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Photosynthetic organisms have developed antenna systems to enlarge their cross section for capturing sunlight.
These systems involve in some cases aggregates of bacteriochlorophylls (BChls). The structure of one such
aggregate, a tightly coupled circular hexadecamer of BChls and a loosely coupled octamer of BChls, has
recently been solved. In this paper we investigate the electronic excitations in these two aggregates as well
as in monomeric BChl and BChl dimers by means of INDO/S-CI calculations. The results provide a detailed
description of the properties of electronic states in the BChl aggregates (energies, dipole and transition dipole
moments) that are relevant for the biological function of BChls, to absorb light and transfer energy on the
subpicosecond time scale. The lower-energy excitations of the BChl hexadecamer are of exciton type, i.e.,
experiencing a strong coupling that leads to excitation delocalization over the entire aggregate. An effective
Hamiltonian is provided which reproduces these exciton states and which can be readily generalized to other
aggregates.

1. Introduction (BChl-a) molecules and one lycopene. The subunits are called
) . _ap-heterodimers. Figure 1 depicts the 24 BChl molecules in
The light harvesting (LH) complexes of photosynthetic | 1| from Rs. molischianurwith all other components stripped
bacteria establish a scaffold which organizes a hierarchy of away. Sixteen of the BChis form a ring of 23 A radius (based
circular aggregates of, typically, 300 bacteriochlorophylls o, central Mg atoms of BChis) in which the tetrapyrrole rings
(BChls) and 200 carotenoids in the photosynthetic membranes oach BChl partially overlap each other. The remaining eight
of purple bacterid? Shaped in the form of a ring, LH-I, the  gcpis; forming a ring of 28 A (radius), are arranged such that
largest light harvesting complex, surrounds a central pigment  heir tetrapyrrole rings are nearly perpendicular to the former
protein complex called the reaction center (RC). LH-I and the (sixteen) BChls.
reaction center, inturn, are surrounded_ by about 10 _smaller light The main low-energy absorption band of BChls is the Q
harvestmg complexes, called LH-II, Wh'Ch are also r|ng-shaped. transition; the corresponding transition dipole moment lies along
The entire system, the photosynthetic unit, absorbs sunlight, o moleculay axis connecting the N atom of pyrrole | with
transfers the excitation energy efficiently within a few pico- 1o N atom of pyrrole 11l (see Figure 1, refs 26, 27). In LH-Il
seconds from the periphery to the reaction center, and convertsy o rs molischianurthis transition occurs at 800 nm as well
the light energy, thereby, into a potential across the memBrdne. as at 850 nm, suggesting that one of the BChl rings absorbs at
Recently, crystal structures of bacterial LH-Il complexes from 800 nm and the other at 850 nm. Given the structure of LH-II
two speciesRhodospirillum (Rs.) molischianusnd Rhodo-  from Rs. molischianupinear dichroism measurements suggest
pseudomonas (Rps.) acidophiteve been determinéd. The that the BChls forming the 23 A ring absorb at 850 nm and the
availability of these high-resolution crystal structures has gchls forming the 28 A ring absorb at 800 rif.
stimulated research in an already very active field on both the The availability of an observed structure of the RCRIf.
experimental and the theoretical frpﬁt%.“g Most recently, sphaeroidesnd of structures of LH-I and LH-II of this species
LH-I of Rhodobacter (Rb.)_sphaermdbas l:_)een computation-  ghtained by homology modeling provides an opportunity to
ally modeled on the basis of the protein's high degree of 3ssemble an entire light harvesting apparatus for this species
homology to LH-II ofRs. molischianurh'?2%2 The structures  made of the RC, an LH-I surrounding it, and several LH-I|
provide detailed information on the spatial organization of their forming satellites around LH#41222 Figure 2 presents the
chromophores and, thereby, can serve as a basis for a study ofggregates of BChls in a section of this light harvesting system
elc_actronic excitations and excitation transfer basec @miori with all other components (protein and carotenoid) stripped
principlest22.23 away. Clearly, the circular organization of the BChl aggregates
LH-Il from Rs. molischianuftis actually a circular aggregate  is a most intriguing feature of the bacterial light harvesting
of eight identical subunits. Each subunit contains a pair of short complexes. To understand how such aggregates serve the light
peptides, commonly referred to as theapoprotein and the  harvesting function requires knowledge of the electronic proper-
B-apoprotein, noncovalently binding three bacteriochlorophyll-a ties of the excited states of the circular BChl aggregate.
In this paper we seek to describe the electronic states of the
* Authors to whom correspondence should be addressed. BChl aggregates in LH-II froniRs. molischianuron the bases
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Figure 1. (a) Arrangement of bacteriochlorophylls in LH-II &ts.
molischianun® Bacteriochlorophylls (BChls) are represented as squares;
16 B850 BChis (gray) are arranged in the inner ring and eight B800
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program packag®. The INDO/S model has been parametrized
at the singly excited configuration (interaction) level (CIS) to
reproduce the spectra of simple chromophores such as benzene,
pyridine, and diazene$. INDO-CIS calculations have previ-
ously been successfully applied to studies of the electronically
excited states of chromophores involved in the primary electron-
transfer process in the photosynthetic reaction céht®ve have
carried out INDO-CIS calculations on the two independent BChl
aggregates shown in Figure 2, the ring of B800 BChls and the
ring of B850 BChls in LH-II of Rs. molischianunwith eight
and sixteen BChls, respectively, and report the results below.
Our objective has been to determine the nature of the low-
energy electronic states of B850 BChl and B800 BChl ag-
gregates of LH-Il and the associated optical properties. For
this purpose, INDO-CIS calculations have been performed on
monomeric BChl, BChl dimers, the entire B800 ring of eight
BChls, and the entire B850 ring of sixteen BChls. In addition,
we provide an improved set of parameters for the effective
Hamiltonian description suggested in refs 12, 22 and applied
to the entire photosynthetic apparatus as shown in Figure 2.
The remainder of this article is organized as follows. Section
2 describes the INDO-CIS method and the various structural
BChl aggregates investigated. Results are presented in Section
3, and conclusions are summarized in Section 4.

2. Methods

Quantum mechanical electronic structure calculations were
performed using the intermediate neglect of differential overlap
model parametrized for spectroscopy (INDO?SP2 The
INDO/S model has been used extensively by us and many
others. A review of the underlying model Hamiltonian has been
furnished in ref 33. The model is based on the original INDO
model of Pople, Segal, and Saritty® and is similar to the
complete neglect of differential overlap (CNDO) model adopted
for spectroscopy by Jaffe and Delbefié” The CNDO model,
however, does not contain the one-center two-electron terms
(Slater-Condon factor®) and, therefore, is not suitable for

BChis (black) in the outer ring. Bars connected with the BChls represent excited states of transition metal complexes, nor is it accurate

the Q transition dipole moments of individual BChls, and the van der

in reproducing singlettriplet splittings in most aromatic

Waals spheres show the position of the central Mg atoms of BChls. gystems.

Representative distances between central Mg atoms of B800 BChl and

B850 BChl are indicated (in A). The Cartesian coordinate system is
set up such that the 8-fold symmetrical axis of the LH-Il complex
coincides with thez axis, and thex andy axes are in the plane of the
paper. (b) Bacteriochlorophyll-a molecule in a licorice representation
with the phytyl tail (R) truncated for clarity. The pyrrole rings are
labeled in accord with the Fisher nomenclatifréThis figure is
produced with the program VMB)

of a priori principles, i.e., without adjustable parameters. Such

aggregates pose a serious challenge to quantum chemical

calculations due to their large size. Ab initio calculations are
not yet feasible. Various calculations of electronic excitations
of BChls in LH-II have been reported in the literature, ranging

Most parameters of the theory come directly from atomic
spectroscopy and are based on experimental ionization poten-
tials, electron affinities, and the Slate€ondon two-electron
integrals. An atom with a valence-basgd basis is given a
single resonance integra(s) = S(p), those with ars, p, andd
basis, integrals with two different valugés) = A(p) ands(d),
and those with ars, p, d, andf basis, integrals with three
different valuesf(s) = B(p), A(d), and5(f). The resonance
jntegrals are determined empirically from a database of mol-
ecules with well-established structures and optical properties.

2.1 Hartree—Fock INDO Self-Consistent-Field Method.
The Hartree-Fock—Roothaan methd84° employed here de-

from an effective Hamiltonian representation based on the point Scribes electrons in molecular systems by the equation

dipole treatmenr?18192%0 a more sophisticated point monopole
treatment’ and to the quantum mechanical consistent-force-
field/z-electron (QCFF/PI) approaéh. The drawback of these

FC = ACe (1)

approaches is that they contain adjustable parameters which mayvhereF is the Fock matrix which we express in the form
introduce properties that are a consequence of the parameters

chosen or mask other properties not resulting from a specific
parameter choice. A practical solution avoiding such parameters

F=h+G 2)

is to employ semiempirical models such as the intermediate Hereh represents the one-electron opera®the two-electron

neglect of differential overlap model parametrized for spectros-
copy (INDO/S) as implemented in the ZINDO computer

operator, andA the overlap matrix. In the basis of atomic
functions{y,} the elements of the one-electron operator are
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Figure 2. Geometrical relationship between BChls of LH-Il and LH-I and the reaction center, RC, based on a model of the bacterial photosynthetic
unit from Rb. sphaeroidesbtained by homology modeling? Observeéf times for transfer of electronic excitation between the various components
are shown. (This figure is produced with the program VKAp.

1 Z,
p— 2 =
h/w - u‘ - EV - Z RA VD (3) GM‘ § PP}L

p.AESA)
and the elements of the two-electron operator are given by the
following expression which holds in the closed-shell case
considered here

1
(uulpd) — Ecuplu/l)] +

P (ail55) (9
B;A 2 (@t op) (9)

In eq 8 the approximation

. (vfgc]) = o (10)
G = 3 P (vlph) = (uplvd) @) Re
0
is made. Zx is the atomic number of ator andZﬁ is the core
We have introduced above the notation charge of atomA, i.e., Zy equals the number of valence
electrons, (4 for carbon, 8 for iron, etc); an overline indicates
1 that only the spherically symmetric part of the integral is
(uvlpd) = f drldeZX,u(l)Xv(l)r_Xp(z) 12 (5) maintained. Z; replaceZ, in the INDO Hamiltonian since the
12 core electrons have been assumed to completely screen the

. i nuclear chargé&s. The “core” integralJ,,, is an atomic property
The molecular orbitalsy; are defined formally through the  \yhich can be determined empirically from ionization poten-

expansion coefficient€, tials3841 The one-center two-electron integrals(oA), with
u, v, p, L € SA), are taken from experimental Slate€ondon
b = z %y Cii (6) radial integralsF* and G* determined by atomic spectros-
0 copy3%38 The one-center off-diagonal matrix elements, i.e., for

indicesu, v € SA), are given by
In the INDO model, the basis set consists of an atomic set of

valence orbitals only; the existence of inner-shell, i.e., core, huv =0 (11)
electrons is accounted for through the parameters characterizing 1
the INDO model Hamiltonian. In the closed-shell case all

. ) i . ; G, = P A) — — A 12
orbitals are either unoccupied or doubly occupied; i.e., the mw pA;(A) P (wvipd) Z(MPIV )] (12)

orbitals¢; have occupancieg with values 0 or 2. The elements
of the first-order Fock Dirac density matriXP in eq 4 are then The off-diagonal elements &f andG, for u € SA), v € YB),

A= B, are
P/,w = Z C/,ti Cvi U (7) 1 _
I huv = E(ﬁ/,{A + ﬁ,uB) A;w (13)
In the following we denote by, B atoms and by§J) the set 1
of indices labeling orbitals on atoth= A, B. G,, = — SPu(@alvy) (14)
In the INDO model, the diagonal matrix elementshoéand
G are given by 4 € SA)) where the resonance integraisa, 3,5 are empirical factors
chosen to reproduce experimental spectra at the CIS level, and
h,=U, — ; Zi (| vv) (8) whereA,,, denotes a weighted overlap between atomic orbitals
' BB=A v2B) 2. andy,. Further details are provided in ref 30,-335.
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In carrying out the iterative SCF procedure, convergence
proved to be a problem for the larger aggregates investigated. . b3g (™)
For such aggregates, the first cycle generates a molecular orbital Vo 7 eg (n") b2 ()
manifold with nearly continuous, i.e., gapless, orbital energies "‘ ; L 9
resembling the half-filled energy band of a metal. The problem | ;
could be overcome by level shifting, a procedure in which the LA

unoccupied orbitals are shifted according to the recipe (™ a, @

am by, m

E(level shift)= 1.0 Hartree/SCF cycle number (15)

At the end of the tenth SCF cycle, the shifting is terminated. 50000 —
Failure to converge at this point was generally indicative of an a,,~¢€
error in the assumed geometry, as occurs readily for large | 77
systems. One must also be aware that such a procedure, 40000 [— b, e
especially in systems of high symmetry, can lock onto excited ~ | =7
states. E -
For the Cl expansion at the CIS level, one needs to evaluate 5 30000 [— A e 9\
the Hamiltonian in the basis of singly-excited electron configu- < 1U”g . _ o4
rations. For this purpose one can use the INDO/S Hamiltonian = A —— (B)
stated as in conventional many-electron theory 20000 [— \

. i 1 . —
H= ZJ Zhucilcja +5”ZI PAULY Clo Chr G Gy (16) 10000 [— Bau (Qy)
’ o a) b) c)

where the operatorgt, (ci) are fermion creation (annihilation) 0
operators which create (annihilate) an electron in molecular Figure 3. Four-orbital model for Bchi®4° The orbitals (see text) are
orbital ¢;, as it results from the SCF calculation, and spin denoted by the I labels for porphyrin as well as by the respective
Here ﬁij and (ka|) denote the matrix elements of the single- Dan labels?® The four single excitations, which can be constructed in
and two-electron operators transformed into the basis of the four-orbital model, are shown. Their energies are given at three
molecular orbitals. No further specification of INDO/S levels of description: (@) difference of molecular orbital energies, i.e.,

. . . the termAe for the respective diagonal element of the CIS Hamiltonian
interaction parameters is needed for the many-electron problem

. ' . . . - (eq 17); (b) the complete respective diagonal element of the CIS
stated in this form. The singly-excited electron configurations pHamiltonian (eq 17\ — J + 2K; (c) the energy resulting from the

promoting an electron from occupied molecular orhit§) to CIS calculation, i.e., the energy of the eigenstate (eq 19) of the CIS
unoccupied molecular orbita (b), denoted byji — all(|j — Hamiltonian with the respective single excitatiin-alJas its major
b0), are coupled to a singlet overall spin state and serve as thecontribution.

basis of the CIS calculation. The elements of the Hamiltonian The effects of the surrounding media are included, when
(eq 16) in this basis are '

required, using the self-consistent reaction field approach
(SCRF) described in refs 443. This involves adding the

(i~ a| H |J=b)= (e,~¢) &0, — <ij/|\a;7> +2 <ia/|7b> a7 response of the dielectric medium to the Fock operator according
Ae 7 P4 to the expression
—E° _ _ —3— 7
whereg;, etc., are the eigenvalues of the SCF matrix associated FW - Fy““/ [(e = 1)/(2e + D)a "o lalriyd  (20)

with ¢; etc. The symbolsAe, J (Coulomb integral), anK
(exchange integral) refer to Figure 3 which compares various
energy contributions for the excitations constructed on the basis
of the four-orbital model, the latter _bemg explained be_low. according toa = 1.383 M./d)3 whereMy, is the molar mass
The HF-INDO-SCF theory described above determines the i, 5/mq) dis the density in g/mL, andis in Bohr. To describe
ground-state reference energy and provides the set of moleculag, o effect of the protein environment, a dielectric constast
orbitals which are employed in the CIS calculation to determine g i assumed together with an effective refraction index of
excited state energies and trans_it_ion dipole moments. Theﬁ; the latter values have been suggested in ref 46,
O ent, We s o h sructur of e varous EChl sgregates e
including all one- and two-center terms of the transition dipole 'symmetnze_d coordinates .Of LH-I frorﬁ{s. malischianud .
operators, according to the formula Generally, if poor geometries are usegl in a quantum chemistry
procedure, this becomes apparent either in the failure of the
7 _ SCF procedure or yields results that are impossible to under-
f,=4.709x 10 * (E, — Eg) x |Ey)o|ﬂ|wnm2 (18) stand. Unreasonably long or short bond lengths, atoms too close
to one another, unsaturated valencies, or the incorrect position
of hydrogen atoms are easily discovered. We note, however,
that the potential for serious error is present if poor geometries
pass these tests, and the results are not obviously wrong. In
the present study, in which there is an apparent high symmetry,
Y= Zdi(;‘) li —al (19) the chances of errors are greatly reduced once the structure of
A one of the chromophores is correct.

wheret, is the ground-state dipole moment, obtained iteratively,
and where is the dielectric constat:*> For our description
we assume a cavity radius determined through mass density

where the energi€s, andEg are in units of cm* and | [o|zt| 1]
is in Debye. v, denotes the SCF ground state, gnddescribes
the nth eigenstate of the CIS Hamiltonian given by
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TABLE 1: Spectrum of BChl-a Monomer Calculated by Means of the INDO-CIS Method in the Gas Phase and in a Dielectric
Medium with € = 9 andn = +/2

energy state dipole (Debye) transition dipole (Debye)
state cm? [nm] 0sC. str. X y z X y z
0 0.0 7.33 -0.10 -0.11
(20.9) (+0.18) (+0.34)
1 13335 [751] 0.766 2.85 —0.67 —0.05 11.0 0.98 -0.15
(12 853 [778]) (0.45) (5.27) (1.82) —3.02) (+8.02) (2.86) (1.16)
2 18117 [552] 0.003 452 —0.02 —0.08 0.51 —-0.34 0.01
(18 464 [541]) (0.037) (14.3) (5.06) —@4.28) (+1.01) (+0.15) (1.80)
3 26 702 [374] 0.001 4.57 —0.60 3.73 0.26 —0.06 0.01
(28 485 [351]) (0.800) (19.5) (6.85) —0.9) (4.52) (1.56) (6.06)
4 29 593 [338] 1.937 1.54 0.71 —0.16 —1.66 11.67 —0.09
(28 318 [353]) (0.382) (15.0) (7.56) —@.04) (3.23) (0.72) €4.21)
5 30 264 [330] 0.166 13.0 —3.42 -0.37 2.81 1.87 —-0.52
(28 956 [345]) (0.539) (13.4) (5.64) —2.86) (2.42) (0.40) £5.79)
6 31175 [321] 0.660 6.79 0.82 -0.27 —2.52 6.19 0.51
(29 710 [337]) (0.519) (14.0) (5.32) —3.99) (0.76) (0.14) (6.04)

aValues in parentheses are for dielectric medium, calculated using eq 20 following refs 43, 44.

The INDO-CIS description predicts the Q bands of porphyrin- the Cl expansion included 4096 configurations for each of the
like systems generally within 1000 crh®1:3347 j.e., quite A and B representations of the group corresponding to the
accurately, and these are the bands of photochemical interessymmetry of the aggregate.
in these systems. The B bands (or Soret bands) are generally
predicted some 40666000 cnT?! too high in energy by CIS
calculations’48 This is a consequence of the failure of the
simple four-orbital model (see Figure 3) to describe the B
bands: double excitations are required to lower the calculate
energy and to reduce the calculated oscillator strength. How
ever, the present study focuses on the lower excitations and,
accordingly, CIS level calculations should be of sufficient
accuracy for our purpose.

2.2 Aggregates Modeled. Before introducing the BChl
aggregates to be investigated, it is useful to review some salien
features of the underlying structure of LH-II froRs. molis-
chianum® LH-Il from Rs. molischianurexhibitsCg symmetry?

As shown in Figure 1, each-heterodimer contains three
BChls: B800, B850a, and B850b (in the ellipse enclosed by a
solid line). We denote by B850a the B850 BChl binding to
the a-apoprotein, and by B850b the B850 BChl binding to the
B-apoprotein (see Figure 1). Bacteriochlorophyll B85&a
bound to thex-apoprotein of the (left) neighboring heterodimer.
The Mg—Mg distances between B850a and B850b measure 9.2
A, the Mg—Mg distances between B850and B850b measure
8.9 A. Mg—Mg distances between neighboring B800 BChls

measure 22 A. As mentioned previously, the four-orbital description is reason-

LH-1I from Rs. molischianuntontains an aggregate of 24 5,y accurate for the Q bands, but higher excitations, including
BChls, composed of the strongly coupled aggregate of 16 B850 4, e and triple excited configurations, affect B. The INDO/

BChls and the more weakly coupled aggregate of eight B800 |5 model generally calculated the B bands 468000 cnt?
BChls. The aggregates studied are the following: too high in energy. This is also the case here.
(i) BChl monomer; _ _ It is informative to compare the stated results with those of
(i) B850 BChI dimers; dimer A with B850a and B850b (i.e., p,, porphyrins, in which rings+V are all pyrrol rings. In
chromophores surrounded by the solid ellipse in Figure 1), and thjs case the occupied orbitals are the nearly degenerate pair
dimer B with 8850aanq 8850b (l.e., chromophores surrounded aw() and ay(7r), and the unoccupied orbitals are the degenerate
by the dashed-line ellipse in Figure 1); e,(r*) pair (see Figure 3). The four-orbital model then produces
(iii) the B80O octamer, created from the structure of LH-Il two nearly degenerate, optically inter, transitions, which
of Rs. molischianunby truncating each chromophore to 44 mix strongly through Cl, producing the relatively weak Q bands
atoms, and generating a structure with exagsygnmetry; the [E(QY = E(Q,) in Dan] and the very intense B bands [E{B=
latter is difficult to do, even in double precision algebra; artificial E(B,) in D4n]. The reduction in symmetry in the formation of
splitting can easily occur in case of imperfect symmetry, chlorins splits the degeneracy not only of each of thg
especially in the Elevels; transitions (into!B,, and 1B3,), but also separates the two
(iv) the B850 hexadecamer, created from the structure of LH- predicted 'B,, and B3, excitations. Because these pure
Il of Rs. molischianunby truncating each chromophore to 44 configurations are separated significantly in energy, the excita-
atoms, and generating a structure with exagcsg@nmetry; the tions do not mix much in the CI description. Both the Q and
B850 hexadecamer includes 704 atoms and over 2000 electronsthe B states remain strongly allowed. This is important for

3. Results and Discussion

d BChl Monomer. To establish a point of reference we
_consider first the properties of a BChl monomer. The calculated
properties are presented in Table 1. Figure 3 exhibits, schemati-
cally, the involvement of four BChl orbitals in the lowest energy
excitations, two occupiedr orbitals of a(r) and k()
symmetry in By and two unoccupied orbitals of bg(*) and
b3y(*) symmetry. Excitations between these four orbitals (the
Your-orbital moded®49 give rise to two transitions of symmetry
(i.e., transition dipole moment in thedirection) and two ok
symmetry (transition dipole moment in thxedirection). The
lowest two excitations are labeled, @B2,) and Q (*Bs,) and

are calculated to lie at 13 335 and 18 117 ¢énrespectively.
The Q excitation is characterized by a transition dipole moment
along they axis which passes through the two opposite, reduced
pyrrol rings in the case of ) bacteriochlorin; in the case of
BChl the transition dipole moment is slightly rotated (see Table
1 for bacteriochlorophyll). The two upper transitions of these
four are the principal components of the Soret or B bang [B
(*B2,) and B (!B3)], that we predict at 26 702 and 29 593 T
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TABLE 2: Spectrum of BChl-a Dimers Calculated by Means of the INDO-CIS Method in the Gas Phase and in a Dielectric
Medium with € = 9 and n = +/2; Dimers are Defined in Figure 1

energy state dipole (Debye) transition dipole (Debye)
state cmt [nm] 0sC. str. X y z X y z
Dimer A (Rug-mg = 9.2 &)
0 0.0 2.14 8.23 -4.20
(0.82) (9.84) £5.36)
1 12 040 [831] 1.25 4.06 7.80 —4.20 —13.6 7.54 —0.09
(12 025) ([832]) (1.38) (3.19) (9.18) —5.35) (13.6) €7.64) (0.07)
2 13 452 [743] 0.08 0.46 10.1 —3.98 1.63 —2.94 —0.96
(13431) ([745]) (0.07) (0.08) (11.08) -6.17) +1.33) (2.79) (0.94)
3 16179 [618] 0.001 —41.1 15.1 —5.47 0.01 —0.25 —0.10
(14 815) ([675]) (0.001) €41.6) (16.2) £6.65) (0.00) €¢0.26) (0.10)
4 17 637 [667] 0.001 32.1 4.23 —3.76 —0.38 —0.03 0.10
(17 133) ([584]) (0.001) (28.4) (5.87) —@4.91) (~0.40) (0.00) (0.11)
Dimer B (Rug-mg = 8.9 A)
0 0.0 7.92 7.04 —5.78
(8.53) (8.33) ¢7.49)
1 12 157 [822] 1.25 7.85 5.22 -5.70 8.00 12.40 —0.16
(12 131) ([824]) (1.22) (8.83) (5.77) —7.39) +7.91) (12.3) £0.22)
2 13359 [749] 0.18 4.77 8.94 —5.66 -5.17 0.61 0.90
(13335) ([750]) (0.18) (5.24) (10.22) —(7.37) 5.24) (0.73) (0.87)
3 15842 [631] 0.002 40.8 —9.93 —5.80 0.07 0.57 0.00
(14 229) ([703]) (0.005) (41.49) —9.08) (7.46) (+0.08) (0.83) (0.00)
4 16 331 [612] 0.001 —29.7 24.4 —4.29 0.10 —0.36 —0.02
(15 920) ([628]) (0.001) €28.5) (25.1) £5.98) (0.03) (0.28) (0.02)

aValues in parentheses are for dielectric medium, calculated using eq 20 following refs 43, 44.

TABLE 3: Spectrum of B800 Octamer Calculated by Means

photosynthetic systems since the latter favor the low-lying bands of the INDO-CIS Method in the Gas Phasé

to be intense, both for greater absorption probability and for

efficient energy transfer between the component chromophores. energy

The protein environment has a considerable effect on the state cm? [nm] OSC. Str.
spectral properties of chromophores. In the present study we Q
account for this environment as outlined in Methods. The 1 13148 [761] 0.26
calculations predict for the Qransition a red shift from 751 to 2 13208 [757] 3.34
778 nm and a 70% reduction of its oscillator strength. ‘31 g ggg {;gg g'gg

The BChl monomers experience a considerable change in 5 13 307 [752] 0.00
their dipole moments upon electronic excitation. 6 13378 [748] 0.00

B850 Dimer. The spectra for both dimer A and dimer B 7 13378 [748] 0.00
(see Methods) evaluated by means of the INDO-CIS method 8 13403 [746] 0.00
are listed in Table 2. We recall that dimers A, B describe the Q«
two types of BChl pairings which occur in the B850 aggregate 9 17930 [558] 0.01

. o 10 17 930 [558] 0.015

of LH-II. D|mgr B corresponds toa strugture that is similar to 11 17 930 [558] 0.015
that observed in the reaction center special pair and has-a Mg 12 17 931 [558] 0.00
Mg distance of 8.9 A; dimer A has a longer Mtylg distance, 13 17931 [658] 0.00
i.e., 9.2 A, and exhibits also a different relative arrangement of ié g ggg {ggg} 8-88
the two BChls, in that ring 11l and ring V of one BChl overlap e 17 939 [258] 0.00

with those of the other BChl in the opposite direction.
The four-orbital model (see Figure 3), in case of BChl dimers, _ * The geometry of the octamer corresponds to that of the ring of
leads to 16 relevant electron configurations: eight intra-BChl B800 BChls in LH-Il of Rs. molischianuras reported in ref 8.

single excitations and eight inter-BChl single excitations; linear stronger, arises also in the special pair of the RC. It had been
combinations of the former excitations are called exciton-type argued that this energy lowering ensures that the lowgst Q
excitations, and those of the latter type are called charge excitation in the RC occurs in the special pair, such that
resonance type excitations. The (energy-wise) lowest four of excitation energy is trapped in this moiety for use in the primary
all these excitations, presented in Table 2, are pfyQe; the charge separatiotf.
lowest two of these are excitonic, the upper two are of charge  An alternative view of the effect of dimerization focuses on
resonance type. The effect of the dielectric medium on the the Q excitation of monomeric BChl. In the case of the dimer
energies of the excitonic states is small. However, the resonantin a dielectric medium, the dimerization splits this excitation
charge transfer type excitations are strongly affected by the for dimer A (B) into two excitations, namely, 778 nm 832
dielectric environment, e.g., the third excitation in dimer A (B) nm + 745 nm 824 nm+ 750 nm).
is red-shifted 618 nm~ 675 nm (631 nm— 703 nm). B800 Octamer. Table 3 presents the excited-state energies
There occurs an important mixing of the lowest excitonic and transition dipole moments for the ring of eight B800 BChls
state with the upper charge resonance state (as it arises fronof Rs. molischianunevaluated in the gas phase. Two narrow
electron configurations within the four-orbital model) that leads bands of excitations are shown, a band g&&citations around
to an anomalous energy lowering of this exciton state relative 752 nm and a band of @xcitations around 558 nm. One may
to the other exciton states. Such a shift, though somewhatfit the levels of the Qand Q bands by the progression of energy
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TABLE 4: Lower Exciton Manifolds of B850 Hexadecamer
as Calculated by Means of the INDO-CIS Method in the Gas
Phasé

Cory et al.

TABLE 5: Average Excited State Energies of Higher
Exciton Manifolds of B850 Hexadecamer as Calculated by
Means of the INDO-CIS Method in the Gas Phasg

energy trans.dpl.mom.(Debye) average energy
state symm. cmt [nm] osc.str. X y z manifold cnT?t [nm] bandwidth cm?
Q1 5 17 843 [560] 0.4
1 A 11698 ([854] 0.002 0 0 -0.55 6 18 036 [554] 55
2 B 12120 [825] 6.240 33.07 0.11 0 7 19 647 [508] 0.0
3 B 12120 [825] 6.240 0.11-33.07 O 8 20291 [492] 0.0
4 B 12636 [791] O 0 0 0 9 21778 [459] 0.0
5 B 12636 [791] O 0 0 0 10 22702 [440] 0.0
6 E 12949 [772] © 0 0 0 11 23778 [420] 0.0
7 E 12949 [772] O 0 0 0 12 23872 [418] 0.0
8 B 13048 [766] O 0 0 0 13 25 064 [398] 0.0
Qe 14 25242 [396] 0.0
9 A 13883 [723] 0.190 0 0 5.39 » oot [ggg] 20
10 E 13927 [718] 0080 264 —230 O e oo [392] 20
11 E 13927 [718] 0080 -230 -264 O [383] :
18 26185 [381] 0.0
12 B 14040 [712] O 0 0 0
19 26278 [380] 0.0
13 B 14040 [712] O 0 0 0
20 26 335 [379] 0.0
14 B 14161 [706] O 0 0 0
21 26 573 [376] 0.0
15 K 14161 [706] O 0 0 0
16 B 14213 [704] 0 0 0 0 22 26592 [376] 0.0
o 23 26 678 [374] 0.0
V3 24 26 944 [371] 0.6
17 A 16618 [602] O 0 0 0.29 25 27 257 [366] 0.0
18 k& 16619 [602] 0.022 —-1.04 1.29 0 26 27 291 [366] 0.0
19 g 16 619 [602] 0.022 1.29 —-1.04 0 27 27 376 [365] 0.0
20 B 16620 [602] O 0 0 0 28 27 468 [364] 0.0
21 B 16620 [602] O 0 0 0 29 27 472 [364] 1.8
22 B 16621 [602] O 0 0 0 30 27551 [362] 0.0
23 B 16621 [602] O 0 0 0 . _ o _ _
24 B 16621 [602] O 0 0 0 Each manlfold_ contains eight states whose excited state energies
o are averaged to yield the value shown.
y,4
25 A 17468 [572] O 0 0 —0.03 _ .
26 E 17468 [572] 0.017 —0.59 131 0 b_and contains a low-energy A state, a h|gh7energy B state, and
27 & 17468 [572] 0.017 —-1.31 —-059 O Six pairwise degenerate states labelgdHz, Ez in the symmetry
28 B 17469 [572] O 0 0 0 group Cs.
%g E g isi E;g% 8 8 8 8 ' The Q1 band exhibits a noteworthy asymmetry; the B level
31 E 17471 [572] © 0 0 0 I!es about 1010 cmt above the Elevel, Wherea__c, the A level
32 B 17471 [572] O 0 0 0 lies 420 cm? below the E level. An analysis of the CI

aThe geometry of the hexadecamer corresponds to that of the ring
of B850 BChls in LH-II of Rs. molischianunas reported in ref 8.

levels

E(nj) =g — 2b cos(%) n=0,1,..7 (21)

assuming a circular system of quantum states witeytnmetry
and only nearest neighbor interactions. The bandQyf
excitations is matched by eq 21 with constaats= 13 289
cm~tandb; = 127 cnt! with a standard deviation ef; = 11
cmt. The band ofQy excitations, likewise, is matched by
parameters, = 17 931.3 cmt andb, = 1.15 cnt! with 0, =
0.5 cntl. In assigning these constants, we used more significant
digits than are displayed in Table 3. The snia}j values show
that the bands of B800 excitations are very narrow, in fact, only
of the order of thermal energies at physiological temperature
(ksT ~ 200 cntl). This implies that excitations in the B800
band are localized on individual BChls.

B850 Hexadecamer. Table 4 presents the main result of

expansions of the respective states shows that the strong
depression of the A level is due to interaction (level repulsion)
with charge resonance states, in particular, the states contributing
to the Q4 band.

In the Q,1 band the Estates carry the main oscillator strength.
The oscillator strength of the circular aggregate is enhanced by
a factor of 8 compared to that of monomeric BChl. The
transition dipole moments of the optically alloweg $ates are
oriented in thex,y plane which is parallel to the plane of the
photosynthetic membrane, and only the Eates absorb
radiation polarized in this plane. The increase in oscillator
strength reflects the character of the excitonic states as coherent
superpositions of single BChly@xcitations which can add up
the individual transition dipole moments. Similarly, the lowest
energy state, the A state, exhibits vanishing transition dipole
moments in the, y plane due to destructive interference of the
local transition dipole moments.

The A states of all bands, and only these states, exhibit
nonvanishing transition dipole moments in thalirection, a
property which is also a reflection of the coherence properties
of the excitonic states.

this paper, the excited-state energies and transition dipole One may fit the levels of the \ and Q. bands to the

moments for the B850 BChl aggregate of LH-1I &is.
molischianum The excitations fall into a band,@ of eight
exciton states built up from the lower-energy excitation of dimer
A at 824 nm, a band {) of eight exciton states built up from
the higher-energy excitation of dimer A at 750 nm, and two
bands (Q3, Qy,4) of resonant charge-transfer excitations. Each

progression of energy levels described by eq 21. The respective
parameters ar@z = 16619.8 cm?, by = 0.75 cm’%; ay =
17469.4 cm?, by = 0.82 cnTl. The smallbs and b, values
imply a very weak coupling between local excitations.

Table 4 lists only the excited state properties for the lower
four exciton manifolds. Results for the higher exciton manifolds
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are presented in Table 5. Due to space limitation, only the elementse, »1, and v, are adjustable parameters of the
average excited state energy is given for each manifold. EachHamiltonian.

manifold contains eight states. Unlike the lower four exciton
manifolds shown in Table 4, the higher exciton manifolds have

To determine the four parametets., v,, andC, we postulate
that Hamiltonian (eq 24) reproduces the “edges” of the &nd

a very narrow bandwidth. As shown in Table 5, the spread of Qy,bands exactly; i.e., it reproduces the energies (in units.cm

excitation energies within each manifold is no more than 5.5
cmL.

Effective Hamiltonian Description of Excitonic States.
The Q1 and Q2 bands of the hexadecamer ring of B850 BChls
contain 16 states with contributions mainly from intramolecular

see Table 4)

E, = 11698, = 13 048 E, = 13 883 E,; = 14 213 (26)

It can been shown, following ref 12 and exploiting tkik

Qy excitations. One may ask if these bands can be describedsymmetry of the system under consideration, that these energies

by a Hamiltonian defined only in a basis of local excitations

l0= 91(9) ¥2(9) - Yu-1(9) Yo Q)W a+1(9) - ()
(22)

wherey);(g) describes thgh BChl in the electronic ground state
andy(Qy) describes theth BChl in the Q excited state. 18

is the number of BChls in the aggregate, i.e., 16 in case of the

B850 system of LH-Il. The statéslimay be assumed to form
an orthogonal basis such that

(oo’ = Oy (23)

The Hamiltonian in the basis (eq 22) for= 1, 2, ... 2\ can be
written in the general form

r

€ v Wig Wi, o Win-1 2

U1 € v, Woy, ... W -1 Wo oy
W3,1 Uy € U1 W3,2N—1 W3,2N
W4,1 W4,2 U1 €

.. € Up W2N72,2N

. ) € U1

Uy . W2N,2N—2 U1 €

(24)

Here, e represents the excitation energy of the State of an
individual BChl. The parametetg andv, account for nearest

are related te, v1, v2, andW x through the analytic expressions

N—-1

Ejneg=€+ 5 Wiz +Wo g9 £

N—-2

N—-1
- \/[ (W1,2i+1 - W2,2i+1)]2 — 4o+, + W1,2‘+2]2

N1 _
Ego=¢ +5 (-1 (Wi T Wo 5 &

N-2

1 N-1 ‘ A
5 \/[ (-1 (W1,2+1 - W2,2'+1)]2 =4 — v, + (-1y W1,a‘+2]2
(27)

&
The coupling energied/ x can be readily evaluated numerically
according to eq 25 on the basis of the coordinates and transition
dipole moments of the B850 BChls in LH-II dRs. molis-
chianum One can determine then from egs 26, 27 that
13242 cml, 3 = 790 cn?, v, = 369 cnT?, andv; = —148
cm~L. Fromuz one can evaluat€ using

al'as _ 3(_':13'81)(_':13'83) -1

3 5
li3 I3

C=u, (28)

One findsC 505 644 B cm™.

In ref 12 the parametess v1, v2, andC had been determined
on the basis of energids;, Es, Ey, andE;g stemming from a
smaller-scale INDO-CIS treatment of the B850 hexadecamer
which employed actually only 512 configurations for each

neighbor interactions between chromophores. The interactionssymmetry class, i.e., for A and for B symmetries. The values

Wix must reflect the @symmetry of the B850 aggregatd &
8).

In the following, we try to determine a Hamiltonian (eq 24)
such that the associated spectrum reproduces ¢hew@d Q.

obtained in ref 12 differ only insignificantly from those stated
above.

Table 6 compares the energies of thg @d Q, band states
as determined by means of the INDO-CIS method and by means

bands as described by the INDO-CIS method. However, rather of the effective Hamiltonian as described. One can recognize

than assuming that all elements of the Hamiltonian, within the

that the effective Hamiltonian reproduces qualitatively the Q

bounds of symmetry, are adjustable parameters, we attempt aand Q.2 band energies, i.e., reproduces the sequence of,A, E

description in which we approximate the matrix elemens
in eq 24 through the dipotedipole coupling interaction

dj'dk _ 3(Tjk'dj) (Tjk'dk)
5

3

Wi

(25)
Here,aj represents unit vectors describing the direction of the
transition dipole moments of the ground state Q, state
transition of thejth BChl, andr is the vector connecting the
centers of BCh| with BChl k; C is a constant independent of

E;, Es, B symmetry states, the wide bandwidth of 1350 ¢m

of the Q1 band, the narrow bandwidth of 330 chof the Q>
band, the gap of 835 cmi between the two bands, as well as
the approximate spacing between the individual states. This is
also demonstrated in Figure 4. One may note that the difference
in the bandwidth of the Q3 and Q2 bands is due to the long-
range interaction between the BChls, i.e., due to dipdipole
coupling, and is not reproduced by an effective Hamiltonian
with only nearest neighbor couplings and »,; for the latter
Hamiltonian the @Q; and Q bands have equal widthv2 as

j andk. Expression 25 is exact in the case of large separationscan be seen readily from eq 27.

of BChlsj andk, in which caseC is determined by the transition
dipole moment of the Q transition of monomeric BChl.
Presently, we want to assume thatand the three matrix

The effective Hamiltonian underestimates by a factor of 1/3
the gap between A and;Btates which is calculated to be 422
cm 1 in the INDO-CIS description, but only 276 crhin the
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Figure 4. Spectrum of the circular hexadecameric aggregate of B850 BChls in the gas phase. (a) Results of INDO-CIS calculations (see Table 4);
(b) spectrum as matched by the four-parameter effective Hamiltonian (eqs 24 and 25).

TABLE 6: Spectrum of B850 Hexadecamer Calculated by more proximate than are those between B85%0al B850b,
Means of the INDO-CIS Method in the Gas Phase and although the latter pair displays a shorter Mdg distance (8.9
Calculated by Means of the Effective Hamilionian &s A) than the former pair (9.2 A3. The value ofC corresponds
Explained in the Text . ) .

to a Q state transition dipole moment of 11 D (if one assumes

state symm. ﬁ&%gég eggrggacgl an optical densityn = 1). This value is larger than the
previously estimated values of BChl in organic solvent which
Qua range from 6.1 B? to 7.7 D2 (our value for the monomer in
1 A 11698 11700 . . . . . -
> E 12 120 11976 ane =9 meqllum is 3.6 D see Table 1). legn the smpll-cny
3 = 12 120 11 976 of the effective Hamiltonian, the neglect of single excitations
4 E 12 636 12 449 other than monomeric Qexcitations, and the underlying
5 E 12636 12 449 assumption of an optical density o= 1, the agreement of the
? E ig gjg ig ggg oscillator strength within an error of 25% is actually an excellent
8 B 13048 13048 result.
Q2 In this work, INDO-CIS calculations are carried out on the
9 A 13883 13 884 basis of coordinates of isolated BChl aggregates assuming a
10 =] 13927 13962 perfect G symmetry. Since spectral properties of BChls are
11 B 13927 13962 sensitive to their surroundings (protein, carotenoid, and lipids),
15 % ii 828 ﬂ 822 an indigenous, glasslike disorder of the protein will perturb the
14 E 14 161 14 176 symmetry of BChl rings. It is the extent of such perturbation
15 B 14 161 14 176 that determines the nature of excitations of BChl aggregate
16 B 14213 14210 which can be either delocalized or localized. In principle, the
2 The geometry of the hexadecamer corresponds to that of the ring atio of coupling strengths between BChls, i, v2, to the
of B850 BChls in LH-II of Rs. molischianunas reported in ref 8. magnitude of disorder determines the extent of delocalization.

effective Hamiltonian description. As pointed out above, the N the case of the B850 BChl aggregate, the effective coupling
lowest exciton state is lowered in energy due to strong Petween nearest neighbor BChis is 790 ¢rfvy) within the
interactions with charge resonance states; these excitations ar&/-heterodimer, and 369 crh (v;) between theo,3-hetero-

not included in the effective Hamiltonian description and, hence, dlmerjs. Since 'these COUF’“_”Q strqngths are larger than th?
this failure is to be expected. magnitudes of disorder as estimated in refs. 12, 54, the electronic

The parameters characterizing the effective Hamiltonian are €xcitations of B850 BChis are most likely delocalized. This
of interest. The value of is 93 cn! below the calculated  conclusion is consistent with results of a series of hole-burning
energy of the Qstate of monomeric BChl. Thisvalue implies ~ and absorption spectroscopy experiments carried out by Small
that the individual BChls in LH-1I have absorption maxima at and co-workerd?>>58 A direct observation of the lowest
755 nm. Itis intriguing that this site energy of 755 nm is nearly exciton level (A) of the B850 BChl aggregate from LH-II of
the same as the absorption maximum (772 nm) of BChl-a in Rps. acidophildy absorption spectroscopy and by hole-burning
organic solvent! The difference in the values af, and v, spectroscopy at 4.2 K has been reported in ref 13. It was found
reflects the tighter coupling of B850a with B850b compared to that the strongly allowed fState is responsible for the majority
that of B850aand B850b (see Figure 1). The tighter coupling of the B850 absorption band, and the lowest exciton state (A)
between B850a and B850b BChls is expected since the contributes to 3% of the total intensity of the B850 absorption
tetrapyrrole rings of B850a and B850b BChls are geometrically band. The fact that the strongly allowed degeneratstgte
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dominates the B850 absorption band suggests that electronicThe solution of the structures of light harvesting complexes has
excitations of the B850 BChl aggregate is delocalized. made computational investigations feasible.

The hole-burning experiments reported in refs 13, 56, 57  The study of BChl aggregates presented in this paper is unique
provide an estimate of the splitting\E, between the lowest  in that it does not rely on ad hoc parameters, but rather employs
state A and the strongly allowed Etate of the exciton system.  a model Hamiltonan, INDO/Zfor describing optical properties
A AE value of 290 cm* had been determined for LH-Il from  of molecules in general. This approach allows one to analyze,
Rs. molischianurP® This value is smaller than the splitting of  through the difference of calculated and observed spectra, how
422 cntt resulting from the present INDO-CIS calculations. proteins control the spectral properties of bound BChls and to

The discrepancy between the INDO-CAE value (422 crmt) determine the effective couplings between aggregated BChls
and the experimentally estimatexE value of 276 cm! is computationally without a priori coupling strengths. The results
considerable, and one must note that if the effect of disorder reported above for monomeric BChl suggest that such an
and temperature oAE is taken into account, the discrepancy approach can be successful. INDO-CIS calculations determine
would increase even further. As pointed out by Wu eb@tg, an absorption maximum of 751 nm in the gas phase and of 778
the AE derived from the hole-burning spectroscopy is an nm in a medium withe = 9 andn = 2. INDO-CIS
apparent value that reflects the effects of disorder and the calculations on trimers and hexamers of BChls (Zerner et al.,
experimental temperature (4.2 K). It has been argued in ref 13 ynpublished results) attribute a 77877 nm absorption to the
that AE increases with increasing disorder. For example, an Bg00 BChls, demonstrating that their spectral absorption is only
apparentAE value of 200 cm?* derived from hole-burning  very weakly coupled. The 776778 nm values are close to
spectra for LH-Il ofRps. acidophilas reduced to a real splitting  the 800 nm value of B800 BChl in LH-II, indicating that the

(free of disorder) of 150 cmt when an experimentally accept-  absorption of B800 BChl is not much affected through special
able level of diagonal energy disorder is taken into accétnt. ligation effects.

Likewise, it has been argued that nearest neighbor couplings e |NDO-CIS calculations reported above were remarkably
are much stronger at lower temperatufe< 150 K) based on  g,ccessful in describing B850 BChls. The B850 BChl hexa-
an analysis of thermal broadening of the B850 absorption Hand. decamer in LH-Il ofRs. molischianunexperiences a splitting

From this it follows that the\E value derived from 4.2 K'hole- ¢ {ha (in vacuo) 751 nm Qlevel into 16 levels, associated
burning spectra overestimates the excitonic splitting at room \ it exciton type wave functions, which form two distinct
temperatureé? _ _ bands, a wide lower-energy band and a narrow higher-energy
. Further work at both the theqretlca! and experimental front p5q. Only two of the 16 exciton states, the pair of degenerate
is needed to resolve the described discrepanciEnvalues. E, states (see Table 4), carry significant oscillator strength. These
For example, in the analysis of hole-buming experimeX#s states are shifted to 825 nm relative to the 751 nps@te of

is simply equated to center frequency displacement, which monomeric (in vacuo) BChl; i.e., the calculations reproduce well
involves assumptions that need more careful scriirty. On the red shift to 850 nm in LH-I1 of the spectrum of monomeric
the theoretical fronts, the point monppole treatment by Sauer gcp upon forming the hexadecamer ring, in particular, if one
et al. suggests actually a nearest neighbor coupling strength ofconsiders that the dielectric properties of the protein could yield
273 cni* for LH-1I from Rps. acidophild’ which corresponds 3 further red shift by about 20 nm not yet accounted for by the
to aAE of about 100 cm* in a simple effective Hamiltonian  ga5_phase description. A crucial property of the B850 system
schem_e. However, the treatment in _ref 17 is obviously more i | H-Il is the energy gap AE) between the (energetically)
approximate than the INDO-CIS description presented here suchigwest and second-lowest exciton level. The INDO-CIS
that it does not resolve the existing discrepancy. The QCFF/ -giculation suggests a gap of 422 Tmwhich, given the

Pl approach by Alden et al. predictsE values of 79 and 60 gegeneracy of the second-lowest state, implies an 82% oc-
cm*for LH-Il from Rps. acidophilawith and without disorder  cypancy of the lowest exciton state after thermal relaxation.
included, respectivel}? Again, adjustable parameters are used accordingly, the electronic properties of the lowest exciton state
in the QCFF/PI approach, which renders a direct comparison gpguld govern the energy transfer characteristics of LH-II.

of the AE \_/a_Iue b_y QCFF/P.' with that of our .lNDO'C.IS The INDO-CIS calculations predict, beside the lowest exciton
approach difficult since no adjustable parameter is used in thelevels, also two narrow bands of charge resonance character

et b 0kl a1 600 and 701, These states a el (0 exprience o

in the modeled system, and that fitting directly to a specific significant solvent shn"F as §hown by the. respective charge

experiment can hide thése defects resonance state described in the BChI dimer. Spectro_sc_opy
) might resolve these states and verify the present description.

Even though we stressed that the INDO-CIS description is
free of ad hoc parameters, the establishment of an effective

Photosynthetic life forms have developed various antenna Hamiltonian model based on four adjusted parameters is one
systems to enlarge the cross section for capturing sunlight. Theof the key accomplishments of the present investigation. The
known systems all contain aggregates of chlorophylls (or reason is that the effective Hamiltonian can be used much more
bacteriochlorophylls) and of other chromophotesn some easily than the INDO-CIS method and can be readily generalized
cases, as in the light harvesting complexes of purple bacteriato other BChl aggregates without the need of any further INDO-
or in the chlorosomes of green bacteéfiatightly coupled CIS treatment. The effective Hamiltonian might be employed
aggregates of chlorophylls (or bacteriochlorophylls) are em- to describe LH-II ofRps. acidophilé& or of Rb. sphaeroidgs
ployed for this purpose, in other cases, as in dynoflagelfdtes, light harvesting complex LH!? and even the complete photo-
strongly coupled clusters of chlorophylls and carotenoids are synthetic unit of purple bacteria as demonstrated in refs 1, 12,
used. Other photosynthetic life forms appear to utilize more 22 (see Figure 2). One can also use the effective Hamiltonian
weakly coupled chromophore aggregates. The ubiquitous natureto study the effect of disorder, i.e., the breaking of a perfect C
of such aggregates in biological photosynthesis calls for a symmetry as done for static disorder in ref 12. The effective
systematic investigation of their relevant electronic properties. Hamiltonian has also the virtue of explaining the result of the

4, Conclusion
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INDO-CIS method in terms of a relatively simple model; the
parameters; = 790 cmt! (v, = 369 cnTl) encapsulate the
effective coupling between nearest neighbor BChls B&&itd
B850b (B850a' and B85M).

The successful description of BChl aggregates by the INDO-

CIS method encourages various new investigations. First, one

may seek to include specific BChprotein interactions with
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