
shifted the position of the BChl's along the axis connectingessentially unaffected by exciton splitting which measures
the centers of mass of BChl's and lycopene and calculatednly a few cmi* for the Q, state[51].
the ratio between Coulomb and exchange coupling. Even It is debatable whether the picture of excitation delocal-
after a rather dramatic shift of 3 A, the Coulomb couplingized over the entire ring is correct, since thermal disorder
still exceeds the exchange coupling by a factor of éA(,; disrupts the coherency of the exciton stdt&2|. No consen-
—Q, (B85(') transfey to 1500[1'B;—Q, (B85M)  sus has yet been reached about the length of exciton delocal-
transfel. Since in our calculations the exchange coupling hadzation i.e., the number of coherently coupled BChl's; esti-
been overestimated by up to a factor of 4 due to the use dhates ranging from two BChl moleculg82] to almost the
Gaussian orbitals, one can conclude safely that carotenoid@ntire length of th&8850 BChl aggregatgs3]. Future calcu-
bacteriochlorophyll singlet excitation transfer proceeddations should take the effect of static and dynamic disorder
through the Coulomb and not the Dexter mechanism. on the enhancement of the transfer rate due to exciton split-
Of the different possible pathways from lycopend®50  ting into account; respective descriptions pose still a concep-
BChl only the B —Q, pathway furnishes a subpicosec- tual and practical challenge.
ond transfer time, proceeding within 210 fs from lycopene to I addition to the direct transfer pathways from lycopene
the closesB850 BChl. Adding up the rates for other transfer to the B850 BChl's, singlet excitation transfer to #8350
channels, especially lycopene B80O transfer, results in a BChl's can also occur via the lycopenéBy; —B800* Q,
time of 115 fs for excitation transfer from the'B; state route with a transfer time of 250 {Jable IV). TheB800 Q,
through all possible transfer pathways. This time is in goocstate relaxes within 200 fs into th@, state from which
agreement with the above-mentioned reduction of tHg1 ~ excitation energy can be transferred on to B&50 BChl
state lifetime from 200 fs in organic solvent to 80 fs in LH-1I "NQ-
which suggests a transfer time of 135 fs. Likewise, the ex- AS in the case of the lycopene-B850 BChl pathway,
perimentally determined lifetime reduction of th&Z state B800Q, states couple to thB850 exciton states rather than
from 9.1 ps in organic solvent to about 2 ps in LH-Il corre- 10 individual BChl's. The strongest couplingUg,=1.0
sponds to a transfer time of 2.5 ps. However, the calculatedi 1072 eV) is to theE, 5 energy levels and not to the; 5
time of 330 ps(Table V) for 2*A; —Q, transfer between €nergy levels U5,=8.7X10"° eV) as revealed by Table
lycopene andB850a’ BChl differs from the experimental VI, even though the latter states are the only strongly opti-
value estimated from the lifetime by two orders of magni-cally allowed states, i.e., carry the strongest transition dipole
tude. moments. However, 8800 BChl interacts stronger with
Improvement of the theoretical treatment of th&A cIoser_BSSO IT%ChIfs and thug breaks 'ghe ring symmetry; the
state is needed for understanding excitation transfer involviatter is crucial since the dipole forbidden character of the
ing this state. The present description assumes that the ste¥citon states needs to be overcome.
is completely optically forbidden. However, the finite radia- 1 ne effect of the excitonic structure of t&850 Q, band
tive lifetime 7, =2 us[20] of the 21A; state ing-carotene 1S to shorten t_he transfer time betweB800 andB_850 Qy _
implies that the iAg state borrows intensity from the opti- states _dl_Je to |mproyed s_pectral overlap; neglecting the exci-
cally allowed 1B state. The mechanism of intensity bor- ton splitting results in a time of 350 fs for transfer between a

rowing involves higher vibrational levels of thel/R; state. BBOO and its closesB850Q, state; the inclusion of the

. 24 splitting reduces the transfer time to 73 fs as shown in Table
Indeed, several stretching modes of the lycopel#g2 state vy "This is too short compared to the experimentally mea-

exhibit vibrational relaxation on a time scale slower than thal;;eq transfer time of 700 f&1]. However, the calculated

of internal conversion to the ground std&l], suggesting dipole moments(14.4 D) of the Q, state are significantly
that these modes are responsible for excitation transfer frorférger than the experimental valuéfsl?, D as pointed out

— . . l -

the 2! A; state. Intensity borrowing for the'A; can be  apove. This error is due to the inaccuracy in the employed
enhanced through the methyl groups attached to the conjyyave function and can be reduced through more extensive
gated system of lycoperisee Fig. $that are not accounted gjectronic structure calculations. THEB800-B850 coupling

for in the HamiltonianEq. (2.21)] and that break the alter- js mostly due to dipolar coupling, and one could use the ratio

nancy symmetry of ther-electron system. o of calculated to experimental oscillator strength to scale the
Intensity borrowing speeds up*2;—Q, excitation  coupling; this would lead to a time of 10.2 ps for excitation
transfer; future theoretical studies including the above+ransfer between individu#800 andB850 BChl's and 2.2
mentioned effects of intensity borrowing through vibrational ps for transfer fronB800 to theB850 exciton band.
modes or symmetry breaking will have to determine whether The role of exciton splitting and spectral overlap in en-
the 2 A; —Q, transfer time can be as short as the 2.5 pshancingB800 toB850 energy transfer can be readily recon-
estimated from the lifetime. structed from Tables I, VI and Eq$2.44,2.45. For ex-
Since bacteriochlorophy, excitations in theB850 sys-  ample, transfer from thB800 Q, state to theE, 5 levels has
tem are strongly coupled, the respective absorbing states agespectral overlap of 8.8 €V, whereas the overlap to the
exciton states. Transfer from thé/-?g state to exciton states E, ;levels is only 1.2 eV?, i.e., the spectral overlap favors
is slightly faster than the transferlﬁg’—> individual BChl  theE, 5 exciton states. An error in the evaluation of the spec-
Q, state, proceeding within 200 @g$able V). This effect is  tral overlap results from the extremely simplifying approxi-
due to the spreading of the exciton energies over a 871 nm tmation of the spectra by Gaussians as well as from an over-
712 nm rang€Fig. 3), which improves the overlap between estimate of the extent of exciton delocalization. This error, in
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addition to the erroneously large value of transition dipole o o o o o]
moments, can account for the difference between calculated W
and experimental transfer times.
Triplet excitation transfer through the Dexter mechanism FIG. 10. Starred and unstarred atoms ipHG..
is highly sensitive to the atomic distances between the donor
and acceptor moieties. Figure 9 shows the region of closeMIH PHS 5 P41 RR05969-04and the Carver Charitable
contact between BChl's and carotenoids in LH-Il BE.  Trust.
molischianumThe conjugatedr-electron systems d850b
BChl andB800 BChl exhibit a larger distance to the conju- APPENDIX: ALTERNANCY SYMMETRY SELECTION
gatedm-electron system of lycopene than to thatB850a RULES
BChl. The distances between the conjugated atoms of lyco-
penes and BChl's determine the transfer times; the effect of This section derives selection rules for the matrix ele-

nonconjugated carbon and hydrogen bridge atpsee Fig.  ments(2.19,2.20 of the transition operator§™0} based on

9(a)] on the overall transfer time is small. the alternancy symmetry displayed by the PPP Hamiltonian
Our calculations predict times of 0.4s for B85Ga"  for alternant hydrocarbor{$7—69.
BChl — lycopene triplet excitation transfeisee Fig. 9. The alternancy symmetry results from a topological fea-

Given the BChl triplet state lifetime of 1fis one can expect ture of alternant hydrocarbons, according to which it is pos-
a high efficiency of quenching of thB850a BChl triplet  siple to divide unsaturated carbon atoms into two sets,
states. In contrast, the calculated transfer timesB800  “starred” (C*) and “unstarred” C°) atoms, such that no
BChl — lycopene and85( BChl — lycopene transfer are two atoms of a set are joined by a bond. Figure 10 shows the
too Iong to ensure an efficient photoprotection by the |yCO-“Starred” and “unstarred” atoms in p0|yene 1@"12 The

pene shown in Figs. 2,9. Our calculations suggest an indiregrthogonal 7r-atomic orbitals of the “starred” and “un-
photoprotectlon mechanism f@85Cb BChl. B85Cb BChl starred” atoms will be |abe|e(ﬂ* V> and |O V> respec-

can transfer triplet excitation within 3.5 ns to its closesttjyely.
B850a BChl which is efficiently protected by the lycopene.
The motif that BChl's are protected indirectly has been
found also in the RC64] and in the light harvesting complex
LHC-II of plants[65]. The alternancy symmetry is responsible for the one-
Our results indicate thaB800 BChl's are not photopro- electron pairing properties of alternant hydrocarbons, i.e.,
tected. It has been suggested on account of biochemical obaolecular orbital energies occur in pairg, and — e, + e,
servation[53] that a second set of eight lycopenes exists inwheree is the same constant for all molecular orbitals. The
LH-Il of Rs. molischianunwhich are not resolved in the corresponding wave functions are
x-ray structure. It is possible that photoprotection of all the
BChl’'s in LH-II of Rs. molischianumnvolves this set of
lycopenes, which have yet to be resolved through x-ray scat- W)= EV (Cnoy|O.w)+Chy*, ), (A1)
tering. However, a recent stoichiometric analysis contradicts
this observation and suggests that only one set of lycopenes
exists in LH-1I [66]. Alternatively, it might be possible that ~
the fast singlet excitation transféwithin less than a picosec- [Wn)= EV (Cnos| O, w) = Chyu|*, ), (A2)
ond) from B800 BChl's to theB850 BChl ring is so efficient
that theB800 BChl’s do not require photoprotection. A third -
explanation is that while th8800 BChl's do not appear to respectively, fore, and — e,+ €. The molecular orbital¥ ,)
be protected for the geometry of the static crystal structureis termed “alternantly conjugate” t¢W¥,). The alternantly
they may be found protected once fluctuations, which bringconjugate orbital to the spin molecular orbit&@l,)
the B800 BChl into closer contact with lycopene, are taken=|¥.)| ), 7=a,B, is defined such that the spin state is
into account. According to our calculations tB800 BChl's
has to move about 1.75 A in the direction of the axis con-
necting its own center of mass with that of lycopene to be-= W) 7) [67]. |‘I'n> is related tg¥,) through the alterna-
come significantly protected. A molecular dynamics or resodion operatorB,
nance Raman study may reveal whether such movements can
occur within a fewus.

1. One-electron pairing properties

N

N

unaltered by the alternancy conjugation, id\ifn,)

|W.)=B|¥,), (A3)
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. R and, hence, its eigenvalues atd, i.e.,
LOZE |O,v)(O, ], L*=E |*, v)(*,v|, (Ab) i
’ ’ PIx)==x). (A15)

that satisfy The alternancy symmetry of the polyene states involved

~ ~ ~ A A~ ~ i H H - 1A~ Sp + “ ”
Lo+l =1, (oL, =0. (Ag) ~'nour calculations is ﬁAg » 27Ag anij rB,, “+” and
“ —" states being the eigenstates &f with eigenvalues
OperatorB and its Hermitian conjugat®’ obey the unitarity +1 and—1, respectively{67].

condition
R 3. Transformation of couplings under alternancy conjugation
B'B=B%=1 (A7) _ _ .
The matrix elements between the eigenstate$ ofx)
such that the eigenvalues Bfare + 1. and|y), for a one-electron Hermitian operatdr obey

2. N-electron pairing properties (x|Alyy==(x|PTAP|y). (A16)

The one-electron pairing properties can be generalizeg ipe stategx) and|y) are the eigenstates 8ffor the same
readily to N-electron systems. In each of the one-electrongjgenvalue, the upper sign applies in E416), otherwise,
vector spaces that span theelectron space, the alternation the |ower sign applies. According to definitiq#10) we

operator is defined as express, followind 68|,
Bk)=Lo(k)=L,(k), k=1,...N (A8 PTAP=D'BIAB\D. (A17)

where the indexX labels an electron. OperatBi(k) satisfies EL andD' are the Hermitian conjugates §N andD, re-

properties(A6,A7). Operatorl%,\,, acting on anN-electron  spectively.
wave function, is a product of the one-electron alternation A, arbitrary operatof: can be written

operators3(k), namely,

c=C.+C_, (A18)
The pairing operator acting in the Fock spaceNoélec- é+: E Li(‘;f_i ¢c = 2 |‘_ié|‘_j, (A19)

trons is defined througf68] iZ0,% i,j;oj,*
P=B.\D, (A10)  operators. andL, being defined in Eq(A5). For a one-

electron operatofacting on electrork) holds
where
N 2N BIA(K)By=B(k)TA(k)B(K), (A20)
D=> s al (i a, (j). (A1l .
zp: gr(p)pi:Hl pk( )j:EI+1 p"'(J) (ALD) since A(k) acts as an identity operator on all electrons, ex-

cept electrork. Due to Eq.(A7) the problem of transforming
'A(k) underBy is reduced to thekth) one-electron vector
space and, according to Ed#a4, A18), can be stated in the
1, ---, N, N+1, ---, 2N form

p= . (A12) A A . . .
Pi, - PNy PN+1r s Pon B'AB=(Lo—L,)A(Lo—L,)=A,—A_. (A21)

and wherep is a permutation between electron spin orbitals
as denoted by

We define sgrng) = =1 for even /odd permutations Indi-
cesi andj label the electrons, thg's label molecular spin
orbitals.a;;k and ap create and annihilate, respectively, an
electron in spin orbitalp, andpy: .

The commutation relation of the PPP Hamiltonian for al- KD—-DK’=0. (A22)
ternant hydrocarbons and the pairing operdtds [68,67]

The operatoK’, obtained fromK by changing all cre-
ation operators to annihilation operators and vice versa,
obeys the propert{68]

- ) Multiplication by DT yields
HP—PH=2¢P, (A13) o
K'=D'KD. (A23)
wheree is a scalar. The commutation property implies that
eigenvectors o are also eigenvectors &f. OperatorP is  If K is a one-electron Hermitian operator
unitary, i.e.,
A Ao K= i|K|j)a'a; A24
PTP:P2:|, (A14) IE,J: < | |J> i ( )
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with real matrix elementséi|K|j), it holds (according to the
fermion creation and annihilation anticommutation rules

K'=Tr(K)I-K, Tr(K)=2 (i|K]i).

(A25)

The transformation rule@25) hold for operators?\+ and
A_ as defined by EqIA19) and, therefore, any one-electron

Hermitian operatoA is transformed under alternancy conju-
gation according to

PTAP=DT(A, —A)D=Tr(A )T —Tr(A_)I—A, +A_.

(A26)
From Eq.(A15) follows then
(x|Alyy=+[Tr(A,)=Tr(A_))(X]y)
F(X|ALly)=(x|A_|y). (A27)

4. Selection rules

ANA DAMJANOVI(f, THORSTEN RITZ, AND KLAUS SCHULTEN
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The upper sign applies in the case of dM2— 1A tran-
sition since the states'A; and 2'A; have the same alter-
nancy symmetry; the lower sign applies to transition8 1
—1'A; and I'A; —1°B; since the respective states have
different alternancy symmetry. We have omitted the spin in-
dices since Eq(A30) is independent of spin.

Two cases can be distinguished for the combinations of
atomic orbital indices andj. In the first casei andj belong
to the same set of atomic orbitalstarred or unstarredin
this case holds, due to the orthogonality of atomic orbitals,

(éf)i,j:I:Oéi,jl:*+|:*©i’jl:ozo' (A31)
From Eq.(A18) it follows that
0/i=(0.), (A32)
and Eg.(A30) imposes the selection rules
(xOfjly)==(xIOfly). (A33)

Accordingly, the matrix element§M (i,j)+*M(j,i) in Eq.
(2.19,2.20 for i,j belonging to the same set of either starred

We consider now how the carotenoid matrix elementsor unstarred atoms, vanish in case of tHA@%llAQ_ tran-

KM(i,i) and*M(i,j), defined in Eqs(2.19,2.20, transform

under alternancy conjugation. It is convenient to consider,

instead of KM (i,j),i#j the elementskM(i,j)+*M(j,i),
which correspond to the tensor operatdf§6i1+km©ji

sition.
In the second caseand]j belong to the opposite sets, i.e.,
i labels a “starred” atom anfglan “unstarred” atom or vice

versa. In this case the opera(f)rj obeys

= "0/ in Egs.(2.19,2.20.

The two tensor operators involving atomic orbitaknd] (04)ij=LoOjjLo+L, Ol =0 (A34)
can be written and from Eq.(A18) it follows that
B0 == |ila)(i(Bl-1)B)il(al,  (A28) O;=(0.);. (A35)
00A , ) . . ] This leads to the condition
O/= 2 (DGl + i) m]il(al). (A29) N N
b (x|Ofjlyy==(x|Ofj|y). (A36)

Choosing the eigenstates orthogonal, {ely)= 6y, and

| Accordingly, the matrix element&M (i,j)+*M¢(j,i) in Egs.
insertingOi’j into expressionA26)

(2.19,2.20 for i,j connecting a starred and an unstarred
atom, vanish in case of the transitionsBf —1'A; and

(XIOflyy=F X0 M= (KO )ily). (A30) 114 1%} .
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