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The light-harvesting system Il (LH2) frolRhodospirillum (Rs.) molischianuima two-ring circular aggregate
composed of eight weakly coupled bacteriochlorophylls-a (BChls-a) in the B800 ring and sixteen strongly
coupled BChls-a in the B850 ring. The linear-scaling localized-density-matrix (LDM) method has been
implemented at the INDO/S level to probe the electronic structures of monomers, dimers, trimers, pentamers,
and entire rings of BChls. The low-lying excited states of a B850 ring are found to fit extremely well with

a Frenkel exciton model with long-range dipolar interactions. More importantly, the nearest neighboring BChls-a
exciton coupling constants on a B850 ring are found to be close to those evaluated directly from dimers, and
thus, an existing discrepancy between calculated results of dimers and B850 rings has been resolved. In
addition, solvent effects are simulated and the results are compared to the experimental findings.

I. Introduction more significant delocalization of the excitation, and transfer
via coherent exciton migration is then dominant.

There are many experimental and theoretical studies in

etermining the exciton size in LH2. Various results where the

The basic energy source for virtually all organisms is
photosynthesis by which green plants and other organisms usey

:Ee e_nerlgy of I'ghtl to con\{_ertbc?trbon dtIOXIde alpdh;/vathertlnto exciton size ranges from a few pigment molect#e® to the
€ Simpl€ sugar giucose. 1o better capture suniignt, pnotosyn-g ;e ring” have been reported. In particular, purgrobe

thetlc. systems have developed various antenna systems thaépectroscopy predicted a coherence length covering a few BChl
contain aggregates of chlorophylls, bacteriochlorophylls (BChls), moleculed®1° and the experiment studying the superradiance
or other chromophores. The structures of the light-harvesting ¢ 1o Bgs0 fing at room temperature resulted in a coherence
apparatus in purple bacteria, suchrRi®dopseudomonas (Rps.) length of about 3 pigment<. A transient absorption stu#y
acidophila andRhodospirillum (Rs.) molischianyfihave been g ouved the exciton is delocalized in the entire B850 ring.
resolved recently by X-ray crystallography. The photosynthetic theoretical studies such as the Redfield theory and the path
unit (PSU) in these purple bacteria is generally composed of jneqral formulation estimated a delocalization length ef42
Ilght-harvestlng aggregates of bacteriochlorophyll (LH1 and pigmentst5.20.21The static energy disorder has been measured
LH2), carotenoids, and a reaction center (RC). The LH1 (B875) jirectly from the absorption line widths in hole-burning experi-
aggregate encircles the reaction center whereas the LHZ2pnents. |t was concluded that static energy disorder varies
aggregate (B800 and B850) forms a peripheral network of petyeen 200 and 500 crh Dynamic disorder was estimated
pigment-proteon complexes located next to the LH1 aggregate. 1 pe petween 100 and 500 ck The interchromophore

The carotenoid found iRs. molischianuris Lycopene (Lyc),  coupling constants play an important role in the energy transfer
which plays an important role in structure stabilization and in process. Their values are difficult to measure experimentally
preventing the formation of harmful singlet oxygéBunlight and, therefore, need to be evaluated by quantum mechanical

is harvested by the LH2 and carotenoids, and the energy will methods.
be transferred to the LH1, and finally to the RC. This efficient The LH2 complex ofRs. molischianunis built from o/3-

energy transf_er process has drawn much theoretical andyqtarodimers forming an eight-unit circular aggregate \@h
experimental interest. symmetry. Each unit contains a pair @fand 3 polypeptides,
Excitation transfer can arise from two mechanisms in three BChis-a and one carotenoid. The polypeptides bind to the
photosynthetic antenna systems, known as thist€ioincoherent  BChls-a and the carotenoid noncovalently. The BChls-a form
hopping (Markoviarfy> and the coherent exciton migratiéin two rings, named according to their corresponding absorption
the former case, the excitation is localized, i.e., the exciton maxima at 800 and 850 nm, as the B800 and B850 rings. The
resides on one or a few BChls-a, whereas in the latter case theB850 ring consists of sixteen tightly positioned BChls-a, and
exciton is coherently delocalized over a large number of BChls-a the B80O ring, of eight loosely spaced BChis-a. Hence, the
or the entire ring. Qualitatively speaking, the size of the crystal structure oRs. molischianuris an octamer. A projection
excitonic coherence is determined by the ratio of the nearest-of the B850 and B800 aggregates onto the ring-plane is shown
neighbor coupling constant to the energy disordEne energy in Figure 1. By a measurement based on the central Mg atom
disorder can either be static (spectral inhomogeneities) orin the porphin ring, the radius of the B850 ring is approximately
dynamic (electrorphonon interactions):1° If the energy 23 A, and that of the B80O0 ring, 28 A. The geometries of the
disorder is much larger than the exciton coupling constants BChls-a within ano-heterodimer unit are slightly different.
between adjacent BChls-a; ister incoherent hopping is thus  For the B800 ring it contains eight units of BChls-a with about
dominant. On the contrary, strong intermolecular interactions 22 A between neighboring Mg atoms. For the B850 ring, the
between next-nearest neighbor (denoted)asould result in BChls-a bound to the-apropotein ang@-apropotein are labeled
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Figure 1. (a) Labeling scheme of LH2. Note that the Mg-to-Mg distances for the 15 dimer, 15—20a dimer, lo—2a dimer, 13—243 dimer,

1o—28 dimer and B—3o dimer are 9.4, 8.8, 17.4, 18.0, 26.0, and 25.5 A, respectively. The outer ring is the B800 ring and the inner ring is the

B850 ring. (b) The truncated bacteriochlorophyll-a (BChl-a), which contains 46 atoms.

as a-BChl-a ands-BChl-a, respectively, as shown in Figure
la. The Mg-to-Mg distance is about 9.36 A for the-113
dimer, and about 8.78 A for thest20. dimer, which can be

generalized Frenkel exciton model by including long-range
dipolar interactions to describe the low-lying excitonic states.
They carried out an INDO/S (intermediate neglect of differential

compared with the center-to-center values in ref 7. Note that overlap/spectroscopy) calculation at the configuration-interac-
the Mg-to-Mg distances in the intra- and interdimers were found tion-singles (CIS) level on the entire B850 ring. The resulting
to vary for different crystal structure data. It can be attributed energy levels were employed to determine the parameters in
to the fact that the proteins form different conformers upon  their Frenkel exciton model. Computational feasibility limited

crystallization and the reported distances in ref 2 are the averag&heir configuration-interaction (Cl) expansion to 4096 configura-
among the conformers. Hence, the crystalline Mg-to-Mg

distances are also slightly different from those in in-situ LH2.
In our calculations, we adopt the crystal data without any
modifications to generate the B850 and B800 rings according
to Cg symmetry and the known geometrical parameters.
Within the B850 ring, the BChls-a are closely packed and
the inter-BChl-a is comparable to the chromophore size (9 A).
As the chromophore is mainly located on the porphin ring, the
phytyl tail and some alkyl groups are eliminated during the
calculations. Each BChl-a is truncated to 46 indexed atoms (cf.
Figure 1b). The total number of atoms for the B800 ring is then
368, and for the B850 ring, 736. In this paper we are mainly
concerned with the low-energy absorptiQrband of the BChl-
a. The lowest two transitions for the BChl-a are @eandQy
transitions. The corresponding transition dipole moments lie
along the two perpendicular directidAg®in the porphin ring

tions for each of the A and B representations of@gsymmetry
group, and 790 and 369 crhwere reported ford; and J,
respectively. The same method was used previously by Hu et
al.? but with a ClI expansion of 512 configurations for each
symmetry class, and they reported 806 and 377 cfar J;

and J;, respectively. Sundstno et al? used the point-dipole
approximation (PDA) to calculat® andJ,, which were found

to be 339 and 336 cm, respectively. All these studies were
based on the crystal structure mddeith Cg symmetry, and

no structural disorder was included.

The calculated values falh and J, vary from 300 to 800
cm~1, which implies that the energy transfer can either be via
Forster hopping or via the exciton coherent migration. Most of
these calculations were on monomers or dimers, except the
calculation by Schulten, Zerner, and co-workers, which was on

as shown in Figure 1b. Several calculations were carried outthe entire B850 ring:*® Apparent discrepancies between the

for the LH2 fromRs. molischianumand different calculated
values were reported. The collective-electronic-oscillator (CEO)
method*2> was applied to calculate the dimeric coupling
constants for the LH2. It was determined that two coupling
constants)J; andJ,, are respectively 408 and 366 ch(J; is
denoted to be thedl—15 coupling constant, and,, the 13—

20 coupling constant; see Figure la). Cory effalised a

calculated results from dimers and those from the entire B850
ring require further investigations. One possible cause is that
long-range Coulombic interactions in the ring are absent in

dimers. The long-range dipolar interactions may affect the

exciton wave functions significantly. On the other hand, the

truncation adopted in the INDO/S-CIS calculatid#fsntroduced

the uncertainties in the results and might lead an overestimation
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of J; andJ,.More accurate calculations on the entire B850 ring ground-state reduced density matrix, @npds the field-induced

are thus desirable. density matrix deviation. Similarly, the Fock matidixcan be
The linear-scaling localized-density-matrix (LDM) method decomposed intbh = h© + Sh, whereh® is the Fock matrix

has been developed to calculate the excited-state properties oin the absence of the external field:

large molecular systems. It has been employed to calculate the

absorption spectra of polyacetylene oligomér® and carbon ©mn _ 4mn nij (O)j _ } inj (0

nanotubes$®-32 In this paper we implement the LDM at the Ma ™= tap + Oa Zz(vfr"n Paa 2V€T Paa ) +

INDO/S level and employ the resulting INDO/S-LDM method hea Ol mi ©nm. mn

to calculate the low-lying excited-state energies of LH2 ag- OaOmny » 20ce Ve~ Poa Vap (2:3)

gregates inRs. molischianumThe INDO/S method is well- cralec

suited for spectroscopy calculations on LH2. _ And, similarly, the field-induced Fock matrix can be written as
The paper is organized as follows. In section Il we describe

the INDO/S-LDM method and the computational procedures. e 1 inis (O

In section IIl the calculated absorption spectra of monomers, Ohzp = Oap 22 Valopgs = -Va Mg || +

dimers, trimers, pentamers, and rings are presented. In section Jea 2

IV a special procedure is presented to evaluate the energies of 6ab6mnz 20ph M — Sppmymn (2.4)

low-lying dipole-forbidden excited states, and the resulting c=alec
energy spectrum is given. In secti®/ a least-squares fitting

method is described for determining the parameters in the
generalized Frenkel exciton model. The resulting valued; of

andJ; for different systems are given and analyzed. The solvent | 4 © ©) ©
effects on monomers and ttecoupling constants are deter- ('h& + V)ép(t) = [, 5p®)] + [oh(t), o1 — E®)-[P, o]
mined in section VI. Conclusions are given in section VII. (2.5)

The single-electron density matrix follows the equation of
motion:

Il. Method wherey is the dephasing constant. In computing the excited-

. i state properties, the following approximations are employed to
The INDO/S parameters used in these calculations are from 5 ohieve [inear-scaling of computational time with the number
ref 33 by Zerner et al. The geometry is based on the crystal ¢ ,pitg180.38.39

structure of theRs. molischianunsomplex? obtained from the

Protein Data Bank (PDB) of the Research Collaboratory for p(O)mn: 0 i ro>|
Structural Bioinformatics (RCSB) with the PDB identification ab ab- o
code 1LGH. Hydrogen atoms are added using the Insight Il 0po, =0 if
software, and their coordinates are optimized with the semiem-

pirical PM3* method. All other atoms are fixed at their crystal wherer,, are the distances between two atcanandb andlo
structure coordinates. The ZINDO metR®dd”’ is employedto  and |, are the density-matrix truncation length scales, or the
generate the ground-state density matrices and Fock matriceseutoff lengths. In the calculations on the LH2 here, the truncation
The INDO/S-LDM method is then employed to calculate the |engthsl, andl; are set to be the same.

absorption spectra.

rab> Il

The INDO/S Hamiltonia?P37 in the presence of an external 1II. Absorption Spectrum and Dipole Induced Excited
field E reads States
1 A. Monomers. For monomers and dimers no density-matrix
H= Z t; C;icbj + _z 2\/21 'mnC;iC;mCanCaj + truncations are needed in the LDM calculations. The absorption
T ichTeb 2% spectra of three types of BChl-a monomers, namely, B8OO BChl-
1 a, a-BChl-a, and3-BChl-a, are shown in Figure 2. T, (Qy)

—Z) Z ¥ 6CCalChiCo — E(t)-ZPZSb"c;mcbn (2.1)  transition energies for B800 BChl-a-BChl-a, and3-BChl-a

245%iBTeh mn are 1.18 eV (2.27 eV), 1.17 eV (2.16 eV), and 1.15 eV (1.98
: ) ) o eV), respectively. Th&), transition frequencies for the three

where c;; (cy) is the creation (annihilation) operator for an different monomers fall within 0.03 eV; see Table 1.

electron at a localized atomic sptorbital i (j) on atoma (b). The Q transition in a BChl-a carries a strong oscillator

V;™ is the on-site repulsion, and,, stands for the two-center  strength in contrast to a porphin ring where fdransitions

repulsion. The one-electron hopping intedfahay be expressed  are only weakly dipole allowetf.In a porphin ring, the absorp-

as tion peaks inside the Soret B band (spanning about 3 eV) carry
the strongest oscillator strength whereas the Q band carries a
= @ia _ }vrz + U@ XJbD 2.2) very small oscille_ltor strength experimentathit is because the
I 2 free-base porphin adoptsy, symmetry, and so does the

conjugation. The LDM method and other theoretical studies such
wherey; (x;) is theith (jth) atomic orbital on atom a (b), and  as CEO, RPA, SAECI, and STEOM-CCSEP4244 also give
U(r) is the one-electron potential. The second and the third termssimilar conclusions. In a BChl-a, in addition to an extra ring V
in eq 2.1 represent the effective electraiectron Coulombic lying next to pyrrole Ill and the &0 groups (cf. Figure 1b),
interaction. The last term describes the interaction between theelectron densities are significantly weakened at rings Il and IV
valence electrons and an external electric fie(@), andP is as compared with those at rings | and Ill because rings Il and
the molecular dipole moment operatdty, is calculated by IV do not participate in ther conjugation in the chromophore
r,|PlxL0 neglecting the diatomic overlap. Taking into account part. As a result, th€, transition shows a significant increase
the linear response only, the reduced single-electron densityof the oscillator strength whereas tQg transition in BChl-a is
matrix p(t) may be written ag(t) = p© + dp, wherep@ is the rendered weakly dipole-allowed. Our resulting energiesfpr
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Figure 2. Absorption spectrum of (a) B800 BChl-a, (b}BChl-a,

and (c)p-BChl-a.

TABLE 1: Q, and Q, Excitation Energies for Three

Different Monomers in the LH2 Systen?

monomer Qy (eV) Q« (eV)
B800 BChl-a 1.18 (1.38) 2.27 (2.32)
o-BChl-a 1.17 (1.42) 2.16 (2.15)
B-BChl-a 1.15 (1.44) 1.98 (1.96)
experimental results 1.6 2.16

aValues in parentheses include solvent effects.

(1.17 eV) and)x (2.15 eV) are in agreement with those obtained
by Tretiak et ak*2> Both methods are based on the TDHF

approximation and the INDO/S model.

B. Dimers and Protein/Carotenoid Environment. Influence
of the protein environment and energetics and dynamics of

Ng et al.

the low-lying excitations. These issues are examined by our
calculations. In Figures 3a,b we compared the absorption spectra
of isolated bi—15 dimer, of Jn—15 dimer with the protein
moiety, and of &—14 dimer with the protein moiety and
carotenoid. The corresponding structure is shown in Figure 4.
To facilitate truncations in the computation, the system will be
divided into subsystems as follows. For dimers, each BChl-a
represents one subsystem. For the proteins, each amino acid
segment represents one subsystem. For the carotenoid, the whole
chain is divided into two parts; hence, the part far away from
the dimer contains 39 atoms and the part closer to the dimer
contains 57 atoms. For the latter two calculations,dtend
apoproteins are cut to retain a range of segments that are close
to the dimer. Then, a cutoff length of 10 A is applied in these
two calculations so that each BChl-a would include another
BChl-a and also some parts of the protein and the carotenoid
in the calculation. We find that th@,; andQy, transitions are
red-shifted insignificantly to nearly the same extent with the
added protein environment Q.01 eV), as shown in Figure 3b.
This implies that proteins and carotenoids can be neglected for
the Q band calculation.

Parts ¢ and d of Figure 3 display the absorption spectra of
the 13—2a and Jn—15 dimers, respectively. Due to their
different Mg-to-Mg distances and intermonomer angles, we
obtain quite different absorption energies, Davydov splittf§s,
and intermonomer coupling energies. The absorption energies
for Qy1 and Qy, in the lo—18 (15—2a) dimer are 1.08 and
1.21 eV (1.09 and 1.21 eV), respectively (cf. Table 2). It follows
that the electronic splitting for theot-13 (15—2a) dimer is
0.13 eV (0.11 eV). These values are larger than those from ref
24 (0.10 and 0.09 eV for theot-15 dimer and B—2c dimer,
respectively). The discrepancies may be attributed to different
BChls-a truncation sizes. We take into account only 46 atoms
for each BChl-a. Besides, the original INDO/S parametrization
was based on a Cl calculation with a truncated active sfface.
In the LDM method, the complete active space is considered
and the calculate®, excitation in a BChl-a molecule using
the original parametrization is blue-shifted to below 1 eV. The
original parametrization may not reproduce the experimental
spectral peaks well if a large active space is considered. Hence,
we adopt the parameters of ref 33, which can reproduce much
better measured spectral peaks of @yeand Qy excitations in
a BChl-a molecule. The main difference between these two sets
of parameters is the bonding paramet@), (which is an
empirical parameter (cf. refs 33 and 37). Despite the discrep-
ancies, our results agree with ref 24 in that the-13 dimer
has a larger coupling constant due to their parallel arrangements
despite a longer Mg-to-Mg distance.

C. Trimer, Pentamer, and Cutoff Length. To determine
an appropriate cutoff length for calculations of the B800 and
B850 rings, we have carried out calculations on trimers and
pentamers with and without the cutoffs. In both calculations,
each BChl-a represents one subsystem. For the B800 ring, we
simply choose a cutoff length so that only the nearest-neighbors
of BChls-a are included. As the Mg-to-Mg distance for the
nearest BChl-a in the B80O ring is about 22 A, a cutoff length
of 30 A is taken for the B80O ring. On the other hand, for the
B850 ring, the choice of the cutoff length has been examined
by the trimer and pentamer calculations.

Figure 5 compares the absorption spectra of the trimer and

carotenoids in various species of purple bacteria attracted muchthe pentamer with and without cutoffs. ThHg, excitation

experimental and theoretical interé%t*” Proteins in LH2 are

energies are found to be the same for both the trimer and the

generally believed to provide only structural support and do pentamer with and without cutoffs (1.04 and 0.99 eV for the
not significantly affect the electronic structures. Carotenoids trimer and the pentamer, respectively; and the cutoff length is
absorb light at about 2.5 eV and, therefore do not intervene in set to be 15 A). Therefore, coherence between next-neighbor
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Figure 3. (a) and (b) compare three calculations on the-13 dimer with and without a protein environment. (1) Dimer calculation with a protein
environment and the carotenoid. (II) Dimer calculation with a protein environment only. (lll) Dimer calculation only. Note tijgtetketation

spectrum does not change significantly. The inset in (a) shows the absorption peak of carotenoid at about 3.6 eV. In (b), only an insignificant red

shift of the Qy transition is found with the protein environment included in the calculation. The absorption spectrum ©f@t) dimer and (d)
la—13 dimer. The firstQ transition splits into two levels with th@,; peak carrying most of the oscillator strength.

Carotenoid

p-apoprotein (outside) ¢ a-apoprotein (inside)

Figure 4. Structure of the @&—13 dimer with surrounding proteins
and the carotenoid. Parts of the proteins within 10 A are included in
the calculation.

BChls-a is included in the density matrix, which is truncated
by the 15 A cutoff length. The absorption spectra from
calculations with and without cutoffs are nearly identical. Small
differences are found for thg transition and the peaks at higher

energies. Therefore, we conclude that@excitation is mainly
confined to one to two BChls-a, and the cutoff length of 15 A
we adopted is adequate for calculatiQg and Q, transitions,
and is thus used in the calculation of B850 rings. More
importantly, this shows that the electrehole distances of),
excitons are confined to, at most, two BChls-a.

D. B800 and B850 RingsFigure 6a displays the absorption
spectrum of the B800 ring with an applied external field along
an in-plane direction. Th€, and Q, excitation energies that
carry the strongest oscillator strengths are 1.16 and 2.26 eV,
respectively. If the external electric field is applied in the
z-direction (see the inset in Figure 6a), a peak at about 1.15 eV
is found with a small oscillator strength (the lowest energy state
for the B80O0 ring). This can be explained by the fact that the
transition dipole for each BChl-a is not entirely in the plane of
the B800 ring. A small component gfdirection dipole can be
induced when the electric field is applied in theirection. As
compared with the B800 BChl-a monomer absorption spectrum,
the energy of th&), transition is slightly red-shifted by about
0.02 eV. This can be explained by large spatial separations
between individual monomers in the B800 ring.

Figure 6b shows the absorption spectrum of the B850 ring
with an applied external field lying in the plane of the B850
ring. The spectrum for the B850 ring does not depend on the
direction of the in-plane applied field, as will be explained in
the next section. The optically allow&p), excitation in the B850
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Figure 5. Absorption spectra of (a) a trimer calculation with and
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ring is found at 0.98 eV. However, this optically allowed
state is not the lowest energy state in the B850 ring. The lowest
energy state, which is symmetry forbidden (cf. section V),
is calculated to be at 0.93 eV consistent with a trend of
red shift as one goes from a monomer to a dimer, a trimer, and
a pentamer (1.17, 1.08, 1.04, and 0.99 eV, respectively).
Discussions of the selection rule will be given in the next
section.

Figure 6¢ shows the absorption spectrum of the B850 ring  (eV)
calculated with the density matrices truncated to be within one Figure 6. Absorption spectrum of (a) the B80O ring, (b) the B850
single monomer. With the electrethole pair confined within ~ ring with a cutoff length of 15 A, and (c) the B850 ring with a cutoff
one monomer, the dipole allowe@, excitation now has an |deng_th ‘(’;_1 é ThelCOTrLESPO”d'_”g d|reﬁt|onsﬂ$itran_5|tlon dipole are
energy of 1.03 eV, which is blue-shifted by about 0.05 eV from 0?5'13988'80 r'i?]‘ére - The inset in (a) shows theirection excitation
that in the spectrum of Figure 6b. This implies that the eleetron ’
hole pair actually spreads to neighboring BChls-a. We therefore
conclude that the Frenkel exciton model for this system is
reasonably good but may require some corrections.
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of higher energy and another is lower. Each band contains 5
energy levels, among which 3 of them are doubly degenerate.
The doubly degenerate optically allowed energy states in the
lower band have been resolved (cf. Figure 6b). To investigate
the rest of 14 dipole forbidden energy levels, a fictitious external
The B850 ring made of 16 BChls-a is 6 symmetry and field is employed to calculate the dipole forbidden excited states.

there are totally 16 energy levels. Due to the symmetry and the The details of the selection rules for all these energy states are
dimeric nature, the energy levels split into 2 bands, one band isdiscussed as follows.

IV. Dipole Forbidden Excited States
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Without loss of generality, we put aside dimerization in the
B850 ring in this section and treat the B850 ring as a uniformly

spaced ring of 16 monomers in discussing selection rules. The

16 eigenstates are labeled by their crystal momenta
and k= :t%n(n =1,..,7) (4.1

Thek = 0 andk = & states are nondegenerate, and the rest of
14 states are doubly degenerate. The energy degenerkey at
+7/2 is lifted upon dimerization.

The dipole-allowed excitations can only happen between the
ground state and the excited states with crystal momlerta
+7/8 from the one-exciton band. This can be understood as
follows. In the Frenkel exciton model, the oscillator strength

for a particular state in the hexadecamer ring can be calculated

from®

A= Mp(m) y(n) (4.2)

wherey(m) labels the wave function, and for an in-plane head-
to-tail transition-dipole configuration with circular symmetry
the dipole-configuration matriim, has a form

M =d -d = cos{(m - n)%] (4.3)

It is easily verified that the abov&l,, matrix has only 2

eigenstates with nonzero eigenvalues (both equal to 8). The

corresponding eigenvectogs.(n) are

1 GHinis

VN

One may flip the transition dipoles of the eight monomers in
the upper half of the ring so that the resultiMg,, will acquire
a minus sign ifm andn belong to different half-rings:

¢.(n) = (4.4)

8 16 8 16 8 16
Ap=(Y + > — ZZ— Zngmnw*(m) p(n)
mn=1 mn=9 m=1n=! n=1m=
8 16
=AT23 3 Mudt*(m) () -
— 16 8

229 ) Mt ™(m) y(n) (4.5)

This results in dipole-allowed transitions from the zero-exciton
ground state to one-exciton excited states with crystal momenta
k = 0, £n/4, +7/2, £37/4. The previous allowet#t = +7/8
states, however, are no longer optically bright in this transition-
dipole configuration. The oscillator strengths for= 0, +7/4

are 6.57 and 3.69, respectively. The ratio of oscillator strengths
between the two energy levelk € 0 andk = +x/4) equals
0.89. This agrees well with the ratio of oscillator strengths 0.88
from the INDO/S-LDM calculations, which can be easily
extracted from Figure 7 by adding the values from the two
panels at these two energies.

To compare with the absorption spectra from the INDO/S-
LDM method with external fields pointing along two perpen-
dicular in-plane directions, as shown in the two panels of Figure
7, one can write the transition dipole from the ground st&Xé
to the one-exciton stati&lin the form

J. Phys. Chem. B, Vol. 107, No. 35, 2008595
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Figure 7. Absorption spectra from the INDO/S-LDM method with
the upper 8 (above theaxis) transition dipoles flipped and an applied
external field pointing along two perpendicular in-plane directions: (a)
x direction; (b)y direction.

Ay =01y 7By + BIKD (4.6)
n

We note that eq 4.2 for calculating the oscillator strength
follows directly from eq 4.6. For a hypothetical in-plane head-
to-tall transition-dipole configuration, we have

Hie = 2Oy g T Oy —218)& — 12Oy g — 6k,7:r/8)ey 4.7)

Therefore, for the head-to-tail transition-dipole configuration
absorption spectra are identical when the external field is
pointing atx or y directions. However, if the individual transition
dipoles of the eight monomers in the upper half of the ring are
flipped, the combined transition dipole will be

&7k = 2ug(—0.1656+ i0.3999), ., + 2uto(—0.1656—
0.3999)), 4 + 2ug(—0.1327+i0.1327p, ,, +
2uo(—0.1327— 0.1327), ., + 2u(—0.1283+

0.0532)), 4.0 + 214o(—0.1283— i0.0532), 4.4

&7y = 2u0.64072, , + 2u(—0.1920+ i0.0795p, s +
21t(—0.1920— 10.0795), 4 + 2uto(—0.0264—
0.0264), ., + 2u(—0.0264+ i0.0264), __,, +
21to(—0.0044+ 10.0106), 54 + 2uto(—0.0044—

0.0106)), 4.4 (4.8)
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TABLE 2: Q, and Q, Excitation Energies for the Two
Different Dimers in the B850 Ring

Ng et al.

TABLE 4: p* Values for the First Two Excitations of the
la—1p Dimer

dimer Qy (eV) Q« (eV) lo—13 dimer excitatiorv (eV) o’
lo—15 1.08Q, 1.98Qq Qu 1.08 0.024
1.21Qy 2.15Qp Q2 121 0.020
1[3—2& 109Qy1 1-91Q><1
1.21Qp 2.17Qe where dpjj is the field-induced perturbation of the reduced

TABLE 3: Spectrum of the Entire B850 Ring Calculated by
the INDO/S-LDM Method in an Isolated State

lower band (cm?)

upper band (cm')

k=0 7468.87 k= 4n/8 9501.44
k= +n/8 7904.43 k= +57/8 9662.76
k= +27/8 8517.42 k= +6n/8 9840.28
k= +3n/8 8985.23 k= +7n/8 9920.86
k= —4n/8 9259.47 k=ax 9977.32

The x component of the absorption spectra should have kero
= 0 contribution if the transition dipoles obey strict tangential
symmetry. In the INDO/S-LDM calculations, the transition
dipoles of the BChls-a in the LH2 ring deviate from the ideal
tangential configuration, and as a result, a small contribution
from k = 0 appears in th& component. The ratio between the

x and y components of the combined transition dipole is
estimated to be between 2.20 (connecting Mg and N atoms)
and 2.37 (connecting two N atoms), in agreement with the
calculated spectra of the LH2 ring from which the ratio of the
oscillator strengths along theandy directions is found to be
5.14 (cf. Figure 7, the square root of 5.14 is 2.27, comparable
to the estimated transition dipole ratio).

As we have demonstrated, the flipping of the transition
dipoles of the eight monomers in the upper half of the ring can
cause dipole-allowed transitionske= 0, +7/4, +7/2, +37/4.
Similar techniques can be applied to find out other symmetry
forbidden transitions. For example, one may flip the transition
dipoles of the even-numbered monomers in the B850 ring to
obtain optical transitions tk = +77/8 state. In addition, one
may also obtain transitions th = +37/8, +57/8 states by
multiplying a factor cosg/2-n) (wheren runs from 1 to 16) in
eq 6, whereas a factor of cos(B-n) is used for thek = &
state. Combined with the case with no transition-dipole flipping
(k = £m/8), the complete spectrum of the B850 ring was
resolved and results are displayed in Table 3.

V. Frenkel Exciton Model

The Frenkel exciton model was proposed to account for the
Qy excitation in the B850 ring. This approach has been applied
for other systems such as phenylacetylene dendrimers, naph
thalene dimer8? and theRhodopseudomoas (Rps.) acidophila
LH2 complex3! There were also suggestions of the existence
of charge transfer states in light-harvesting systéti%.To
justify that the exciton is mainly localized in one BChl-a
molecule only, we analyze the induced density matrices of the
la—1p dimer at itsQy excited state to study the extent of the

intermonomer charge transfer states. From the density matrices,

we calculate for the first two excitations a quantitydefined
as

intermonomer

> 100l

1)

> 160j1°
1]

(5.1)

density matrix element (linking orbitalandj) away from its
ground-state valug;©. The sum in the numerator is over the
intermonomer components whereas the sum in the denominator
is over all pairs of orbitai andj. The calculated values are
presented in Table 4. The fact thatis small implies that the
excitation is predominantly a Frenkel exciton. From Table 4,
for both Qy; and Q,, excitations,p” is 2%.

A crude excitonic model for a dimerized LH2 ring incorpo-
rating only nearest-neighbor interactions reads

H= Z(ElBZnBZn + sz£n+1an+1) - Z[BZn+1(‘]lBZn +
n n
J,B,nin) €] (5.2)

A 16 x 16 matrix representing the Hamiltonian of a ring
of identical monomers with energies—= ¢, = € and alternat-

ing nearest-neighbor interactiond; (@nd J;) can be diagon-
alized, yielding a set of eigenvalues, namely, 4 nondegenerate
levels representing band edges J; — Jo, € + J1 + Iy,

€ +J1 — Jp, ande — J; + Jp), and 6 doubly degenerate

levels € + 4/J2+37 e + /32412213, and e +

\/le + 3,2+ +/23,3,). The two nondegenerate states with en-
ergiesc — J; + J, ande + J; — J, replace the doubly degenerate
states with an energyin a homogeneous ring withy = J, =

J. If we put back the monomer energy inhomogeneity within
the a-heterodimerse; = ¢;), the two-band structure will take
the shape:

Ec=ete) \/ L, — )2+ 372+ 32+ 213, c0s X

4 (5.3)

wheree; and e, are the energies for the two monomers in a
of-heterodimer, an& = 0, 4+ /8, /4, ...,t. We found that
this simple exciton model cannot fit accurately the calculated
low-lying excited-state energies in the B850 ring. A more
general exciton model is required.

Schulten and co-work&?® proposed a more realistic Hamil-
tonian of the hexadecamer,

R € J W3 W, Win-g Jp
o6 b W, W, o
. W, J, e - .
H= (W1 W,, - .
. €2 J Won—2on
: J, € Jp
J Wonon-2 i €

(5.4)

wheree; ande, are the excitation energies of tl state of an
individual BChl-a,J; andJ, are the coupling constants between
the nearest-neighbors of the entire ring, &hdquals 8 as the
system is 0fCg symmetry. In addition to the nearest-neighbor
interactionsJ; and J,, BChls-a that are not nearest-neighbors
are coupled to each other via dipeldipole interactions. The
matrix Wi in eq 5.4 is to add dipolar couplings to nonnearest
neighbors:
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(i C’dl d; - (dl r“)((:J r”) (5.5) (@ 10500 l l ' ' F'renke'l-Exlc;illt)%rlz I >+< l
I L 10000 X X x 1
where the factorC is the proportionality constant to be 9500 | X 8 ]
determined, andj is the vector connecting thigh and jth E X X
monomer. The direction of the transition dipole of thh G 9000 r X X ]
BChl-a is represented by a unit vecur &
We first consider the dimer case. The electrahimuplings g 8500 | X X I
are computed from w
P 8000 | v v 1
4P=AE’ - A& i=1,2 (5.6) 7500 | o ]
where Ae = ¢; — ¢ is the difference between the two 7000 L— . . . . . s s .
monomers'Qy excitation energies; (J,) is the intermonomer -t 3w4 2m4 -m4 0 w4 2m4 3m4 m
coupling of the &i—17 (15—2a) dimer, andAE; is the splitting k
of the eigenvalues of the matrices
(61 ‘]1) and (62 ‘]2) (5.7) (b) 15000 — ' ' " Frenkel-Exciton =+
J € J, € : 14500 - CIS x|
From eq 5.6, thd values calculated are shown in Table 5. These 14000 | x = XX % i
are the values based on the Frenkel exciton model where < x X XX
intermonomer charge transfer is not considered. 5 13500 | -
To determine the) values of the complete B850 ring, one g
can fit eq 5.4 by a Monte Carlo procedure. An initial guess of g 13000 r *  x x5
the parameters in eq 5.4 is made, and thex16 matrix is ] % %
diagonalized resulting in 16 eigenstates. As the system is 12500 r . + l
dimerized, we use the capitél(instead ok) to label the states X X
here.K = 0 andK = & states are nondegenerate, &g +/ 12000 | " " 1
4, +271/4 and +37/4 are doubly degenerate. The energy for 11500 L ) ) ) % ) ) ) )
eachK state is compared with the corresponding energy from t 3m4 WA -4 0 w4 2mA 3wA m
the INDO/S-LDM spectra, and the difference is used to calculate A

Ephe root-mear!-squaret(r(rjns) ﬂror(jor 'tha(;[ partlt.:ullar |'terat|on Stjep' Figure 8. (a) Ten energy levels extracted from the absorption spectra
e process is repeated until a desired precision is reaehed. (cross), and correspondingly fitted ten eigenvalues from a dimerized

is assumed to b? greater then anq they are constrained SO Hamiltonian with additional dipolar interactions between non-nearest
that the sum of diagonal elements in eq 5.4 is equal to the sumBChl-a neighbors (plus); the fitting parameters &re= 593.9 cnt?,

of the calculated INDO/S-LDM energies, i.e., J2=490.6 cnT?, €1 = 9116.9 cm?, e, = 9116.7 cm?, andC = 640725
A3 cm L Thex-axis is labeled by the crystal momenta of the exciton
+ =5VE ] p = £Kx/4. (b) Excitation energies calculated by the INDO/S-CIS
8le, ) Z ' (58) method and their fittings.

. i 1
wherek; is the energy of théh INDO/S-LDM state. We present %AVEL&rﬁérg?rllcyhlgtg%s\lo%mghng Constants (cnT™) for the

our result in Figure 8a. The total rms error is about 118 tm

The final Ji, J,, €1, €2 and C values are presented in Table 6. methods

Only two calculations of the entire B850 ring have been LDM dimer LDMring CEO dimer ZINDOring PDA dimer
reported in the literature, and both used the INDO/S-CIS 10—13 528 594 408 790 339
method®26 The spectra of the B850 ring calculated via INDO/ 1—20 455 491 366 369 336

S-LDM and those via INDO/S-CIS are compared in Figure 8.
In Figure 8a, the LDM result is represented by crosses, and the
fitting result by pluses. In Figure 8b the CIS result is shown by J & €1 € C/A*  rms
crosses and the fitting result, by pluses. Note that the INDO/ B850ring 593.9 490.6 9116.9 9116.7 640725 118
S-CIS method fitted the band edges, i.e., khes 0 andK =
+7 states, whereas LDM fitted the complete 10 energy levels. whereE is the dipole field at a point due to a ground-state
The fitting result in Figure 8a is better in the sense that a smaller dipole p at the pointxo andn is a unit vector connecting and
rms error (118 cmY) is achieved (compared with a rms of 258 Xo. A summation is carried out for the dipole effect acting on
cm 1 in INDO/S-CIS method). ana-BChl-a and g5-BChl-a, respectively. The summations of
From the B850 ring fitting (cf. Table 6), we note that both ~ dipoles acting on the-BChl-a and3-BChl-a are estimated to
¢ and e, become smaller and their difference vanishes. The be 8.0x 10~*and 9.8x 10-* A~2, respectively. The enerdy
reason can be analyzed by calculating the ground-state dipolaris calculated by
field acting on a specifie-BChl-a or a-BChl-a due to its

TABLE 6: Fitting Parameters for the B850 Ring

nonnearest-neighbors. To calculate the dipole fields, we employ E=-E-d (5.10)
3n(p-n) — p where d is the transition dipole for that particular- and
E(x) = (5.9) B-BChis-a. As a result, the energies acting on theand

3
X = Xl B-BChls-a due to the ground-state dipole of the rest of BChis-a
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in the B850 ring except its nearest-neighbor-af94 and—153

Ng et al.

TABLE 7: Calculated Dimer J Coupling Constants (cnt?)

cm L, respectively. We can thus determine the net effect of the Using Both the Spectroscopic and Coulombic Methods

field dipole of the rest of the BChls-a acting on theBChl-a

is larger than that on th@-BChl-a. This helps to explain
qualitatively why thee; ande, values of the B850 ring have a
vanishing differencelJ; andJ, determined from the INDO/S-
CIS calculations on the B850 rii® are very different from
those from the dimer calculationg; and J, fitted from the
INDO/S-LDM calculation of the B850 ring are similar to those
from the INDO/S-LDM dimer calculation. The INDO/S-LDM

lo—15 15—2a
spectroscopic method (isolated state) 528 455
Coulomb method (isolated state) 434 364
Coulomb method (dielectric medium) 322 273

which is estimated to be 5.75 A by the Gaussian 98 package
at the ab initio 6-3+G* Hartree-Fock level. The calculated
ground-state dipole moment is shifted from 7.7 to 22.0 D.

calculations here thus resolve the long-existing discrepancy. TheSimilar results were obtained by othé&fgé In ref 25, it was

fact that thel; andJ;, values in Table 6 are larger than those in

reported that the shift was from 6.8 to 20.5 D whereas in ref

refs 24, 25, and 7 can be attributed to long-range dipolar 26, 7.3 to 21 D.

interactions in the ring and our INDO/S parametrization.
To further justify the value ofC, we have calculated the
transition dipole moment of the monon @y state. The transition
dipole moment is calculated by the formtfla
w = Tr(op;w;) (5.11)
whereu" is the transition dipole at excitation andy; is the

dipole moment operatodpﬁ is the induced density matrix at
excitationv obtained from a Fourier transform,

dp(w) = [dtexg” op(t)

wherew is the excited-state frequenayp(w) anddp(t) are the

(5.12)

For the excited state, the Hamiltonian term due to interactions
with the external fields is modified.

(D' -1
2D +1

s & 2 —1). , &
Bl = B (i + 0 — | =iy (62

+(

whereiqy is the ground-state dipole momeidy is the field-
induced dipole momeny; is the index of refractiony( = 1.6),
andD' is the contribution to the bulk dielectric due to orientation
(D' = 1.7465). The solvent effect on the monomer is larger for
the Qy excitation than for theQy excitation. TheQ, peak is
shifted from 1.17 to 1.42 eV whereas tlg peak remains at
about 2.15 eV (experimentally, the peaks are found at 1.6 and
2.16 eV for theQ, and Q excitations, respective¥). Table 1

frequency-domain and time-domain induced density matrices summarizes the excitation energies of the three monomers in

when |[E| = 1 V/A, respectively. The normalized frequency
domain induced density matrix takes the form @m(w)) +
IM(8pT(w)))/iv/2), wheredpT(w) is the transpose obp(w).
The transition dipole moment is calculated to be 2.82A.

comparison with the experimental values. Values inside the
parentheses include solvent effects.

B. J; and J,; Coupling Constants. Next, we examine the
solvent effect on the dimeric coupling constants using a method

Based on eq 5.5, a relation between the transition dipole momentyy Tretiak et al. that neglected the electron exchange interac-

and theC value is established:

12 x 1.16x 10°0=C (5.13)

from which we obtairC = 639765 & cm™L. This is consistent
with the fitting result for the entire B850 ring (640725 dm™2).

VI. Solvent Effect

In this section we take into account solvent effects for

tion.25 The coupling constants calculated so far are spectroscopic
in nature (estimated from the Davydov splitting in the spec-
trun?d). Here we adopt an alternative approach based on
Coulombic interactions. The Coulombic couplidigs between
monomers A and B are calculated fréfm

‘]ABZ Z Vnm(épﬁ)nn(éps)mm (6'3)
neA,meB

monomers and dimers using the Onsager solvation model with\yhere 0p2)nn and @p°)mmare the diagonal parts of the density

the self-consistent reaction field (SCRF) treatn#&fit:5® In
isolated-state calculations, the dimerdg¢ and J, coupling

matrix variation at frequency of monomers A and B,
respectively. Vom is the INDO/S Coulombic two-electron

constants are determined spectroscopically, i.e., from the energyintegrals corresponding to the AB dimer pair. This Coulombic

splitting of the Q, state in the spectrum. To account for the
solvent effect on the coupling constardisand J,, we cannot

expression allows determination of tlecoupling by theQy
density matrix variation of each monomer both for the isolated

determine it spectroscopically together with the Onsager model gimers and for dimers in a dielectric medium.

because this is a PDA model. Instead, another method based

on theQy density matrix of monomers is adopted to calculate
the J coupling constants in a solvent.

A. Monomer. Taking the a-BChl-a as an example, the
solvent effect is calculated by modifying the ground-state Fock
operator by adding the Onsager dipolar t&frtf,

2(e — 1) ﬁg'ﬁmn

2+1 303

an = FO

mn

(6.1)

where Fp, is the modified Fock operatofy,, is the Fock
operator in the absence of the solvent eff@gtis the ground-
state dipole momenkm,is the dipole integrak is the dielectric

constant, which is equal to %9,and ay is the cavity radius,

We compare the spectroscopic method and the Coulombic
method for calculating the dim&rvalues in the isolated state.

In Table 7, we estimatd; andJ, to be 528 and 455 cm by

the spectroscopic method, respectively, and 434 and 364 cm
by the Coulombic method, respectively. The differences of the
Jvalues from the two methods are attributed to the short-range
exchange interactiorf®:>%-61 The reduction ofJ; and J, are
about 17% and 20%, respectively (11% and 13% are reported
in ref 25, respectively).

We employ the Coulombic method to account for the solvent
effect for the dimer coupling constants. and J; for isolated
state (dielectric medium) are 434 cm(322 cnt?!) and 364
cmt (273 cntl), respectively (cf. Table 7). A reduction of
about 25% for each. TheJ values become smaller in dielectric
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media. It may be attributed to the fact that the transition dipole (6) Davydov, A. STheory of Molecular Exciton®lenum Press: New

; s~~York, 1971,
moment of the monomer decreases in a solvent. The transition (7). Sundstfen, V. Pullerits, T.: van Grondelle, R. Chem. Phys. B

dipole of theQ state of thex-BChl-a is found to be 2.326 A 1999 103 2327.
(2.067e A) in an isolated state (a dielectric medium). Note that (8) Meier, T.; Zhao, Y.; Chernyak, V.; Mukamel, $. Chem. Phys

the reduction is about 12%, in agreement with a reduction of 199(7é)10;h3;%7% Meier, T.: Zhang, W. M.: Cheryak, V.: Mukamel. S

a . R ler, 1.; y . . yak, V.; Mu y .
15-20% report.ed in ref 25. . J. Phys. Chem. 8999 103 3954.

The J coupling constants of the B850 ring have been  (10) Dahlbom, M.; Beenken, W.; SundatmpV.; Pullerits, T.Chem.
determined using the LDM-INDO/S method, afidandJ, are Ph{fi)Le&ZQOZEG‘kcE%- V- Mukamel. S. Phvs. Chem,. B997

1 : H eler, 1.; ernyak, Vv.; ukamel, 3. YS. em. )

found to be 594 cmt and 491 cm?, res_pectlvely..We determine 101, 7332. Zhang, W. M. Meier, T.: Chenyak. V.. Mukamel,J5 Chem.
that the solvent effect brings the dimércoupling constants  phys 1998 108 7763.

down by about 25%. A rough estimation is applied to the B850  (12) Leegwater, J. AJ. Chem. Phys1996 100, 14403.

ring. As a resultJ); andJ, are estimated to be 445 cfand 1081%7Z$”er“5v T.; Chachisvilis, M.; Sundsto V. J. Chem. Phys1996
1 ing i .
367 cn1* after taking into account of the solvent effects. (14) Monshouwer, R.; Abrahamsson, M.; van Mourik, F.; van Grondelle,
R. J. Phys. Chem. B997 101, 7241.
VII. Conclusions (15) Ray, J.; Makri, NJ. Phys. Chem. A999 103 9417.

(16) Dahlbom, M.; Pullerits, T.; Mukamel, S.; SundstroV. J. Phys.
The INDO/S-LDM method is employed to calculate electronic Cha“;)- Bﬁgago}gaog-“s%el H Teuchner. K- Nowak. F.- Sandner. W.
structures of the B800 and B850 rings R6. molischianum  yycyer B Scheer, HPhys. Re. Lett 1996 77, 4675. o
As all valence electrons are included explicitly in the calculation  (18) Chacisvilis, M.; Kin, O.; Pullerits, T.; Sundstno, V. J. Phys.
for the system containing 736 atoms and 2176 orbitals (the B850 Chem. B1997 101, 7275. .
ring), it is demonstrated that the INDO/S-LDM method is well- gg{] Novaderezhidn, V.; Monshouwer, R.; van GoundelleBfophys.
suited for calculations of elegtronic structures of very large — (20) Kihn, O.; Sundstim, V.; Pullerits, T.Chem. Phys2002 275,
systems. Note that all calculations are performed on a PC 70015. _
MHz machine with 512 MB memory. Adequate accuracy has g%g giﬂifrlgﬁaﬁ' a?d’@io'}/'fg;écigzg‘i‘égi%lréé
been achieved. The INDO/S-LDM method demqnstrates .dlr.ectly (23) Weiss, CJ. Mol. Spectrosclo72 44, 37,
that theJ; andJ, values of the complete B850 ring are similar (24) Tretiak, S.; Chernyak, V.; Mukamel, $. Phys. Chem. B00Q
to those derived from the dimer calculation. This resolves a 104 4519. )
long-existing discrepancy in the field and reveals that the Ch(:n? B;B%téa'ibfbgﬂgd'em”’ C.; Chemyak, V.; Mukamel, 5.Phys.
electron—holg pair is mainly localized in one BChI-q with slight (26) Cory, M. G.; Zemer, M. C.; Hu, X.; Schulten, K. Phys. Chem.
leakages to its nearest-neighbors. The excellent fit between theB 1998 102, 7640.
parametrized long-range dipolar Frenkel exciton model and the (%) Télkl?htaShh AHJ M’\;Jk?ngfly 5:- %ﬁ%ggéﬁggg 1C1>g 223?-
calculated low-lying LDM-INDO/S excited-state energies of the gzgg So0s 2 G Ramaceahn. S( Galvo D S_).l Etgmagh&_ Re.
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