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The origin and distance dependence of the electronic interactions which promote energy transfer within
photosynthetic light-harvesting complexes is investigated. A model based on localized molecular orbitals is
related to canonical molecular orbital calculations, therefore demonstrating its practical utility and allowing
us to interpret the results of CAS-SCF calculations of the coupling between-dacoeptor pairs. We then

focus on the mechanism of energy transfer involving the caroteridig (&,) electronic state: [carotenoid

(2'A) (Car) to carotenoid ()] and [carotenoid (B\g) to bacteriochlorophyll () (Bchl)] interactions.

The Car-Car coupling is found to involve reasonably long-range interaction terms, with a primary contribution
from dispersion-type interactions, which have Rhdistance dependence. The primary contributor to the
Car-Bchl S — S; energy transfer mechanism is suggested to be proportional to the product of-dijmmée

and polarization interactions. In neither case does the electronic interaction resemble the Dexter exchange
integral in origin or distance dependence. Some model CAS-SCF calculations of electronic interactions in
2,4,6-octatriene dimers are presented which support the predictions of the theory: the calculated interaction
is found to be (i) small in comparison to the overlap-dependent tripigtiet interaction at close separations;

(ii) small in comparison to a dipotedipole (S) interaction at all separations; and (iii) quite weakly distance
dependent at larger separations. The implications for the role of carotenoids in photosynthetic light-harvesting
complexes are discussed.

1. Introduction the X-ray structure data indicate that electron density is shared
within alternating Bchh pairs. The corollary is that interactions
which are mediated by interchromophore orbital overlap should
light-harvesting pigments to a reaction center, or trapSstte. _be considered when modeling EET and exciton inte_ractions. It
Such a system is ubiquitous in nature, providing a key S therefore probable that the form of the electronic interaction

contribution to the highly efficacious solar energy conversion Which couples these chromophores in an excited state should
system in green plants and photosynthetic bacteria. Recentdeviate significantly from that estimated by the dipotépole
observations of the time scales of energy transfer processes ifnodel**3> Even if this is not so, for example, for B800, then
these natural light-harvesting complexes have raised questiong/se of the dipole-dipole model should be carefully justified.
regarding the mechanisms promoting energy migratidsur- Consideration of the origin and magnitude of the electronic
prisingly, it is only recently that we have begun to understand coupling between the constituent chromophores of B850 is
properly the mechanisms which promote EET even in model relevant to the recent debate over “delocalisation length” in
bichromophore§:1° B85018:21.22 Such issues are, of course, also pertinent to the
The high-resolution structut® of the bacterial peripheral  analysis of strongly-coupled multichromophoric systems such
light-harvesting protein LH2 (together with the lower resolution as FMO complex&d and PSIPR4
structuré” of LH1) suggests that strong interactions are likely
to couple the symmetrically-arranged chromophroes within the
structure. This is supported by the ultrafast “rates” of energy
transfer measured or suggested by experirte. In the B850
ring of LH2 it is clear that bacteriochlorophyd (Bchl a)
chromophores approach to approximately-3440 A. In fact,

Electronic energy transfer* (EET) provides a means for the
efficient transport of absorbed light energy from an array of

We describe in sectio3 a methodology for determining the
electronic factors which is based on a detailed elucidation of
their form (which was established recedflybut employs a
molecular orbital-based calculation of dimer excited states.
(Previously we used a specialised multiconfiguration valence
bond progran® The advantage is that calculations on very
large systems are possible, using accessible quantum chemical

* Corresponding authors. Present address: Department of Chemistry,

University of California, Berkeley, CA 94720-1460. programs. We use this approach to interpret the results of CAS-
lgmg” ﬁ;%ﬁg%sr%ggi;kmmelb edu.a SCF calculations of the interactions within a model polyene
SE-mail: Fleming@cchem.berkeley.edu. dimer. Of course, experiment may .ultimately reyeal the
€ Abstract published ilAdvance ACS Abstract#yugust 15, 1997. microscopic details of LH2 functionality, but at this stage
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reliable quantum mechanical calculations can illuminate some

key issues, feeding back into experimental analysis.
An important constituent of LH2, indeed most photosynthetic
systems, are the carotenofdg® Theall-transrhodopin gluco-

side carotenoid present in LH2 spans the entire width of the
membrane and appears to be in van der Waals contact with

Bchl a pigments of the B800 and B850 rings. The implications
for energy transfer, carotenoid to Bclor B800 to B850 via

a superexchange mechanism, have yet to be elucidated. Som
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Figure 1. Localized molecular orbital (LMO) configurations interacted
fh the model described in ref 12 for the description of electronic

recent experimental studies of the role of carotenoids in the light- coupling between a singlet or triplet open-shell excited state of a donor

harvesting apparatus have focusedRim Sphaeroides”28 A

chromophore (A*) and a closed-shell ground state acceptoryB).

complementary theoretical study of the electronic coupling be- andys are intermediate charge transfer configurations (cf. section 2).

tween neurosporene and Bahhas also been presentédin
section 4 we investigate in detail the origin of interactions
involving the carotenoid (or polyene}&, state; we report the

Provided the coupling is weak, eq 1 applies tastet or
Dextel energy transfer, or to any case in between, since

results of some model calculations of the coupling in octatriene differentiation between these limits is determined entirely by

dimers and some initial calculations of rhodopin glucoside in
section 5, and then discuss the implications for LH2 in section
6.

In the present work we address the following issues: (i) How
are electronic couplings manifest between chlorophylls in light

the electronic coupling matrix elemenigp. If Trpis simply a
dipole—dipole interaction, then we are in théister limit (i.e.,

R~6 distance dependence for the rate); for tripleiplet energy
transfer we have the Dexter limit (i.e., exponential distance
dependence of the rate); otherwise we have some combination

harvesting complexes; in particular, what is the role of charge of the two (i.e.,R™® + exponentiak- interference terff).

transfer configurations (especially with respect to spectral shifts,

A detailed theory for the electronic interactiofigp, has been

splittings, superradiance, etc.)? (i) How can we estimate them developed recenti§? It is based upon a model four-electron,
using quantum chemical methods? (iii) What is the mechanism four-orbital picture which contains the essence of the problem.

for energy transfer from the carotenoidlA state to another
carotenoid or to a chlorophyll? (iv) What role do the carotenoids
play in light-harvesting complexes?

2. Electronic Interactions and Energy Transfer

To analyze ultrafast EET it is important to understand the
form and magnitude of the electronic interactions between

It may readily be generalized to accommodate a larger active
space and/or electron correlation effects and superexchange-
mediated interactions. This interaction matrix element may

be estimated from experiment, for example from absorption or
circular dichroism spectra, etc., but the results can sometimes
be ambiguous, especially in complex multichromophoric as-
semblies. Thus, in many instances, a quantum chemical

chromophores, since they are a key component of the rateestimgtion of the magnitude and origins of the electronic
expressiorf3! In the condensed phase the time-dependent coupling is useful.

transition probability involves an entanglement between the

electronic factors and the dynamics of chromophdrath
interactions (i.e., interactions of the type which effectuate

In ref 12 the energy transfer matrix elemé&gp was obtained
in terms of a model involving localized molecular orbitals
(LMOs). In this picture various configurations are interacted;

homogeneous line broadening). Rate expressions for a (weakly-primarily those for which excitation is localized at a chro-
coupled) bichromophoric system are indicated in egs 1. (Here mophore (which we write as A#B or A:--B*, labeledy; and

W= ZRE(%)WRPFZISU) S5 dty expliogt, —oty)] (1)

1 —
w= gzmepﬁa (1b)

we use “chromophore” to denote any molecule or molecular
component upon which electronic excitation may be localized.)

These equations are applicable in the nonadiabatic limit,
although it is possible that in photosynthetic light-harvesting

4 respectively, for chromophores A and B). This basic
treatment is improved by adding further configurations (con-
tributing to the coupling with smaller weight), such as the charge
transfer configurations A--B~ and A ++-B™ (2 andy3). This

is illustrated in Figure 1. Note that thg; are configuration
wave functionsnot state wae functionsand consequently they
are not orthogonal.

The interaction between locally-excited singlet stajesand
14) has a primary contribution from the Coulombic interaction
(often approximated as a dipetdipole coupling between
transition moments). For singlesinglet and triplettriplet

systems the electronic coupling is strong enough that this is €nergy transfer there are further interactions between these
not a good approximation. Nonetheless, egs 1 clearly show configurations which involve interchromophore orbital over-

the separation between electronic factdig) and the spectral
overlap term J). P(r) denotes the initial level population of
the reactantR (with vibronic levelsr), g(t) is the line broadening
function (familiar from analysis of non-linear optical phenom-
end?) andTgp is the electronic transfer matrix element which
couples the reactant and product electronic configurations.
Equation 1b is adduced directly from the derivation ofster,
written in a form such thad is the spectral overlap integral
between area-normalized donor fluorescefige), and acceptor
absorption,ap(v), spectra on a wavenumber scalé= [5dv
fr(v) ap(v). Mukamel and Rupasé¥% have shown how to
account for “hot” energy transfer by expressiafy) as a time-

lap: generic Dexter-type interactions. Explicitly they involve
penetration interactions, which account for delocalization of
electrons between chromophores and distortion of the electron
density owing to interpenetration of their orbitals, and the Dexter
integral itself (which has been found to be comparatively small
in magnitude)-:3

The charge transfer (CT) configurationg,(@@ndis) mediate
additional interactions dependent upon interchromophore orbital
overlap. (We emphasize that these configurations are unique
to the LMO picture.) The electronic coupling due to this
component of the overall interaction is the most significant, after
the Coulombic interaction, and should not be ignored at

dependent fluorescence line shape, which, at long times reduceseparations where interchromophore orbital overlap effects may

to the Faster spectral overlap integral.

be important.
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1, and 3 promote energy transfer by mediating virtual MOs
electron transferhole transfer andice versasuperexchange; MOs L ——— MO
thus they are not accounted for in a two-level model. They a, ——._ ‘_ b,
account for a polarization resonance which delocalizes excitation -
energy. The charge transfer configurations are generally not @ q’“—_—r b
localized because they are usually higher in energy than the ! ) P '
locally excited states (otherwise one would have electron transfer
rather than energy transfer). This interaction mechanism was .
posed intuitively by Closs et al. in a comparison of electron ® . i Nla, - by)
transfer and triplettriplet energy transfe®® In the same spirit, a, < Lol
a theoretical comparison was published recetitly. 0T Mg, + by

A significant consequence of the charge transfer-mediated —_—
interactions (the through-configuration interaction) is that they .
affect also the ground to excited stationary state transition
momentst>37in addition to the superradiance effétHence
analysis of the extent of delocalization of excitation using 1 cows orhilals I
measurement oscillator strength or superradiance may be
affected. Figure 2. lllustration of the relationship between the active space

localized MOs of donor and acceptor chromophor@sb( etc.) and

3. Calculating the Electronic Interactions the corresponding dimer canonical MOg)( contructed as linear
combinations of the LMOs. Core orbitals are those orbitals not included

In this section the theory is summarized and its connection explicitly in the active space.
with an isomorphic molecular orbital (MO) treatment is

demonstrated. The theory has been developed for excited states — o - —

formed by single electron excitation from a closed-shell ground - — - —

state. Application to closed-shell excited states such as the -— o - .o .o

carotenoid 2Aq state is discussed in section 4. . R -
Localized MO Configurations. The model has been for- @ @, @, @,

mulated in terms of MOs localized on donor and acceptor Figure 3. Canonical MO configurations formed from the dimer CMOs.
chromophoresg, &, b and b'). To be consistent with the  Their correspondence with LMO configurations is established in egs
previous work?—14 we retain here the labeling of the donor 4.

HOMO/LUMO orbitals asa/a’ and corresponding acceptor

orbitals ado/b’. The theory of ref 12 was described in terms of of eq 2 (cf. Figure 2). The advantages fo a full MO treatment
the locally-excited (LE) configurationg1(A*B) and 1y 4(AB*) is that it is more easily undertaken, using a standdrdnitio

and the charge-transfer (CT) configuratiogg(A*B~) and (or possibly semiempirical) package.

3(A~B*) between donor A and acceptor B chromophores.  Since each of tha andb is orthogonal ta' andb’; the CMOs
These configurations have been written in terms of antisym- for the dimer are those of egs 3.

metrized products of the LMOs (with a bar denoting that they

accommodate an electron gfspin, otherwise containing an ¢, =@+ b)y2+ zsab)lfz (3a)
electron ofa spin), according to eq 2,
= Ny(jaztbb)  |aabb) ¢ =(@—b)I(2—25,)"" (3b)
1, = Ny(|aBbb| + babb) ¢s= (& + )2+ 25,,)" (3¢c)
5 = Ny(|aabal| + |azalb]) #a= (@ ~ D2 = 250)™ (39
Y, = N,(|agbb| + |aab'bl) @ whereSy, is the overlap integral between LM@sandb. These

MOs may be used to construct the CMO configurations of eqs
where theN; are normalizing coefficients, and properly anti- 4, whose orbital occupancies are displayed in Figure 3. Using

. L. - _ _ 2\1/2
symmetrized wave functions are written as Slater determinantsthe identities of the typ$rp1_(p2...| |a_1b...|_/ (1 - S)" the
(). ®; may be expressed as linear combinations ofithef eq 2,

We shall use primarily symmetric sandwich-type dimer as indicated also in eqs 4.

systems (as previously) in order to demonstrate further aspects

of this theory. For thet-electrons of this type of dimer the Y30, = (191010:75| £ 9:10:1051)V 2

only LMO overlap integrals which are nonzero &g = [@&|b0]

andSyy = [@|b'0 (For a general dimer thgyp-type overlap- =K1t 92— Y3 =9y (42)

dependent terms enter via the normalization factors only.) The 13

Slater determinants of each of thg are orthogonal. It is 30, = (191010:P4] £ 0:101042)IV 2

convenient here to define each Slater determinant in eq 2 as,

for exampleAaabb with A = (41)~1 SP(—1)P B. When this is = Ko(Y1 = 9o = 93+ ) (4b)

done the Slater determinants are not normalized. Each of the

normalization constants of eq 2 is then equal to 1/2&?)? 1’3<I>3 = (|g,0,01P4| £ |¢72(,‘7J2§03(,‘_01|)/\/§

for two electrons of the same spin. The orbital occupancies

for 11 to 4 are displayed in Figure 1. =Kty t vzt ) (4c)
Dimer or Canonical MO Configurations. We now turn

our attention to the configurations that arise from use of Y30, = (|0s00104] T+ 1020:0451)IV 2

orthogonal canonical MOs (CMOs) for the don@cceptor
dimer and relate these configurations to the LMO configurations =Ky =¥t 53— 9) (4d)



EET in Photosynthetic Light-Harvesting Complexes J. Phys. Chem. B, Vol. 101, No. 37, 1997305

where secular equations. The matrix elements are determined from
. " transformed CAS-SCF matrix elements between the various
Ki"=-2[1+Sp(1+ S,p)] configurations. Using egs 8a we write the interaction in terms

/ of the LMO matrix elements as eqgs 9
Kp'=—2[(1+ S — Syl
2 Tre= €10, Tyt {C103T 5+ €A, T,y + CodsA G} +

Ks =2/ - S+ Sl L2 {c1d,Typ + €0, Ty + CdA L} + (Cyds + €30y Tyz (93)
KZl — _2[(1 _ Sab)(l _ Sa'b')] 1/2 (5) ~ Cld4Tl4 + C2d4T24 + C3d4T34
Hence, we adduce egs 6, which represent the LMO config- = C10a(Tas + ATos + 1T3) (9b)
uration wave functions employed in the elucidationTap in ) )
terms of the canonical molecular orbitals of the dimer. in which Tj; = Hi(jr_n) - _Sjm)H(lnl]) andA; = Hj(jm) - H{™. )
For the sandwich dimer configuration studied previousjy,
Y, = (PJ/K; + /K, + OJK; + D,/K )4  (6a) =p=Aandur = up=puin eq 8a. Thel andu may then be

calculated from th&; coefficients that are obtained from dimer
Y, = (P,/K; — DK, + DJK; — D,/K)/A  (6b) MO-CI calculations as follows:

Py = (— D, /K, — DJK, + DK, + D JK)A  (6c) P T Pt Gy

o= (—D K, + DK, + DK, — DK)A  (6d) = (CKy + CKY(W1 — ¥4) + (CKy — CK) (W, — )
Using these relationships, the LMO configuration Hamiltonian =W - ¥
matrix elements$H{™ = [@;|H|yi0and overlap integral§™ = _
WjlyiOmay be obtained once the dimer MO confilguration =Ny = pa+ (=)W — ¥a)} (102)

matrix elements have been obtained (from, for example, a CAS-III —Cd. + Cp
SCF calculation). In particular, using eqs 5 and 6, itis easy to ~ + 272 373

deduce thaE) = —Syp, S = Sy andS) = SipSuw, as were _ _
obtained directly from thep; to 14 in ref 12. (Coo - Gy 0) + (Cag = CRI(W2 T y3)
Now, the electronic couplindlre, is determined by solving — Y 4P
the secular equations of eq 7 for energy relative to that of the R P
A*B configuration, WithTU =Hy — SyH® ande = E — Hiy1. — N{wl + w4+ (l +/")(¢2 + wS)} (10b)
Z(TU —€§))C=0 @) Alternatively, for small overlap betweep andy;, thed and

u are given approximately by T12/A;2 and —T13/Aq3, respec-
The reactant and product configurations may be defined in termstively. TheT; andA; may then be obtained from dimer MO-

of the active space configurations as indicated in egs 8a for theCl calculations via the use of eq 6.

four-electron, four-orbital model and eqgs 8b for a general model.  Relationship to Steady State Spectra.ltis useful to relate
the theory established in ref 12 to the electronic absorption

We=cy, +cy, + cyp, spectrum of a dimer formed between two identical molecules.
In this case the stationary states of the system are given as linear
= Ng(y1 + gy, + Ugs) combinations of the reactant and product wavefunctions, eq 11.
Wp=d, + dyy, + dsys W, = (Pg+ WR)l(2 + 259"
= Np(y4 + ppip, + Aptps) (8a) W= (W, — V)2 — 25" (11)
We=(Cpy + Crpy + )+ (G, T Gy +.0) + From consideration of the energies of these states, it follows

(Cs + Cytpy +...) + ... (8b) that half the energy difference between these states (i.e., half

the “splitting”) is given as
Wo=(dw, +duyp, +..)+ Dy, + dyyp, + )+
(Agpg+ dyppg + )+ .. @p) B TEN2=A=["Heet ToHew +

HepSeell[1 — Sip] (122)

The more general formulation given in eq 8b includes explicit

consideration of a larger active space than that used in the four- ~ —Hgp+ l/2(H11 + Hu)Sep
electron, four-orbital picture. Hence, terms in parentheses
include the various singly-excited configurations that contribute =—Tgp (12b)

to the basic A*B, AB~, A"B™, and AB* configurations (as

depicted in Figure 2). Similarly, doubly-excited (and higher where eq 12b is accurate to second order to interchromophore

order) configurations may be included. The effect of Cl may orbital overlap (see eq 6 of ref 12). (The same result is not

be considerable, as was ascertained recéftly. obtained for a heterodimer.) Although this result appears
The coefficients relate to the andu defined earlier {r = obvious, it is important to establish thAtdetermines the total

cJci, ur = C3/cy, etc.). In general they cannot be determined electronic coupling, not just the “direct” couplinga.

from the full CAS-SCF treatment. They are found by solving Similarly, we may consider the sum of these energies and

egs 7 for each of th&'r and Wp, that is, where the locally  therefore elucidate the origin of the stabilization of the dimer

excited final and initial states respectively are omitted from the states relative to the monomer state. It is found that, in the
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Figure 4. A scheme depicting the energy transfer pathways between
carotenoid (g and $ states), B800 and B850 ((and Q bands)
chromophores in LH2. Discussion of the electronic couplings for each
type of pathway is given in sections 4 and 6.
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Figure 5. Additional LMO configurations used in section 4 for the
investigation of Car Car and CarBchl electronic couplings involving
the Car $ state.y,, andys, are the charge transfer configurations,
and it is found that the primary configurations are the doubly-excited
configurations,is, 17, andys.

simple four-electron, four-orbital model, this stabilization is due
primarily to interaction between the LE and CT states, eq 13,

E.+E =H,+H,+EY— 4@

int int

(13)

WhereEi(r}t) collects polarization interactions such/&31,, and
E2

it is the through-configuration interactidfh. These interac-

tions act to red-shift the dimer electronic absorption bands and

to alter the transition oscillator strength, and the effects may
often be significant>-36

4. Carotenoids and Energy Transfer

Scholes et al.

should similarly be large, is remote owing to the poor spectral
overlap factor (cf. eq 1). It is unlikely that caroteneid
carotenoid energy transfer occurs in LH3lthough it may turn

out to be necessary to consider the coupling between the
carotenoid identified originally irRps. acidophilaand that
identified more recently?

In this section we investigate the origin of electronic coupling
for systems involving carotenoids (or polyenes). It is demon-
strated that the primary form of this coupling is quite different
from the “normal” case of singletsinglet energy transfer
discussed in sections 2 and 3. To elucidate the form of the
electronic coupling mediating CaCar or Car-Bchl energy
transfer we consider, in addition to the configurations of eq 2,
the doubly-excited (normalized) singlet configurations of eq 14,

Lys = |a@bb|

Yy, ~ (jaabbl| + |a'ab'b| + |aab'b| + |a'ably|)/2 (14)

" = |aBDD|

Thelys andlysg are the initial and final locally doubly-excited
carotenoid configurations (A**B and AB**), wherea%y;
involves a single excitation on each chromophore with opposed
spins for thea anda’ electrons and for thé andb' electrons
[A*( S=0)B*(S=0)]. The treatment may be elaborated further
by the inclusion of the additional charge transfer and correlated
configurations of eqgs 15, although it shall be demonstrated that

Y., ~ (|ab'bb| + |b'abb))/v/2

Yy ~ (|abag + |b'aaa)/v2 (15a)
11/)0 = |a_ab5|
Lye = laab'b| (15b)

they are not associated with the primary interaction at inter-

There has been much speculation regarding the mechanismmediate separations, which is independent of interchromophore

of excitation energy transfer between carotenoids and
chlorophyll€9:3%-44 hecause of the forbidden ground® first
excited state (§ transition of carotenoids (similar to that of
polyenesy® This lowest carotenoid (Car) electronic state arises
primarily from a double excitation from HOMO to LUMO
orbitals and is therefore electric dipole forbidden (the state
product is totally symmetric). In a notation derived fraZp,
point group polyenes it is labeledA;, while the ground state

is denoted 3Ag. The second electronic excited state)(8

orbital overlap.

We begin by considering the coupling for CaCar energy
transfer such that'2q state excitation is exchanged (i.e. energy
transfer originating from the Car,State). We then examine
the exchange of carotenoid/, state excitation with BchiQy
state excitation (i.e., pathways Il of Figure 4). We aim to
establish here the origins and distance dependences of these
interactions.

Carotenoid—Carotenoid Electronic Coupling. As will be

observed in absorption spectra and arises primarily from a singledemonstrated in this section, the case of Cdx{p-Car(ZAy)

excitation from HOMO to LUMO and is labeled the'B,
state3946 The § — S transition is dipole-allowed.

energy transfer is quite different from the normal singkahglet
energy transfer discussed in section 2. It is not promoted by a

A number of studies of energy transfer between carotenoids dipole—dipole coupling, since thel&, — 1'A4 transition is

and Bchl in bacterial light-harvesting complexes have been
reported®®4047.48 A scheme depicting the energy levels and

electric dipole forbidden; however, an electric quadrupole or
magnetic dipole interaction may mediate virtual photon ex-

types of coupling may be deduced from these results and ischange in the spirit of the Fster mechanisrd. The complete

shown in Figure 4 (and will be discussed further in section 6).
It is accepted that the “Fster mechanism cannot promote
Car(ZAg) — Bchl(Qy) energy transfer (pathways I1), primarily
because the carotenoiéf®, — 1'A4 transition has a zero dipole
transition moment. Thus it has been postulated that a “Dexter”
mechanism mediates the Ca#g) — Bchl(Q,) energy transfer

electronic coupling interaction is derived here, where it is found
that the leading interchromophore orbital overlap-dependent
interactions are very different to the Dexter interaction, both in
origin and distance dependence.

In order to treat properly the interaction mediating energy
transfer between a'B, excited state carotenoid (or polyene)

which has been observed for several bacterial light-harvestingand a nearby ground ¥A,) state carotenoid, careful account

antennaé®4’ The Faster mechanism may, however, mediate
Car(1'B,) — Bchl(Q)) energy transfer (pathways 1) if it can
compete with internal conversion. The possibility of C&B()

— Bchl(Qy) energy transfer, for which the electronic coupling

must be taken of electron correlation effects involving double
excitations from the reactant and product reference configura-
tions (s andys, respectively). We ignore here the carotenoid
CT configurationgp» andys of eq 15b since their contribution
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can be shown to be negligibly small. To begin, we write the

J. Phys. Chem. B, Vol. 101, No. 37, 1997307

It is evident, therefore, that the energy transfer mechanism

correlated reactant and product configurations as in eq 16, whereis quite complex but contains reasonably long-range interaction

Wi = Nr(¥5 = 0g¥s + Br¥o T VrYY)

We = No(yg + 05 + Bptpg + vpy7) (16)
the N are normalizing constants and tags, andv are mixing
coefficients. Thenys admits a double excitation correlation
correction to the ground state LMO wave function, while the
pyoadds an analogous correction to the excited state LMO wave
function. When this approach is pursued, it is found that
cancellations arise owing to approximate degeneracies betwee
the energy gap8ss and —Asp, suggesting that to a reasonable
approximation the coupling is not mediated by these configura-
tions at all. Hence, to present a clearer derivation, weoset
andp to zero from the startthus we rewrite eq 16 as eq 17

Wi = Ng(¥5 + vryy)

We = Ne(yg + vpy7) (17)
with Nr = (l + vRS7 + Ué)71/2 and Np = (1 + vpS7 +
v3~12 Then, assuming the are small, so thabg ~ —Hs7/
As7 andvp ~ —H7g/Ag7, with energy gaps defined & = Hj;
— Hii, we obtain eq 18;

Trp = Hgp = SkpHss

= NrNp(Tsg — Ts7T74As7) (18)

Each of theTs; and T+g is formally equivalent to theli4
considered previously (cf. refs £14). Hence, each of these
matrix elements may be expressed ds2Z — P, in whichJ
andZ are the Coulomb and Dexter exchange integrals, Rnd
is the sum of integrals that provide a penetration contribution
to the Tj matrix element. For small overlap between the
chromophore orbitals, the Coulombic intergral usually provides
the dominant contribution to the matrix element. When this is
the case, we haves; ~ 2J® andT,g ~ 2J®), where 2 is the
Coulombic integral (a'albb) referring to the 1B, < 1A,
transition of A or B as indicated (i.e., primarily a dipeldipole
interaction). As; ~ J¥ + JP is the energy gap between
configurationsys andyy (Jo is approximately equal to half the
splitting between the!B, and 2B, states of A or B). For the
direct interaction between configuratiogs and g we find
that Tsg & —2SpSiwd, WhereS; = [jlillis an orbital overlap
integral.

Further to the above treatment, we need to consider the
Coulombic coupling between transition densifi€%:52 In our
primary orbital treatmenti®!! = 2[@a'bb|r;~1|aab'b'Tis zero
because of the orthogonality betwearanda’ andb andb'.
However, if a quantum electrodynamical treatment of this
interaction is adopte# it is seen thau®° is not zero (as is

~
~

also found by accurate CMO calculation), since a nonzero T,

transition moment may be associated with each of the deexci-
tation and excitation transitions (involving odd rank magnetic
transition moment tensors and even rank electric transition

moment tensors). In the present case the interaction is mediated

primarily via the coupling between magnetic dipole and electric
quadrupole transition moments.

Hence we deduce that the electronic coupling between two
carotenoids is given by eq 19

Top & U = 4F1A; — 25,50 (19)

terms. Dispersion-type interactions, which havdrafdistance
dependence, should provide a significant, if not the primary,
contribution to the coupling, vi&@/As7. uceu should contribute

to the coupling, with magnetic dipotadipole (attenuated as
R~3), magnetic dipole-electric quadrupoleR™), and electric
guadrupole-quadrupole R-5) terms dominating®3® The final
term of eq 19 contains an explicit overlap dependence and will
therefore be small (cf. ref 13). In fact, using the integrals
obtained for the ethene sandwich dirdeit, is seen thatdisP =
—0.0143 eV compared t62S,pS:yJ = —0.000 012 eV. Hence

e have eq 20,

TRP ~ uCoul 4 ud|sp (20)
where the appropriate form afc°¥ is discussed elsewhéfe
and the dispersion interactionds?, has a form similar to the
London formule! as can be seen from related studies?
Estimation of typical magnitudes of this coupling is discussed
in section 6.

Carotenoid—Bchl Electronic Coupling. The coupling of
the 2ZAg — 11A4 carotenoid transition to the BcHDy transition
(pathways Il of Figure 4) is another case which requires careful
consideration. To ascertain the form of the coupling we begin
with reactant and product wave functions analogous to those
of ref 12, eq 21, where theandu are small mixing coefficients
(cf. eq 8a of section 3). We then include an additional
configuration, 7 (as for carotenoigtcarotenoid coupling).

Correlated doubly-excited configurations are not included.
We = Ng(ys + Agyy + gy + vgy7)
Wo = No(4 + uptpy + Aptpz + vpp;)

Assumingu, A, vg, andvp are small, we adduce eq 22:

Tep™ Tos = TpToalAsz — TsaTadlAss — TsrTrdAs; (22)

In the spirit of ref 12, the matrix elements may be evaluated
explicitly from the configuration wave functions given in eqs
14-15. Those involvingys, 17, ¥a, andi,, are collected in
egs 23. Thelsz and T34 have a form related t@s; and Tsz.

(21)

To = —V2{(aalab)s,, + (aajah)S,,}

Tsp = V2{hy, + (@baa) + (ab|bb) —
Supl[haa + (28Ibb) + (agj@@)] + (@'b|bb) — S,y (aabb)}

=V2@ + &)
T,,= v2(@albb)Ss,,

= \/E‘]SAU

~
=~

2]

T,,= x/é{ (aalad) + (bbjad) + (b'b'|ad)} (23)

The notation employed previously has been used hée.
and Q' denote penetration and exchange-type terms, closely
related to theB' andQ' in egs 19-21 of ref 14. Again, note
that the Coulombntegral (2J) is that between the carotenoid
1'B, state and the Bchl  Owing to orbital symmetryJ-4is
equal to zero in symmetrical systems (e.g., sandwich dimers).
However, with a lowering of symmetry, it is not zero, in which
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P N for these calculations since it may account properly for
Cl/correlation effects within a set of active space orbitals (see
ref 59).

The results of the calculations at the CAS-SCF/3-21G* level
of monomer ground and lowest excited state, together with the
corresponding dimer states, are collected in Table 1. The excited
states of the dimer represent a splitting of the monomag 2
state owing to the interaction (approximatelyrg, cf. eq 12).

We label these stated®Ry+ and 2A4_, as in®W andW_. The
dominant configurations contributing to each wave function,
together with their coefficients and the spin orbitals from which

Figure 6. Octatriene dimer configuration used for the model calcula-
tions reported in section 5. Note th& is a “nearest approach”
separation, not the center-to-center separation dllfeans-octatriene

(OCT3) is depicted also. each configuration wave function may be constructed are
provided.
case the—Ts7T74/As7 term, which is not overlap-dependent, The monomer calculation (3-21G* basis set) determined the

should be substantially larger than the remaining, overlap- S—S; vertical gap of OCT3 to be 7.24 eV. This calculated
dependent, terms of eq 22. Consequently, the primary contribu-vertical excitation energy would be lowered by using a larger
tor to theTgp for Car-BChl § — S, energy transfer should be  basis set and including—s dynamic correlation effects in our
proportional to the product of dipotedipole and polarization  calculations (cf. ref 59). Experimentally, the-0 21A4 — 11A,
interactions. excitation energy of thall-transisomer of octatriene has been
As discussed in the treatment of caroteresdrotenoid determined using resonance-enhanced multiphoton absorption
coupling, above, we should also considgé€f", the Coulombic under jet-cooled conditions to be 4.25 &.Because this is
interaction between the Cat&; — 1'Ag and Bchl § — 1Qy the 0-0 excitation energy, it cannot be compared directly with
transitions, since it is not recovered from our primary orbital our calculatedvertical excitation energy, which is necessarily
treatment. These considerations yield the conclusion that thelarger. A better gauge, perhaps, is to compare our results for
total electronic coupling between Cat) and Bchl is given all-trans-octatriene with the CAS-SCF calculations of the
by eq 24, wherai“° is the Coulombic interaction, involving  excited states ofall-trans-1,3,5,7-octatetraene reported by
Serrano-Andres et &%. They determine the 12, — 1'Aq

Tep A U+ P+ y© (24) vertical excitation energy (for thefour double bond polyene)

to be 5.23 eV at the CAS-SCF level (11 orbital active space)
primilarly Car (magnetic dipole, electric quadrupotd®chl and 4.38 eV W!th add.ltlon of some—x dynamic correlation
(electric dipole) couplingR2, R4 distance dependencedf° correction. As in previous studiéb}3153%he purpose of these

and ut denotes an interaction similar to the through-configu- calculations is to determine splittings of the excited state and
ration interactio®? which is dependent upon interchromophore to examine the distance dependence of the coupling, not to
orbital overlap. uP is a polarization-type interacticitactually quantify the excitation energies.
involving a Columbic coupling together with a dynamic In Table 2 the results of calculations with a range of basis
polarization coupling (which probably has &5 distance sets for 2,4,6-octatriene dimers of various separations are
dependence, although this is currently being investigated). Thesummarized. Tgp for each calculation is estimated by taking
distance dependence of eq 24 is examined further in section 6.half the splitting of the Ay {[E(2'Aq4-) — E(2!A41)]/2} state

(eq 12). Included for comparison are triptétiplet couplings
5. Calculations of Carotenoid/Polyene Excited States and for identical dimers, calculated using the CI singles method.
Interactions The attenuations of the calculated couplings with separation are

Electronic Coupling in a Polyene Dimer. The results of §hown in. Figurq 7. Thg triplettriplet coupling primarily
the previous section indicate that the form of the electronic involves interactions which depend upon interchromophore

coupling between an;§2'Aq state) carotenoid and a ground OFb“?" ov_erl_ap,_which cause th_e strong, approximately expo-
state carotenoid should be complex and largely independent ofnenna_l, dlmlnutlon W".[h increasing separation (the magmtude
orbital overlap. In order to obtain a clearer picture of this ©f Which is very basis set dependent). The nonexponential
interaction we report here the results of some model calculationsd'_Sta_nce dependence_ of the OCT3-S, |n(_j|cat|on, together
of such an interaction. with its weak attenuation and small magnitude at close separa-
We have undertaken some complete active space SCF (CAS_tions, indicatt_as the coupling is not p_rimarily_ due to interch_ro-
SCF) calculatior®$57 on a model polyene, 2,4,6-octatriene mophore orbital oyerlap-glependent!nFeractlons. The pa5|s set
(OCT3), using Gaussian 9. The all-trans geometry of the depenplenpe of this coupllng may orlglnatg from., effecyvely, a
molecule was determined by geometry optimization at the HF/ "eduction in calculated transition moment (i.e., bringing it closer
STO-3G level (constraining the geometry to tha, point to experimental obse_rvatlon) with better basis set, which in turn
group). A staggered, overlapped geometry was chosen for thedecreases the magnitude .
dimer with various (closest approach) separations between the Thus, as anticipated by the theory established in section 4,
two monomers (Figure 6). It should emphasized at the outset the calculated interaction is found to be (i) small in comparison
that the results presented here are meant to be illustrative, nof0 the overlap-dependent tripietriplet interaction at close
quantitative. separations; (i) small in comparison to a dipetipole
CAS-SCF calculations of the ground and excited singlet statesinteraction arising from the integral for the dimer (i.e., the
were carried out using STO-3G, 3-21G, 3-21G*, and 6-31G 1'By coupling, not shown) at all separations; and (i) quite
basis sets. The active space for the monomer consisted of foutveakly distance-dependent at larger separations.
electrons and four orbitals (ofgband & symmetry). The The dimer wave functions may be interpreted by transforming
corresponding orbitals of the dimer made up an active space ofthe dimer CMO configurations into corresponding dimer LMO
eight electrons and eight orbitals. For the dimer, a state averageconfigurations, as discussed in section 3. Such an analysis
was carried out over the two excited states corresponding toreveals that the (**) and (*,*) dimer configurations consist of
the split OCT3, $state. The CAS-SCF method is well-suited the various possible doubly-excited LMO configurations such
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TABLE 1: Summary of the all-trans-Octatriene Dimer Calculations (CAS-SCF/3-21G*) with a 4 A Separation of the Dimer

(0) (1m){1122} (1d){11223344) _
) (3m) {11}{33} (14d){112233}{ 66}
©Om){22}{33}
(11m){11}{44
(16m){22}{44} o
*) (4m) {221}{3} (10d){1122334}{ 7}
(5m){112}{4} (170){1133442}{ 6}
¢ (10m) {12}{34} (13){112234}{ 56}
(12m){12}{34} (180){112234}{ 56}
(63){114423}{57}
(720){113324{67}
(165d){ 223314} {68}
monomer dimer
energy coefficientsNm) energy coefficientaNd)
1A4 —308.20590 (1) 0.925 (0) 1A —616.42315 (1) 0.810 (0)
(10) 0.206 (*,*) (17) 0.308 (*)
(4) —0.185 (*) (72) 0.220 (*,*)
(5) —0.155 (*) (10) 0.218 (*)
(3) —0.150 (**) (14)—-0.173 (**)
2Ag —307.93980 (3) 0.605 (**) 24 —616.17047 (13) 0.720 (*,*)
(4) —0.498 (*) (18) 0.421 (*,*)
(5) —0.432 (*) (165) 0.232 (*,*)
(9) —0.228 (**) (63)—0.207 (*,*)
(11)—0.209 (**) 2A4- —616.16975 (14) 0.505 (**)
(12) 0.204 (*,*) (17) 0.479 (*)
(16) 0.162 (**) (10) 0.418 (*)
(1) —0.250 (0)
(72) 0.247 (*\*)

a Energies are quoted in au. The configurations involving the eight active space molecular orbitals (four HOMOs and four LUMOs), 1 to 8, of

the dimer are written explicitly belowNd), (where a barred orbital contains an electrofi spin). Similarly, those corresponding to the monomer
calculation, 1 to 4, are listed alsd\if). (N.B. Orbitals 1 to 4 of the monomer do not correspond to 1 to 4 of the dimer.) They are denoted either
as the reference configuration (0), a double excitation (**), a single excitation (*) or a pair of single excitations (*,*).

TABLE 2: Distance (R) and Basis Set Dependences of the
Octatriene 2'A4 (S;) State and B, (T1) State Electronic
Couplings, Trp and 3Trp, Determined by the CAS-SCF and

CIS Methods, Respectively

R A Eo, au AEdIM eV 1Tpp el 3Tgp, it
STO-3G 4.0 —612.43066 7.7607 529 11
7.8919
3-21G 4.0 —616.42320 6.8772 77 96
6.8962
3-21G* 3.5 —616.41570 6.7482 243 460
6.8083
40 —-616.4215 6.8748 79 96
6.8954
45 —616.42408 6.9028 48 15
6.9147
5.0 —616.42395 6.9058 40 2
6.9156
55 —616.42389 6.9039 36 0
6.9128
6.0 —616.424 04 6.9052 36 0
6.9142
6-31G 4.0 —619.637 19 6.7760 41 103
6.7860

a gy is the energy of the State, and\EY™ are the vertical excitation
energies of the two dimer;S$tates (using the CAS-SCF method).

asys, ys, andiyy, while the (*) configurations consist of the
singly-excited LMO configurations such gs, v», 3, ¥4, etc.
This suggests that the electronic coupling may consist of, difficult enough to determine accurately ab initio wave
primarily, the mechanism proposed in the section 4 together function for the $ state of a small model polyene, but a large
with some contribution from a single excitation mechanism carotenoid is an untried problem of immense complexity. At
(section 2). This is in accord with the results for tHAgstate
of the monomer, indicating that this state consists mainly of expressions eqs 20 and 24 to quantify couplings involving the
doubly-excited configurations within the active space; however, carotenoid $ state. In this regard it is seen from the CAS-
there is a significant contribution from singly-excited configura- SCF studies that, even for a small model compound, consid-

tions.

Rhodopin Glucoside in LH2. The calculations reported

above and previously1® are for small model systems only. It
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Figure 7. S, state coupling for various OCT3 separatioRsgalculated
using the CAS-SCF/3-21G* method. The inset compares this coupling
with the triplet-triplet interaction, determined using the CIS/3-21G*
method. It is evident that the calculated interaction is (i) small in
comparison to the overlap-dependent tripteiplet interaction at close
separations; (i) small in comparison to a dipet#ipole interaction (see
text) at all separations; and (iii) quite weakly distance-dependent at
larger separations.

[+

is important to ascertain whether relialall initio calculations
based on the theory described in the present work can be applied
to large biological systems. The main obstacle here is that it is

the present stage it makes sense to develop further the empirical

eration of only singly and doubly excited configurations in the
LMO theory is a gross simplification. In addition, it was found,
for example, that singly-excited configurations provide a
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Figure 8. Depiction of the arrangement of the rhodopin glucoside,
B800 Bchla and B850 Bchla dimer in LH2, together with their
respective transition moments, using the coordinates of McDermott et
al1e

significant contribution to the monomej State wave function,
which will have a significant bearing on the energy transfer
mechanism.

We have begun to undertake an investigation of the coupling
betwen B800 and B850 Bcld chromophores of LH2. The
study aims to compare the coupling pathways Il and IV of

Figure 4, that is, direct versus superexchange coupling. Here

we can circumvent the problem of determining the carotenoid
S, state by assuming that the primary contribution to the
superexchange interaction is mediated via the carotenaith®.
Hence, we anticipate that the CI singles (CIS) level of theory
will be sufficient, provided that the ;Sstate of rhodopin
glucoside (rgl) is adequately described. The structure of rgl
was taken from the coordinates of McDermott etéalHydro-
gens were added and geometry-optimized at the MNDO level
of theory while keeping the heavy atoms fixed. An initial CIS/
3-21G calculation gives the verticap S- S excitation as 2.35
eV, in close agreement with experiméfit suggesting that this
approach may be reasonable.

6. Discussion: Role of Carotenoids in LH2

Carotenoids have been identified in photosynthetic reaction
centers and light-harvesting membranes. They are involved in
light harvesting, absorbing in the blue-green spectral region,
and transferring this energy into the Bchibased antenna
systems* They also play an important photoprotective role
by dissipating triplet states which could otherwise lead to
damage from singlet oxygen. It is likely that they play an
additional, structural role.

The crystal structure of the LH2 complex from the photo-
synthetic bacteri®hodopseudomonas acidophdtain 10050
provides valuable structural information on the arrangement of
B800 and B850 Bchh aggregate rings and the carotendils.
The z-electron system of the carotenoid rhodopin glucoside is

Scholes et al.

coupling given in sections 4 and 5 supports the suggestion of
Andersson et al. that the coupling between carotenoids should
be negligible for all intents and purposes. In the bacterial light-
harvesting complex, light absorbed by the carotenoids is
transferred via singletsinglet interactions to B800 and B850
Bchl a chromophores in the ratio 25% to 75%f162 A
photoregulatory role involving Bchl to carotenoid energy transfer
may also occur, at least in green plant photosynthetic sys-
tems39.63

Experimental observations of carotenoid to Behénergy
transfer reveal that transfer to B800 and B850 antennae is rapid
and efficient!”6264.85 |t has been suggested that most of the
energy transfer occurs via the channels | of Figure 4 (ie+S
Q,).47%6 The coupling between carotenoid and Bchl is strong
for this channel since it involves a dipetéipole Coulombic
interaction and the “normal” interactions dependent upon orbital
overlap (section 2).

The channels Il of Figure 4 are also operative in L¥42The
coupling in this case has the form given in eq 24, where the
dominant terms at most separations are independent of orbital
overlap. The Coulombic contribution to the coupling has been
examined previously and shown to be compigxThe polar-
izability-dependent term is expected to be reasonably significant,
considering the observations of polarizability and polarity
sensitivity of carotenoid% 6% We are currently investigating
this coupling in more detail.

It is of interest to explore further the Ca€ar and Car
Bchl couplings as given in eqs 20 and 24, respectively. They
each involve a Coulombic coupling, although different terms
in the multipole expansion contribute in either case, but a
significant interaction which depends upon interchromophore
orbital overlap contributes only to eq 24. The most significant
common feature identified here for these two classes of
interaction are the terms involving carotenoid polarizabilitgs
andure. Each of these terms is related closely to the dispersion
(van der Waals) interaction between ground state chromophores,
but with significant enhancement owing to an electronic
resonance. Approximate expressions for the overlap-indepen-
dent contributions of each equation are given in egs 25 and 26
respectively:

Coul 1 |Imcmd _ ®c®d

u = 25a
e o R (252)
o gl
w0 (25b)
(4mre)°’ARP
Coul 1 [mCIub ®c/"a
u~ - 26a
o | R (262)
.2
upol;\v/‘uc—#be (26b)
(4re)’AR

where all quantities are in S.1. units and a severe, pdaiigole

seen to reside in the hydrophobic protein domain and appearsapproximation has been imposed. Electric dipalg €lectric

to be in van der Waals contact with both Behantenna rings.

guadrupole ®), and magnetic dipolenf) transition moments

The arrangement is depicted in Figure 8. Recently, a secondare labeled with a subscript ¢ or d to denote carotenoids, or b

carotenoid, lying on the other side of the Bahlrings and
approximately parallel to the first carotenoid, has been identi-
fied,*® but not completely resolved.

The resolved carotenoids are distributed around the LH2
membrane with approximately 21 A separations. The investiga-
tion of the form and magnitude of carotenseidarotenoid

to denote BchlR is the center-to-center separation of donor
and acceptorA is the energy gap\s; of eq 22, ance is the
elementary charge. Note that the multipole transition moments
are taken only up to electric quadrupole for Car and electric
dipole for Bchl. Orientation factors are set to unity (the
magnetic dipole-electric quadrupole contribution to eq 25a is
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AUV v e e B I B e e e e proximation for channel 1l of Figure 4. Jimenez ef&have
A 1000 grrrrr-rrrr ey examined this in detail.
250 100F 1 A further possibility suggested in Figure 4 is that a
v - 0B ERE superexchangé? s pathway involving the carotenoid(s) could
§ 200 = be significant. The initial and final singlet excited states (i.e.,
% a E 3 3 of the Bchla chromophores) involve singly-excited configura-
£ ™0 ;".‘ 0.1k i3 tions, thus the overall coupling would be of the “normal” type,
§' 100 F- °'°1j'“"""1'6""""1'7-"""""';o_: and could involve significant contributions from the through-
3 C ] configuration interaction (i.e., orbital overlap dependent interac-
50 ; = tions involving the charge transfer configurations). Given the
F \‘ 3 polarizability of the carotenoid and the close proximity of the
P TS R S v o o S O B carotenoid to Bchla chromophores in the B800 and B850
5 6 7 8 9 10 complexes (Figure 8), this could be an important mechanism

Separation, A which we are currently attempting to characterize.

Figure 9. Evaluation of the terms contributing to eqs 20 and 24 for
Car—Car and CarBchl coupling, respectively. The magnitude of each 7. Conclusions

term is estimated using the expressions in egs 25 and 26 with parameters . . L.
typical of LH2. From the top of the main plot: the solid line represents  The origin and distance dependence of the electronic interac-

uPo! the dashed line®s?, dash-dotsi® (Car—Bchl) and dash-daice"! tions which promote energy transfer within photosynthetic light-
(Car—Car). harvesting complexes has been investigated. A model based
on localized molecular orbitals (summarized in section 2) was
related to canonical molecular orbital calculations in section 3.
This is a key step toward developing a general methodology
for using CAS-SCF canonical MO calculations to determine
properly the coupling between doremcceptor pairs. This
framework was used also to interpret the CAS-SCF dimer wave
functions from the coupling calculations reported section 5.
Sections 4 and 5 focus on the mechanism of energy transfer
involving the carotenoid 24 (S,) electronic state: [carotenoid
(2*Ag) (Car) to carotenoid (A)] and [carotenoid () to
bacteriochlorophyll (§ (Bchl)] interactions. The CarCar
coupling was found to involve reasonably long-range interaction
terms, with a primary contribution from dispersion-type interac-
tions, which have aiR~6 distance dependence. The primary
contributor to the CarBchl S — S; energy transfer mechanism
was suggested to be proportional to the product of dipdipole

and polarization interactions. In neither case does the electronic
interaction resemble the Dexter exchange integral in origin or
distance dependence. Some model CAS-SCF calculations of
electronic interactions in 2,4,6-octatriene dimers were reported
in section 5, which support the predictions of the theory for
Car—Car-type coupling: The calculated interactions was found
to be (i) small in comparison to the overlap-dependent triplet
triplet interaction at close separations; (ii) small in comparison
to a dipole-dipole interaction (i.e., 2 whereJ = (a'albb) is

the Coulombic integral) at all separations; and (iii) quite weakly
distance-dependent at larger separations. Figure 9 suggests that
the novel dispersion and polarization-type interactiad$P@and

ureh of eqs 20 and 24 provide the most significant contribution
to the coupling in CarCar and CarBchl energy transfer,
respectively. Finally, the results were related to interactions
involved in LH2 through a discussion of Figure 4, given in
section 6.

zero by symmetry) and the overlap-dependent contribution to
eq 24 is ignored (since we will consider quite large valueR of
only).

In order to examine the relative significance of each term in
egs 20 and 24, and therefore €&ar and CarBchl coupling,
respectively, we use data typical of photosynthetic carotenoids
and Bchla. This is very approximate, and sufficient account
has not been taken for specific properties of the chromophores
involved so that, for example, individual carotenoids cannot be
specified. (However, the theory may be better applied using a
distributed multipole analysis, rather than the peidipole
approximation.) Thus we put A E(S;) — E(T1) [or ~2E(Sy)

— E(S)] 14 000 cn? (e.g. ref 39)A (the reduced wavelength)

~ 1/(17 000 cm) and make use of the approximate relationship
m/c ~ u/137. The carotenoid quadrupole transition moment is
taken to be that calculated by Nagae et ~ 6.7 x 10740

C m?. The Car and Bchl dipole transition moments estimated
in ref 29 appear, in relation to some of our previous studlié4>

to be quite large, so in order to present a more conservative
estimate oludisP anduP®!, we use here approximately half those
values: uc ~ 2 x 1002 C m andup ~ 1 x 1002°C m. For a
more quantitative calculation the monopole approximation could
be used for the transition moments and for the chaegie, eq
26b.

The results are plotted in Figure 9, whdRés the center-to-
center separation between two arbitrary carotenoid molecules
in a sandwich arrangement. Note that Figure 9 (and Figure 7)
put all interactions on equal footing so as to compatative
magnitudes. However, the actual magnitude of these interac-
tions will vary greatly depending upon specific properties of
the system. The interactions involving the carotenoid magnetic
dipole transition moment were found to be negligible in
comparison to those involving the electric quadrupole transition
moment (cf. ref 52). We find that each Caschl coupling
term is larger than its CarCar coupling counterpart and the
dominant interaction at intermediate separations in each cas
is uPo' and udisp, respectively. TheuP is found to have a
substantial magnitude. Some of this is due to the approxima-
tions inherent in eq 26b, but the suggestion is that Car to Bchl paferences and Notes
energy transfer can be fast even at quite large separations.
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