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A closed expression for the Stark signal of molecular aggregates, which does not suffer from singularities
when the exciton states are nearly degenerate and avoids the calculation of two-exciton states, is derived
from the third order response to the total (statioptical) field, treating intermolecular interactions within

the local field approximation. Transitions between one-exciton states play an important role and generally
reduce the magnitude of the signal with respect to monomer spectra. The experimental Stark spectrum from
the B820 dimer subunit of LH1 is consistent with simulations for a dimer of parallel pigments. The spectra
of LH1 and LH2 cannot be explained by excitonic interactions alone. This supports the idea that charge-
transfer states may play an important role in the spectroscopy of photosynthetic pigment proteins.

1. Introduction greatly complicates both numerical calculations and their
interpretation.
In this paper we derive a new Green function expression

GFE) for the Stark signal of molecular aggregates, starting with

Excitons play a crucial role in primary photosynthesis. They
are created when sunlight is absorbed in light-harvesting proteins

and then transferred between pigments until they reach a reactio
center protein where, finally, they induce the primary charge

separation. The nature of the excited states, can be probed with
Stark (electroabsorption) spectroscopy, a technique whereby an

electric field is applied to the sample. The resulting absorption
changes yield information on the electronic properties of the
excited state$. In the study of photosynthesis, Stark spectra
were initially measured for reaction centérd,and later also
for light harvesting protein®?8

To analyze such Stark spectra, a formalism has been
developed by Liptay,based on second-order perturbation, in
the applied static electric field, of transition frequencies and
transition dipole moments of a multilevel molecule. Solvent

dynamics were included through a semiclassical treatment of

the reaction fields, but can be ignored for the low temperature
glasses discussed in this paper.
absorption bands, the difference Stark spectrum, which is
obtained by introducing a phenomenological line width, is a
linear combination of the zeroth, first, and second derivative of
the absorption spectrum.

This approach results in a perturbed eigenstate expressiona

(PEE), which is given in eq A4. When the transition frequencies
are well separated compared with the line width, the second-
derivative contribution is determined only by the differences

in permanent dipole moment between the excited state and the

ground state and the first-derivative contribution by the differ-
ence in static polarizability. In that case, the PEE expression
assumes a simpler form (PEE2, eq A6) which is commonly
used*® Unfortunately, the calculation of the Stark signal of a

For molecules with continuous

he third-order nonlinear response to the total (optieatatic)

field. The Stark spectrum is expressed as a sum type | and Il
contributions. The former have the shape of the first and second
derivative of the line shape function, and are related to the PEE2.
Type Il contributions, however, depend on transitions within
the one-exciton band, and interpolate between the zeroth, first-
and second-derivative shapes. The GFE does not suffer from
singularities whose cancellation is naturally build in from the
outset. Moreover, within the local field approximation, only
one-exciton states need to be calculated. The GFE is thus more
suitable than the PEE for calculating the Stark spectra of
molecular aggregates such as photosynthetic pigment protein
complexes. Moreover, the present approach makes it possible
to connect Stark spectroscopy to different models for dynamics
and relaxation of the molecules and their environrfient
developed for nonlinear response theory, and to relate it to other
third-order measurements.

In section 2 the GFE for the Stark signal is derived and
compared to that for the PEE. In section 3 the GFE is used to
calculate the Stark spectra of symmetric dimer and ring
ggregates. These illustrate the significance of type Il contribu-
tions in the GFE, and set the stage for the applications made in
the following two sections. In section 4 we apply this theory
to B820 dimers and the full LH1 and LH2 antennae are
considered in section 5. Comparison with experiment is made
for all systems. Finally, we summarize our results in section

2. Green Function Calculation of Stark Spectra of

molecular aggregate, using the PEE is problematic, because th?\/lolecular Aggregates

one-exciton levels can be arbitrarily close. This violates the
conditions for the PEE2 and leads to singularities. These only

We consider an aggregate made out Mf three-level

cancel out when the full (PEE) expression is used, which molecules. In theith molecule the respective energies of the
requires explicit calculation of all one- and two-exciton states three states are <2, anthﬁz). We consider only th& —

as well as transition polarizabilities and hyperpolarizabilities. S, and S — $ transitions, with parallel transition dipole
Even though the singularities eventually cancel, their appearancemomentsi, andktin, respectively. In addition, the third-order
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at thermal equilibrium. These conditions typically hold for
molecular aggregates.

\ We proceed to calculate the differential Stark (electroabsorp-
tion) signal S(w) using the third order response function of
the aggregate. The total electric field is composed of an optical
0) (Eo) and a static field &).

v, ...

E(t) = Eg ' + Ej¢”' + E, (4)

a, B,y The third-order response to this field contains frequencies
S between—3w and 3v.1> Relevant for absorption changes, such

t as the Stark signal, is the response at frequentieswhich

can be realized by either zero or two interactions with the static

field. The former describes nonlinear absorption, and the latter

Q the Stark signaz(w) as follows:

S(o) = 3IM[x®(—w;0,0)|EEEE, (5)

Yy g The two zero frequencies ji® refer to the interactions with
the static field, and the frequeneyto the interaction with the

Figure 1. Schematic representation the level scheme of an aggregateoptical field. The absorption chang&(w) is obtained by

of N three-level molecules. The levels that are relevant for the third mixing the nonlinear response with the incoming field and is

order response are a single ground state (g), a one-exciton ban ~ - ~
composed oN one-exciton levelsd, 8. ..). and a two-exciton band %hus a product of a fourth-rank tensor (the third-order suscep

(v, ...), which consists of linear combinationshN — 1) two-exciton tibility () and four fields. The signal$(w)Ufor isotropic
states wittN biexciton states. The optical gapsandQ@ are defined ~ Samples can be obtained by averaging over all molecular
as the frequencies of the lowest energy levels in consecutive bands.conformations. This procedure is discussed in Appendix B.

To evaluate eq 5 for the molecular aggregate defined by eq
response also depends dqin, the difference between the 1-3, we set up equations of motion fd@, and BE in the
permanent dipole moments 8f andS,. The electronic state  Heisenberg picture and solve these with a Green function
of the aggregate can be represented by introducing excitonapproach4 16 Expressions which givg® in terms of the one-
annihilation operators:By = |On[ln| + «n|1n[24, and their  exciton Green function and exciterxciton scattering matrix
Hermitian conjugates, (creation) operat@5 These satisfy  were first derived for an assembly of two-level molecufes.

the following commutation relations: The GFE was later extended to an assembly of three-level
molecule$* and to a two-band model in semiconductor sys-
[B,, Bl = 0,{1— (2 — 2)B!B.) 1) tem(sj?lgl;z Exciton-phonon coupling has also been incorpo-
rated!®
(an additional Bg)z(Bn)z term has been omitted from the right- Since we are interested in the signal in the vicinityeof=

hand side of eq 1 because it does not affect the third-order €. i-€., far from two-exciton resonances, the local field (or time-
response). Using these operators, the Hamiltonian can pedependent Hartree-ock) approximation can safely be appliéd.

expressed aé 7 is given by eight contributions (egs E.1 in ref 21). Within
the rotating wave approximation (RWA), one would only retain
_ U 1 1\2rn 2 terms that are resonant, i.e., expr&éo) to zeroth order in
H Z[hQ”B"B" +19(Ba) (BT the ratio {/ Q) of the dephasing ratd’j and the optical gap

+ + (€2). This approach would yield only the first term of eq 6,
2 Jr(BrBrm + BrBy) (2) which is not satisfactory for this type of signal, because it would
nm vanish in the absence of permanent difference dipole moments
(compare eq 9). To cover this case, we use a modified RWA
by retaining also terms of first order IVQ, provided they do

not include permanent dipoles. While these terms scale with
I'/Q, which may be small, they are significant because they
. ot I depend on transition dipole moments (compare eq 9) which are
u= zﬂn(Bn + By + A BB, ®3) often lager than permanent dipole moments. The leading terms
3 areRY (eq E.1d) andR{) (eq E.1f). We thus obtain the Green
function expression (GFE) of the Stark signal:

whereg, = 2h(,2 Q® — Q,) denotes the nonlinearity of the
nth molecule, andJ,m the electrostatic interaction between
moleculesn andm. The dipole operator is

Because the intermolecular interactidy, in eq 2 conserves
the number of excitons, the eigenstates of the aggregate are 1\3
grouped into independent bands, as illustrated in Figure 1. S(w) = (__) Im
Relevant for the third-order response are the ground sfate h
the one-exciton states, (3, ..., and the two-exciton states.... 1
The frequency of the lowest state in each band is denoted by ;ugﬁDﬁuagl ﬁg(w)lag(w)—] E;EEE, (6)
the optical gap£2 andQ®@. We assume that the one-exciton o Q
bandwidth is small compared wit®?, and thatQ® ~ 2Q, so
that in off-resonant contributions, the one- and two-exciton Here
frequencies can be replaced Ky and X2, respectively.
MoreoveraQ > kgT so that only the ground state is occupied

;/‘gyDa(flﬂ) D%“aglyg(w)lﬂg(w)lag(w) -
VP00

log(@) = LU — Q, +iT) )
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is a complex line shape function, wi, the frequencies of  spectrum is not necessarily due to a permanent dipole moment,
the one-exciton states aidtda dephasing rate introduced into but may also be caused by a transition to a nearby one-exciton
the equations of motion for thBy, to represent coupling to a  state.

heat batit> The transition dipolegg, and theDg)ﬂ are given A close comparison of the GFE and PEE shows that the most
in the exciton basis sef,(n): striking difference is that the PEE contains only terms with
powers of the line shape function. These will be denoted type
fhgy = z () Ilcontrlbutlons. The imaginary part ofw) ylellds a Lorentzian
o line shape, and a straightforward calculation shows that the

_ _ imaginary parts ofi(w) and I3(w) are the first and second
Dg}j = Zd)z(m)D(r{ZTfpﬂ(n) (8) derivative of this line shape. This is the basis of the more
m familiar description of the Stark spectrum as a linear combina-
tion of the zeroth, first, and second derivative of the absorption
The i, were defined in the beginning of this section while spectrum-5-8

the operator®® andD® have the following matrix elements The GFE, however, contains additional products of different
in the molecular (site) representation: lineshape functions, which may be shifted with respect to each
other, e.g., due to the exciton splitting or energetic disorder, or
DY =4, Al may ever differ in width of shape. Such contributions will be
denoted as type Il. Their structure and significance can be
fo%s (3nm(,(r2n — 2k, (9) understood by expressing them as a sum of type | contributions

(see eq D1). For example, the type Il tetpy(w)lag(w) =
(Igg(w) — log(@))(Qp — 4) is the sum of two Lorentzians

is determined byD® which indeed scales with the difference with opposite sign but takes the shape of a first derivative when

permanent dipole moments. The second term occurs onlywhen'gﬁ — & < I Similarly, a product of three line shape

the modified RWA is used. This term is proportional ¢ gun_ctlotns cafn tall<e thte_shap_?hof tht(; z?roth,”flrst, to'rb stgcond
which is related, but not identical, to the static difference erivative of a Lorentzian. us, the type 1l contributions

olarizabilit in the PEE. For a monomeéa = 2D@/Q interpolate in a natural way between the various limiting cases.
E)see eq A5)y @) ¢ This eliminates singularities and makes the GFE preferable to

Equation 6 can alternatively be derived from the standard the PEE, both for r_1umerica| calculatior_ls and for interpr_etation.
sum-over-states (SOS) expressiony® This is demonstrated Moreover, evaluat|o_n of the PEE requires the summa_mon over
in Appendix C. Both formalisms can also be applied under all one- and two-exciton states, whereas only one-exciton states
less restrictive conditions, e.g., without invoking the RWA, or are needed for thg GFE. )
by including more states and transitions. However, the GFE is Note that if all dipole moments are the same, i.e., fomall
computationally attractive, because two-exciton states need not™n = A, fin = i, kn = k, @ special relation exists between
be calculated within the local field approximation and because the signalSs(w) and the ordinary absorption line shafgw)
the occurrence of large canceling contributions, that is typical Which has the form:
for the SOS formalism, is eliminatéd. Moreover, unlike the X
GFE the full SOS expression of the Stark signal contains _ "
diverging terms that can only be avoided by introducing a model Sh(@) = (_g)lm[zﬂgo/‘ugla(w)] S (10)
for ground state relaxation. *

The GFE (eq 6) provides an alternative to the standard PEE
(perturbed eigenstate expressidioy the Stark signal discussed
in the Introduction. In Appendix A, the PEE is recast in a form
similar to the GFE. Let us compare the two approaches. In o o
Appendix D we demonstrate that, within the modified RWA _(ApE) dS(w)  , _(E)
for which the GFE is given, it coincides with the PEE (eq A4). Sw) = 2 dw? T =2) Q
In the absence of intermolecular interactions this is obvious since

D® andD®@ are, in that case, diagonal with) = Auag and The signalSg(w) thus becomes a linear combination of the
DP/Q = Aag/2, as discussed below eq 9. The general proof second and first derivatives of the absorption spectrum with
is more involved, because arbitrarily close energy levels give coefficients independent of the size of the aggregate. This is
rise to singularities imap and Bap (see eq A5), which do not  significant for aggregates with parallel dipoles, such as J-
occur in the GFE. This also demonstrates that the simplified aggregates. The deviation of the sig&(w) from eq 11
PEE2 (eq A6) which has been used successfully for semi- provides a measure for the degree of inhomogeneity in dipole
empirical analysis of experimental Stark spectra of photosyn- grientations.

thetic pigment protein aggregate$cannot be used to calculate

the Stark §igna| frqm properties of the individual c_:hromophores. 3. Application to Dimers and Circular Aggregates

To see this, consider two one-exciton states with a frequency

difference that approaches zero. In that case,approaches For symmetric aggregates, where only a few excitonic
infinity (see eq A5) and eq A6 yields a spectrum with a first- transitions are allowed, the GFE can be simplified. We shall
derivative shape and infinite magnitude. In contrast, eq 6 demonstrate this for various dimeric and circular aggregates.
remains finite and has a second-derivative shape. TheseThe results will be used in the next sections to analyze
singularities complicate numerical calculations, e.g., in the experimental spectra of various light-harvesting complexes from
presence of inhomogeneous broadening when arbitrarily closepurple bacteria.

energy levels do indeed occur. But, it also affects interpretation  We first consider the Stark spectrum of a monomeric pigment.
of experimental spectra, since a second derivative shaped StarkVith u; = u, Aus = Au, andks = «, eq 6 reduces to

The first term of the GFE (eq 6) occurs within the RWA. It

Since in this cas®® andD® are proportional to unit operators
we get

dS,(w)
do (12)
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1\3 3
SE,monome(w) = (_ ﬁ) Im /AA//tA/t/ng(a)) -

(2 = el S| ESEEE, (12)

This expression contains only type | contributions (products

Somsen et al.

Aun = |Au|(cosfé)X + sin(n&)y), with & = 2x/N, andX andy

two perpendicular unit vectors. The excitonic wave functions
are ¢u(n) = €%VN, and only two transitions are allowed:
Ugrl = YvNuess). Since these are degenerate, the second
term of eq 6 is again not affected by the intermolecular
interaction.  FurthermoreD) = dugralAul(x + i) +

of identical |ine.Sha_pe fUnCtionS), W|th the Shape of the first éuﬁiﬂAquf(— |§/) For a particu|ar orientation of the aggregate,
and second derivative of the absorptlon SpeCtrUm, and in faCt,the expression fO&((U) is |engthy However, for an isotropic

coincides with the PEE2.

Let us first compare this to a dimer of parallel identical
pigments. Withu; = uo = p andAus = Auz = Au, and one-
exciton wave functiong..(n) = (& 1)"/+/2, one obtaing: =
V2u while ug- = 0. Also D, = DY = Ay while D& =

Ug ++ U +
D(,llr = 0, which means thdt 4(w) is the only contributing line

shape function. The second term in eq 6 can then be simplified

by taking lig(w) outside the summations. The result is
independent of the molecular interaction and we have

1\3
—) Im

=] ImluAu Al () =

S gimel®) = 2(_

(2 = 2l o) 3 | ESEEE, (13)

Remarkably, this expression is identical to that of the
monomeric pigments, except for a shift from the monomer
frequency tolig(w). Since the linear absorption spectrum is

sample, with magic anglex64.7) between the static and optical
field, a number of terms vanish in the average signal. For this
typical experimental situation, which is discussed in Appendix
B, a more compact expression is obtained:

|:Sui,ring(w) =

N(—%)%Im”u 2 Auf ig(w)—log(w) er o)
(G 2)\# “Iig(w)é] EJIEol* (15)

with l.g(w) the complex line shape function of the pairwise
degenerate excitonic statgs,(n). This Stark spectrum differs
from that of a monomer, in that it contains type Il contributions
from neighboring levels in the one-exciton band. However, the
excitonic splitting between these levels is only a fraction of the
intermolecular interaction strength, and is typically small

shifted by the same amount, the excitonic interaction has no compared to their line width, in which case the Stark spectrum

effect on the Stark spectrum for this geometry.

A very different behavior is found for an antiparallel dimer.
With Az = —Auz = Au, we now obtainD®¥, = D® =0
while D! = D, = Ay, so that

1\3 2
St amer(@) 2 ) Mt )1 ow) ~
(= 2put? o) S|EEEE, (14)

The difference with the parallel dimer is that the expression
now contains a type Il contribution, i.e., a product of different
line shape functionslig(w)l_g(w)). The origin of this differ-
ence is that the permanent dipole moment of the %tate

reduces to that of the monomeric pigments.

For N even, a ring of antiparallel dimers can be modeled by
simply reversing the orientation of every other pigment, i.e.,
by settingAun = (—1)"|Aul(cosé)X + sin(n&)y). In that case
DS = aprvavt1lAul(X + i9) + daprua-1lAul(X — i), and
thus (again for magic angle detection and isotropic samples)

|:SE,ring(w)Dz

’ Lo(@) + g 2o(@)
N(_r%) é‘m“u 2| A o) 2 s “) _
(* — 2)‘# 4I§g(w)é] IEJ?|E,1* (16)

vanishes for an antiparallel dimer and is replaced by a transition In this case, the type Il contributions combines line shape

from the “+” to the “—” state. As a result, the line shape
functions of both excitonic states contribute to the Stark

functions around frequencies from the top and bottom ends of
the one-exciton band. As in the dimer case, the result can have

spectrum. The spectral shape of the type Il contribution depends€ither a second-derivative shape or a first-derivative shape with

on the magnitude of the excitonic splittingy{-) relative to
the dephasingl(). WhenI' > w+-, we havel +4(w) ~ | -¢(w),

a weaker magnitude, depending on the width of the one-exciton
band relative td".

and thus the term becomes a second derivative of the absorption, 1€ differences between the parallel and antiparallel cases

just as in the case of a parallel dimer. However, wiier<
w4, Iig(w)l_g(w) ~ Iig(w)/w+_, which takes the shape of a
first derivative. The physical explanation behind this is that,
in that case, the+” — “—" transition contributes to the static
polarizability of the former. The magnitude of the type II
contribution is weaker than, or at most equal to, that of the
corresponding type | contribution in the parallel dimer. More
precisely, their ratio scales witfVw—.

In summary, the Stark spectrum of a dimer differs from that
of a monomer only when transitions are allowed within the one-
exciton band. In that case a type Il contribution interpolates

are important because Stark spectroscopy is one of the few
techniques by which they can be distinguished. Note that the
reversal of a pigment orientation has no effect on the absorption
spectrum. The antiparallel structure has indeed been observed
in the crystal structure of LH2. The Stark spectra of LH1 and
B820 can be used to investigate the pigment orientation in these
proteins.

4. Application to Subunits of the LH1 Antenna Complex

We shall now apply the general GFE (eq 6) and the compact
analytical expressions for symmetric aggregates to calculate the

between different type | shapes, while decreasing in magnitude, Stark spectra of the light-harvesting systems from photosynthetic

relative to the monomer case.

This behavior is typical and similar phenomena are found
for ring-shaped aggregates. We first consider a ring with in-
plane dipole moments, i.euy = |u|(cosfé)X + sin(n&)y) and

purple bacteria. Two types will be considered; The light-
harvesting 1 (LH1) system, which forms a core complex with
the reaction center, and LH2, which surrounds this core complex
in variable numbers.



Light-Harvesting Systems

The main chromophore in these proteins is bacteriochloro-
phyll a (Bchl a). Its absorption of visible and near infrared
light originates from an unsaturated-electron system of
approximately 1 nm radius, which runs across a porphyrin ring.
The red-mostQ@y) transition absorbs at 780 nm, with a transition
dipole moment along the long axis of theesystem. In LH1,
this transition is significantly red shifted (to 880 nm), while
LH2 shows two absorption bands (at 800 and-8860 nm).
Further transitions are th®, (600 nm) and Soretd, and By,
300—-400 nm) transitions.

For the third-order optical response, only the three lowest

J. Phys. Chem. B, Vol. 102, No. 44, 1998397

6) and the compact analytical expressions derived for symmetric
aggregates in the previous section. Rather than to try and adjust
the numerous parameters to the Stark measurements, we shall
start with parameters from related experiments, and then vary
the parameters one by one, to investigate their effect on the
spectra.

Two groups of parameters need to be considered, representing
respectively the Bacteriochlorophydl (Bchl a) chromophore
itself, and their organization within the aggregate. The latter
will be discussed separately for each light-harvesting protein,
but the chromophore is described by a common set of

electronic states are relevant, at least as long as transitions ar@arameters.

allowed only between neighboring levels, (i.§,— S, S —

S, etc.). We shall thus model Bchlas a three-level molecule
with a ground stateQ, andBy (Soret) level. The aforementioned
condition is not strictly fulfilled since th8, transition is visible

in the ground state absorption spectrum. But, since any
contribution from this transition is off-resonant, it will be

The Sy — S; Transition Dipole Moment. The valueu =
6.2 D has been determined from absorpfidf?

The Optical gap (), Dephasing ) and Energetic
Disorder (o, Defined Below). These spectral parameters
change upon association with protein, and are adjusted to fit
the absorption spectrum.

omitted. For the same reason, and because no transition is The Difference in Dipole Moment between theS; and S

possible between th@, andQy levels, theQ, andBy levels are
also omitted. The light-harvesting pigmergirotein complex
can thus be modeled by an aggregatd! dfiree level molecules.

The structure of both LH1 and LH2 is a ring of subunits,
each composed of a Bchldimer bound to two small (one helix)
membrane bound polypeptides. The porphyrin rings are vertical,
with the Qy transition dipole moments forming a small angle
(<15°) with the membrane. The 800 nm transition of LH2 is
caused by the presence of a third Balpgigment. In addition,
the subunit may contain one or two carotene molecules.

High-resolution (0.25 nm) crystal structuresRiiodopseudo-
monas (Rps.) acidophildH2 show a ring of nine dimer
subunits? while Rhodospirillum (Rsp.) molischianuhH2
contains a ring of eight such subunifs.Within each dimer,
the pigments are almost antiparallel, while forming a small angle
with the tangent of the ring. The interpigment distance within
the dimer is almost identical to that between neighboring dimers
(0.9 nm). Low-resolution (0.85 nm) structures of LM show
a larger ring of 16 dimer subunits. Similarities of function and

States. This is especially significant for the Stark spectrum. A
value of Au = 1.454 0.2 D was obtained from Stark spectra
of the monomeérwith a Lorentz local-field correction factor. It
forms a small angle (*) with the transition dipole momefrit,
but in our simulations we took them to be parallel.

The Relative Oscillator Strength of theS; — S, Transition.

This parameter is related to the difference polarizability in the
PEE2, but it is an essential parameter for any non-linear
response. In particular, a significant cancelation of the third-
order response takes place for= V2. The valuec = 1 was
estimated from excited state absorptfdnThis is, however,
only a rough estimate. For example, a small positive difference
polarizability TrfAa] = 36 & 6 A3 was observed with solvent
shift measurement8, which suggests that may actually be
larger thanv'2. « was therefore varied in our simulations.

In a number of calculations energetic (inhomogeneous
broadening) and structural disorder are included. For the former,
the optical gap of each pigment is changed by a random amount
taken from a Gaussian distribution with varianaee before

polypeptide sequence and structure modeling indicate that thecalculating the Stark and absorption spectra. This procedure is

pigment organization of LH1 must be very similar to that of
LH2.

From LH1, a dimer (B820) subunit can be isolated by adding
detergent? The Qy transition then shifts to 820 nm. Upon
further addition of detergent, monomeric (B777) complexes are
formed. The process is reversible and by diluting the sample

repeated, and the spectra are averaged until convergence is
reached. Structural disorder is incorporated by assuming that
the dipole moment of each pigment is rotated by a random
amount. This is achieved by setting up a local coordinate system
with its z-axis along the dipole moment, and choosing a new
dipole moment with polar coordinate8, (¢) in that system6

it reassociates to a B873 complex which strongly resembles and¢ are uniformly distributed random numbers in §] and

LH1, except for the carotene molecules (two per B820 subunit), [0, 27], respectively. Convergence was monitored by calculat-
which are lost during the dissociation. The Stark spectrum of ing not only the average signal for each data point, but also its
the B820 subunit will also be discussed because it may form a standard deviation. Averaging was continued until all standard
bridge between those of LH1 and the monomeric pigments. So deviations are less than 3% of the maximum of the spectrum.
far it has not been possible to prepare similar subunits of LH2. This required between 250i(= 32,0 = I') and 500 000 =
Using the PEE2 a semiempirical analysis has been carried2, o = I'/4) iterations, and takes between one minute and several
out for the Stark spectra of photosynthetic protdiris.Inthese ~ hours on a Silicon Graphics (Octane) workstation.
studies, the B820 spectrum is dominated by a second derivative The surrounding medium is modeled by a Lorentz local-field
(of the absorption spectrum) shape, indicative of a difference correction factor. This gives the ratio of the internal fi&ld
dipole moment similar to that of monomeric Bahlwhile the felt by the molecule, to the externally applied fietgt
spectra of LH1 and LH2 are much larger and dominated by a
first derivative shape, indicative of a difference polarizability. E
In addition, a significant unexplained zeroth-derivative contribu- !
tion is present especially in B820.
We shall further the analysis these experimental results by and the dielectric constamtwas set to 2.
calculating the Stark spectra of the Behhggregates. As we The experimental absorption and Stark spectra were repro-
demonstrated, the PEE and PEE2 are not suitable for theseduced from publications on monomeric Bcaf® B873 (re-
calculations due to singularities, and we thus use the GFE (eqassociated LH1) and B820 froRhodospirillum (Rsp.) rubrum

:e~|-2

3 E

S

17)
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the angle between the transition dipole moments of the two
pigments is small €30°). We initially consider cases where
the pigments are either parallel or antiparallel. The results can
thus be compared to the analytical expressions in the previous
section. For the intermolecular interaction we Jsg = 230
cm 1, as estimated from the same experiments.

In Figure 3, experimental absorption and Stark spectra for
B820 are compared to simulations for the parallel and anti-
parallel dimer, for several inhomogeneity rat@§ between 0
and 4, and structural inhomogeneitiés between 0 and 40
For oll' = 0p = 0, Q andI"' were adjusted with the same
procedure as for the monomer. In all other spectra, the same
value of Q was used, whiler andI" were varied to reproduce
the fwhm of the experimental absorption spectrum.

The simulated Stark spectra for the parallel dimer resemble
eq 13. For the homogeneous € 0) case, they coincide, and
in all cases, the spectra are dominated \uadependent type
| contribution, which has the form of a second derivative (of
the absorption spectrum). As in the monomer spectra, a small
asymmetry is present, due to thalependent term. This term
disappears fox = V2 (compare Figure 4A). Except for a
shift induced by excitonic splitting, the homogeneously broad-
ened ¢ = 0) spectrum is identical to that of the monomeric
pigments with the samE (not shown). The other spectra in
figure 3A are weaker, because the energetic disorder induces
2. : L ! ! L partially allowed 4" — “—" transitions, and thus are type I

1220 4 I i~
0 12 OOFREQJE?\,(?Y (,cm)12800 13000 contributions. These are smaller than the type | contribution

Figure 2. Simulated absorption and Stark 40D atE, — 10° V/em) to which they reduce when the material frequencies become
spectra and experimental 77 K spectra (diamonds) for monomeric Bchl equal.
a in toluene/pyridine (100:1 v/v). (A) Calculation wit® = 12630 Comparing the numerical and analytical results is less
cm, 0 =0, = 145 cm?, and all other parameters taken from  straightforward for the antiparallel dimer. The small magnitudes
separate experiments (see te)= 6.2 D« =1,Au=1.45D,and  of the simulated spectra in Figure 3C confirm the analytical
GO: 2.4. (B) Best fito =1I'= 80 cnT*, « = 1.85, andAu = 1.65D. result of section 3: an antiparallel dimer has a smaller Stark
ther parameters as in A. Experimental spectra reproduced from Lao .
et al2s spectrum than a parallel dimer, due to the presence of type Il
contributions for the former. But the shape of the simulated

and LH2 fromRps. acidophild All experimental and simulated ~ SPectra (a negative and positive lobe at the lower and upper
Stark spectra are shown with the corresponding normalized €XCitonic states respectively), does not seem to agree with the
absorption spectrum. The Stark, i.e., the difference betweendominant first-derivative shape of such a type Il contribution.
the absorption with and without field, spectra are scaled to a This results from an interference of tidg.- and«-dependent
normalized field ofEs = 1P V/cm. terms which are, in this case, of the same magnitude

A. The Bchl a Monomer. To test the parameter values The effects of energetic and structural disorder on the Stark
given above, we first compare experimental and simulated SPectra are limited. The former leads to a red shift of both the

spectra of the monomeric Bchlpigment. Figure 2A displays absorption and Stark spectrum, but the absorption maximum
the simulated absorption and Stark spectra with experiment.femains coincident with the minimum of the Stark spectrum.
Only homogeneous broadening is included, &ndT are In addition, energetic disorder causes broadening of the Stark
adjusted such that the simulated and experimental absorptionspectrum and a decrease of the amplitude. The effects of
spectra coincide at OB 0.5. The magnitude of the experi- ~ structural disorder are marginal.
mental Stark spectrum and its second-derivative shape, caused The experimental Stark spectrum is best reproduced by the
by a Au-dependent term, are properly reproduced. Some simulated spectra in Figures 3A and B. This indicates that the
deviations are obvious: the minor asymmetry caused by the B820 subunit may form a parallel dimer, in contrast to the
k-dependent term has the wrong sign in the simulated spectrum,antiparallel dimer that has been observed in the crystal structure
and the experimental Stark spectrum appears to be broader thaf LH2.° However, the fit is not quite satisfactory. The main
the simulated one. In Figure 2B parameters have beendifference is that the experimental Stark spectrum is broader
optimized to fit the spectra. Some energetic disorder has beenthan the simulated ones. This discrepancy is reduced but not
introduced, which leads to a broadening of the Stark spectrum quite eliminated, by the energetic and structural disorder (Figure
with respect to the absorption. Combined with a small increase 3A). In an earlier study, a better fit has been obtained with a
of Au andk, this leads to a satisfactory fit, although deviations Jinear combination of the zeroth and second derivative of the
in the wings are noticeable. The fit of the Stark spectrum is absorption spectrurh. However, this required a substantial
better than that of the absorption spectrum. zeroth-derivative contribution, which cannot be justified by the
B. The B820 Dimer. Simulation of the Stark spectrum of  present calculations. For example, eq 13 has no zeroth
the dimeric B820 subunit of LH1 requires in addition to the derivative contribution at all, and although the type Il contribu-
Bchl a parameter values given above, a model for the dimer tion in eq 14 has a zeroth-derivative component, this is
geometry. Fluorescence polarization experim@mslicate that considerably smaller than the other contributions. Moreover,
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Figure 3. Simulated absorption and StarkAOD atEs = 10° VV/cm) spectra for a Bchh dimer, and experimental 77 K spectra (diamonds) for
the B820 dimer subunit frorRsp. rubrum (A and B) Parallel dimer (see text) with (A) energetic disordeff" = 0 (solid), 1 (dashed), and 4
(dotted). (B) Structural disorder§, = 0° (solid), 10 (dashed), and 40(dotted), foroc = T = 120 cnt. (C and D) Same calculations for the
anti-parallel dimer (see text). Other paramete®s= 12390 cm!, u = 6.2 D,k = 1, Au = 1.45 D. Intermolecular interactiond,m = —230 cn1?.

e = 2.0. As indicated, the simulated spectra in C and D are multiplied by 5. Experimental spectra reproduced from Beekman et al.

it is compensated by a zeroth-derivative component of opposite because the dimer, in that case, has two allowed transitions. In
sign at the high exciton component, which is also not observed any case, the results indicate that the fit to experiment is not
in experiment. Somewhat smaller zeroth derivative componentsimproved by relaxing the symmetry of the aggregate.
have also been derived from fits to Stark spectra from reaction The parameter Changes discussed above, which all lead to
center$ and light-harvesting proteirts;®but no explanation has  minor improvements of the fit were combined to produce our
as yet been given. best fit that is shown in Figure 5. The main optimizations were
Starting from Figure 3, we vary the parameters one by one A minor change ofAu to exactly reproduce the magnitude of
to improve the fit to experiment. This is done for the parallel the spectrum and the reintroduction of energetic disorder to
dimer only, since this seems the most likely structure. For produce a satisfactory fit of the red flank of the Stark spectrum.
computational efficiency, energetic and structural disorder are, The shallow blue feature, however, could not be fitted without
for the time being, omitted, since these had little effect on the ruining the overall fit (compare Figure 4A). Note that the
spectrum. In Figure 4Ac is varied between 0 and 2. The resulting parameter set is not unique. For example, the effects
asymmetry is affected, which leads to a shift of the Stark of decreasing\u and«? — 2 could also have been obtained by
spectrum relative to absorption. This can be used to fit different decreasing:, and the structural disorder cannot be estimated
features of the experimental spectrum, but it does not increasefrom the fit at all, because its effect on the Stark spectrum
the width of the spectrum, as required for a good fit. Similar (compare Figure 3B) is small.

effects are observed wheXy or u is varied (not shown). In conclusion, the magnitude and approximate shape of the
We also tried to improve the fit by relaxing the symmetry of B820 Stark spectrum can be reproduced by a relatively simple
the aggregate. In Figure 4B, the angle between the pigmentsmodel of a parallel dimer, with parameters derived from separate
is increased up to 4Qthe actual angle is estimated to beL experiments. However, its shallow blue flank not explained
This leads to minor changes in the absorption and Stark by excitonic interactions alone. If it is not an experimental
spectrum near the upper exciton component, but its effect in artifact, e.g., due to overlap with the 777 nm band of monomeric
the main band is limited to a small decrease of the magnitude Bchl a, it requires either a new mechanism that adds a zeroth-
of the Stark spectrum. Finally, we studied the effects of derivative component to the Stark spectrum, or a more detailed
reducing the magnitude of the intermolecular interaction down model for line broadening, e.g., by adding vibrational transitions.
to 60 cntl, and of lifting the degeneracy, by increasing the
difference between the optical gaps of the two pigments up t0 5 application to the LH1 and LH2 Antenna Complexes
400 cnt! (while keeping the excitonic splitting at 460 c#).
Both parameters had a negligible effect on the Stark spectrum A. The LH1 Complex. We have applied our analysis
(not shown). Especially the last result is somewhat remarkable strategy to investigate the experimental Stark spectrum of B873
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Figure 4. Simulated absorption and StarkAOD atEs = 10° V/cm)

spectra for a parallel Bchd dimer, and experimental 77 K spectra

(diamonds) for the B820 dimer subunit froRsp. rubrum (A) « = 0

Somsen et al.

structure more closely, a second structure is considered, where
the orientation of every second pigment is reversed. These
structures will be denoted as a ring of parallel and antiparallel
dimers, respectively. The intermolecular interactions are cal-
culated with dipole-dipole coupling, and scaled such that the
interaction between neighboring pigments is 230 §rthe same
value used above for the B820 dimer subunit, and similar to
the nearest-neighbor interaction in LA2.

In Figure 6 the experimental spectrum is compared with
simulated spectra where the inhomogeneity ratib varied
between 0 and 4, and the structural disor@gbetween 0 and
40°. The simulated spectra are remarkably similar to those
obtained for dimers in Figure 3, i.e., a type | (second-derivative)
shaped spectrum for the ring of parallel dimers and a much
smaller type Il (first-derivative) shaped spectrum for the ring
of antiparallel dimers. The similarity of the dimer and ring
spectra is in agreement with the expressions obtained in section
3. The energetic and structural disorder cause large shifts in
the spectra, most likely due to the fact that several forbidden
transitions lay within the width of the absorption band, and these
become partially allowed by the disorder. However, the effect
of disorder on the shape of the Stark spectrum is even less than
in the dimer case, and hardly affects the fit with experiment.

Although the parameters used for the simulated spectra in
Figure 6 were taken from separate experiments and should thus
at least be of the correct order of magnitude, none of the spectra
in this figure reproduces the experimental Stark spectrum: the
simulated spectra of the ring of parallel dimers are three times
weaker than experiment. Moreover, they have a second-
derivative shape, instead of the observed first-derivative shape

(solid), 1 (dashed), and 2 (dotted). In (B) the angle between the pigments of the experimental spectrum. The simulated spectra of the ring

is increased from O(solid), to 10 (dashed), and £0(dotted). Other
parameters:c = 0, I' = 170 cn1?, and additionally as in Figure 3.
Experimental spectra reproduced from Beekman ét al.
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Figure 5. Best fit to 77 K absorption and Stark=AOD atEs = 10°
V/cm) spectra (diamonds) for the B820 dimer subunit frétap.
rubrum The spectra are calculated with a parallel dimer modeland
=T = 120 cn?, ¥ = 1.2, andAu = 1.25 D. Other parameters as in
Figure 3. Experimental spectra reproduced from Beekman’et al.
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of antiparallel dimers do have a first-derivative shape, but their
magnitude is even weaker, and their sign is wrong.

To resolve the discrepancy, an explanation must be found
for the large first-derivative components. Equations 15 and 16
suggest several possible origins for this component. First, in
both expressions the second term has a first-derivative shape.
Its contribution scales witk? — 2, and may be enhanced for
example by taking a strong& — S transition than assumed
so far. The results of increasirgup to 4 are shown in Figure
7. This is indeed sufficient to reproduce the magnitude of the
experimental spectrum. It makes little difference which of the
two structural models is used. The experimental spectrum is
shifted with respect to the simulated one, and thus the fit may
be further improved by adding a stronger second-derivative
component to the spectrum. This may be caused by a difference
dipole moment induced by matrix fields in the protéih.

Unfortunately, the present fit suffers from several difficulties
because of the large increasecdhat is needed. First, it implies
that the total excited state oscillator strength is 16 times stronger
than the ground state absorption, which has not been obs&rved.
Second, Figures 7C and D indicate that these valuesifatuce
similar strong first-derivative spectra in the dimer, in contradic-
tion with experiment. Since it is highly unlikely that a large

(reassociated LH1) complex. As before, we initially use the change of the excited state absorption of the single pigments
Bchl a parameters given in section 4. The aggregate is should occur upon the formation of the LH1 aggregate from its
modeled as a ring of 32 pigments, in accordance with the low- B820 subunits, this model is unrealistic.

resolution structuré! Since no detailed atomic-resolution Another option is to enhance the type Il contribution in
structure is available for LH1, we assume the transition dipole equatiod® which also has a first derivative shape, by increasing
moments to be in-plane and tangent to the ring. The former is Au. This contribution is present in the simulated spectra of
consistent with linear dichroism measurements and with the the ring of anti-parallel dimers (Figure 6C), but with a very
structure of the related LH2 complex. To mimic the LH2 small amplitude. The simplest way to enhance it, is by
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Figure 6. Simulated absorption and StarkAOD atEs = 10° V/cm) spectra for a circular Bchd aggregateN = 32), and experimental 77 K
spectra (diamonds) for B873 (reassociated LH1) fiRsp. rubrum (A and B) Ring of parallel dimers (see text) with (A) energetic disordefl"

= 0 (solid), 1 (dashed), and 4 (dotted). (B) Structural disordir= 0° (solid), 10 (dashed), and 4#Q(dotted), foro = T" = 155 cnt™. (C and D)
Same simulations for a ring of antiparallel dimers (see text). Other paramd®ers:11890 cm?, u = 6.2 D;k = 1, Au = 1.45 D. Jym from
dipole—dipole interaction (see texty. = 2.0. As indicated, the simulated spectra are multiplied by 2 (A and B) or 20 (C and D). Experimental
spectra reproduced from Beekmenal.”

increasing the difference dipole momenid) or the local field In Figure 9, the parameter optimizations discussed above were
correction factor. However, the required changes are again largecombined to yield our best fit to experiment. Owll’, «, and
and raise similar objections as for thecase discussed above. Au were varied, since the other parameters only have a minor
This type Il contribution can also be enhanced with param- effect. The fit to the experimental Stark spectrum is remarkably
eters that do not affect the monomer spectra, e.g., by reducinggood. Deviations in the wings of the both the Stark and
the bandwidth of the one-exciton manifold. This was discussed absorption spectra may be attributed to the relatively simple
for the dimer case below equation 14. It is shown in Figure model used for spectral broadening.
8A, where the intermolecular interactions are reduced by up to  In conclusion, a satisfactory fit of the experimental absorption
a factor 4. Indeed, with decreasing interaction, the exciton and Stark spectrum of LH1 could be obtained with a model of
bandwidth decreases, and the magnitude of the simulated Starlexcitonically interacting molecules, but the required parameters
spectrum is enhanced. However, the increase is not sufficientdiffer strongly from those obtained for its B820 dimer subunit
because its magnitude cannot exceed that of the (type |)and monomeric Bchd. This indicates that the present model
spectrum in the ring with parallel dimers (Figure 6A). More- is incomplete and that additional states have to be considered,
over, as the magnitude approaches that of the type | contributionwhich play a role in the intact LH1, but not in its smaller
its shape changes to a second derivative. This is a typicalsubunits. This was proposed earlier on the basis of semi-
behavior for type Il contributions since they interpolate between empirical fit using the PEE2;8 but is now backed by simulated
the different shapes. Thus, the type Il contribution also cannot Stark spectra and a microscopic model of the molecular
reproduce the experimental spectrum. aggregate.

We have further varied the parameters that define the B. The LH2 Complex. Finally, we apply our analysis to
aggregate’s geometry. There is, however, no indication that the light-harvesting 2 (LH2) complex d&®ps. acidophila No
any of these will reproduce the required large first derivative dimer subunit has been isolated for this protein, but more
Stark spectrum. In addition to Figure 8A, discussed above, this detailed structural information is available. We use parameters
is further confirmed by Figure 8B, where the energy difference which successfully reproduced experimental superraci&ace
between the optical gaps of the two pigments in the dimer long time pump-probe spectré8 Thus LH2 is modeled by a
subunit was varied. This leads to a minor enhancement of thering of 18 pigments with orientations as in the crystal struciure,
type Il contribution in the ring of antiparallel dimers. Also, and intermolecular interaction strengths from point charge
the out-of-plane angle of the dipole moments (up t6)3tas calculationg’ The chromophore parameters are initially taken
no notable effects on the Stark spectrum (not shown). Other as given in the beginning of this section, except that 0.9,
geometrical parameters were not varied. from the fits of Meier et af820
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Figure 7. Simulated absorption and StarkAOD atEs = 10° V/cm) spectra for ring of parallel (A) and antiparallel (B) Babimers, both in
conjugation with experimental 77 K spectra (diamonds) for B873 (reassociated LH1Rspnrubrumand parallel (C) and antiparallel dimeric
Bchl a aggregates, both in conjugation with experimental 77 K spectra (diamonds) for the B820 dimer subuRisfrombrum (see text). In all
panelsk = 0 (solid), 1 (dashed), and 4 (dotted). For the circular aggregates:0, I' = 200 cnt®. Other parameters as in figures 4 and 6. As
indicated, the simulated spectra for= 0 and 1 are multiplied by 2 (A and C) or 10 (B and D). Experimental spectra reproduced from Beekman
etal’

Notwithstanding the more detailed structural information, the (i) The Green function expression (GFE, eq 6), derived from
results are similar to those presented above for LH1, and we the third-order nonlinear response of the aggregate to the total
review them only briefly. Figure 10A shows simulated spectra (static+ optical) electric field. Intermolecular interactions are
for several inhomogeneity ratiegl” between 0 and 4, together  treated within the local field approximation. With a modified
with the experimental spectra for LH2. The first-derivative rotating wave approximation (described above eq 6), only terms
shape of the Stark spectrum agrees with the roughly anti-parallelof lowest order in the ratid/Q of the dephasing and the optical
pigments in the dimer subunit of LH2, but its magnitude and gap were retained; (ii) The sum-over-states expression (SOS,
sign do not match experiment. Energetic disorder leads to aneq C2), which provides an alternative description of the third
overall red shift of both the absorption and Stark spectrum, but order response function to the total electric field, and thus of
has very little effect on the shape of the spectra. the Stark signal; (iii) Liptay’s perturbed eigenstate expression

The fit to experiment can again be improved by increasing (PEE, eq A4). This is obtained by calculating the transition
Kk, u, Au of €. The former is illustrated in Figure 10B, where dipole moments and transition frequencies of a multilevel
again a change to > 4 is required to reproduce the magnitude molecule, up to second order in the static field; (iv) The
of the experimental Stark spectrum, a value that is too different commonly used simplified version of the perturbed eigenstate
from that in the monomeric Bcla, to be caused by changes in  expression (PEE2, eq A6). This is obtained by retaining from
the environment. Moreover, the fit of the LH2 spectrum in the PEE, only the terms to lowest order in the rdti@s, of
figure 10B, is not as good as that for LH1 in Figure 7, because the dephasing and the frequency separation between one-exciton
the experimental LH2 spectrum is asymmetric and shows a |evels.

shoulder on the red wing. Neither of these features is  geyeral similarities and differences between these four
reproduced by the simulated spectra. Therefore, our results doapproaches have been observed in this paper. The PEE is
not substantiate suggestiortaat the shoulder may be due to  glegant because it expresses the Stark spectrum as a sum of the
the red most exciton component of the LH2 ring. contributions of individual transitions, which are shaped as the
Our analysis of the LH2 Stark spectrum confirms the ;eroth first, and second derivative of the line shape function.
conclusion drawn for LH1, i.e., that the spectrum can be fitted |, the pEE2. only the latter two are present, and their amplitudes
with an excitonic interaction model, but that the parameters 4.q getermined respectively by the difference in static polariz-
differ considerably from those of the monomeric Behl ability (Ao)) between the excited state and the ground state and
the difference in permanent dipole momefi§ between these
two states. In the more general PEE, also the transition
In this paper, four expressions for the Stark signal of polarizability () and hyperpolarizabilityf) need to be taken
molecular aggregates were presented and compared. These aiiato consideration (see eq A5). In the ideal case when one

6. Discussion
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Figure 8. Simulated absorption and StarkAOD atEs = 10° V/cm)
spectra for ring antiparallel Bchd dimers, and experimental 77 K
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Figure 10. Simulated absorption and StarkAOD atEs = 1(° V/cm)
spectra for a circular Bchd aggregateN = 18) and experimental 77
K spectra (diamonds) for LH2 frorRps. acidophila Structure and
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A, all intermolecular interaction strengths are reduced by a factor 1 intermolecular interaction: see text. (A) Energetic disorderl = 0
(solid), 2 (dashed), and 4 (dotted), with respect to Figure 6. In B, the (solid), 2.2 (dashed), and 4 (dotted). (B)}= 0 (solid), 0.9 (dashed),
energy difference between the two pigments in the dimeric subunits is and 4 (dotted), forr = 0 cnT! andI” = 125 cnTl. Other parameters:

varied from 0 to 100 cmt and 400 cm® while intermolecular

Q = 12100 cm?, 4 = 6.2 D,k = 0.9 (A), andAu = 1.45 D.Jymfrom

interaction strengths are scaled such the excitonic bandwidth does notSauer et al (see tex®.= 2.0. As indicated, the simulated spectra are
change. Other parameters as in Figure 7. As indicated, the simulatedmultiplied by 20 (A) or 10 (B, except = 4). Experimental spectra
spectra are multiplied by 5 (A) or 20 (B). Experimental spectra reproduced from Beekman et@al.

reproduced from Beekman etal.
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Figure 9. Best fit to 77 K absorption and StarkAOD atEs = 10°
V/cm) spectra (diamonds) for B873 (reassociated LH1) frRsp.
rubrum The spectra are calculated for a ring of parallel dimers with
=T = 155 cn}, k = 4, andAu = 2.0 D. Other parameters as in
Figure 6. Experimental spectra reproduced from Beekman’et al.

such molecular aggregates. In that case, the PEE2 cannot be
used because the conditiag, > I' does not in general hold,
and the PEE contains singular terms which require careful
cancellation.

At first sight, the GFE appears to be more complicated than
the PEE approaches, for two reasons. First, the GFE contains
products of line shape functions. When these are from the same
transition (type 1), the result corresponds to terms in the PEE2,
but many terms contain products of different line shape functions
(type 1) which complicate the expression. Second, the GFE
expresses the Stark signal in terms of the dipole mome@nts (
Alin, kn) Of the individual pigments. While this is not in
fundamental disagreement with the PEE, the elegant intermedi
ate expression in terms of dipole moments and (hyper)-
polarizabilities of one-exciton states is no longer possible with
the GFE.

However, the superiority of the GFE becomes clear when
the type Il contributions are studied in more detail. On the one
hand, they can be expressed as sums of type | contributions.
Indeed, by carefully carrying out this procedure, we demon-
strated that the GFE and PEE coincide, at least within the

transition dominates the absorption spectrum, the parameteramodified RWA for which the former was given. On the other
can be determined by fitting the Stark spectrum with derivatives hand, the type Il contributions themselves avoid the singularities
of the absorption spectrum. This has indeed been done forof the PEE, by interpolating between the zeroth-, first-, and
photosynthetic proteirns® However, these approaches become second-derivative type | shapes. This is most obvious for the
problematic when quantitative calculations are attempted for phenomenon that occurs when transitions are allowed between
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one-exciton states, as is indeed the case for an antiparallel dimespectra. Initially, we used only parameters derived from ground
(eq 14), or a circular aggregate (eqs 15 and 16). When theand excited state absorption spectra and Stark spectra of the
transition frequency is larger than the line width, it contributes monomeric Bch molecule. From this starting point, we varied
mainly to theAa’s of the two states. But when the frequency parameters one-by-one to improve the fit. The B820 spectrum
becomes zero, it contributes to the of the resulting degenerate  is similar to that of monomeric Bcld and was best represented
transition. This phenomenon is not represented in the PEE;by a dimer of parallel pigments, in agreement with the
when the transition frequency approaches zéa,becomes aforementioned general properties of the GFE. This differs from
singular (eq A5), and must be carefully canceled out with other the crystal structure of LH2, where neighboring pigments were
singular contributions from transition (hyper)polarizabilities (eq found to be antiparallel. The fit to the experimental Stark
A5). Inthe GFE, however, this phenonenon is included in only spectrum was, however, not quite satisfactory. In earlier studies,
one type Il term which is directly related to that particular a better fit was obtained by a linear combination of the zeroth
transition, and naturally changes from a first- to a second- and second derivative of the absorption spectfuidowever,
derivative shape as the transition frequency approaches zeroour results show that a large zeroth-derivative contribution, i.e.,
This makes the GFE more convenient, both for numerical a loss of dipole strength, does not result from intermolecular
calculations, and because the GFE is more directly related tointeraction alone, indicating that an alternative mechanism may
the dynamics of the aggregate, for interpretation. We illustrated pe present.

this for symmetric aggregates. In the absence of such allowed
transitions within the one-exciton band, the PEE2 could be more
useful, but this is not generally the case for photosynthetic
pigment-protein complexes. In addition, the PEE requires
summation over all one- and two- exciton states, while, within
the local field approximation, a summation over one-exciton
states is sufficient for the GFE.

With the initial parameter set, our simulated spectra for
circular aggregates deviated strongly from the experimental
Stark spectra of LH1 and LH2. A satisfactory fit could be
obtained by increasing either the relative oscillator strengh (
of the excited state absorption, or the difference dipole moment
of the Bchla molecule, with respect to the monomer, or by
increasing the local field correction factor from its value used

The SOS iS in essence a IeSS adVanced VeI’Sion Of the GFEfor the dimer_ However, the required Changes are |arge, and
It expresses the Stark spectrum in terms of (transition) dipole agree neither with the parameters observed in the monomeric
moments for the one- and two-exciton states. We demonstratedgch| a molecule, nor with the observed Stark spectrum of the
which the GFE was given. Butin more general cases, the SOSyarying individual parameters and demonstrated that no set of
suffers from large canceling contributions (see ref 15 or eq C1) parameters can simultaneously reproduce the magnitude of the
and requires summation over one- and two-exciton states, asppserved Stark spectrum of LH1 and its B820 dimer subunit.
well as a complicated model for ground state relaxation to avoid yye thus conclude that it is not possible to model the LH1 Stark
divergence. spectrum with an excitonically coupled aggregate and that an

In summary, we propose that the GFE is the most suitable alternative explanation must be found for the observed large
expression for the Stark signal of molecular aggregates, andspectrum. This has been previously suggetethnd is now
use the GFE for the numerical calculations in this paper. confirmed on the basis of quantitative calculations of the Stark

An important result which follows from the GFE (eq 6), is SPectra of molecular aggregates.
that the formation of a molecular aggregate does not in general The most likely explanation for the observed large Stark
lead to an enhancement of the Stark signal. This is becausespectrum is the presence of an additional state that does not
type | contributions are converted to type Il contributions with  occur in the monomeric pigments or the B820 dimer. To
the same prefactors, while the amplitudes of the latter are reproduce the required first derivative shape by a type I
smaller. In particular, if all line shape functions contributing contribution, this state should be located at an energy above
to eq 6 are identical, the summations can be carried out the one-exciton band. In addition, this type Il term contributes
analytically and the result is equal to the Stark signal of the a positive peak to the Stark spectrum at the position of the added
uncoupled monomers. This situation occurs when the exciton state, even if the state itself carries no oscillator strength. Since
bandwidth is small, or when the most strongly coupled pigments such a feature has not been observed, its magnitude must be
are parallel, so that prefactors of the type Il contributions vanish. small, implying that the added state is located at an energy that
In other cases the amplitude of the Stark spectrum is typically is at least several thousand chabove the one-exciton band.
reduced. This is confirmed by the numerical and analytical This in turn implies that the transition dipole moment between
spectra presented throughout this paper. the one-exciton transitions and the added state must be of the

Enhancement of the Stark signal is still possible if the order of 10 Debye or larger, to reproduce the magnitude of the
intermolecular interaction causes narrowing of the line width observed spectrum. This is a reasonable value if the added state
functions, as occurs, e.g., in J-aggregates. But this is nothas a charge transfer character, since a charge separation of one
generally the case in photosynthetic pigment protein aggregateselectron between two neighboring Bcalmolecules in LH2,
For this reason alone, the large first-derivative-shaped Starki.e., at~0.9 nm distance results in a permanent dipole moment
spectra observed for LH1 and LH2 are remarkable and indicate of ~50 D. It does, however, confirm that a state with charge
that additional mechanisms play a role in these proteins. Thetransfer character is required, since any other state cannot
experimental B820 spectrum is similar both in shape and produce sufficiently strong transitions.
magnitude to that of monomeric Bealand should be easier to Recently, detailed quantum mechanical calculations, including
model. charge transfer states, have been carried out for LHRps.

Stark and absorption spectra were simulated for LH1 and its acidophila?® Although some attempts have been made to
B820 dimer subunit and of LH2 and compared to experimental describe the effects of charge transfer states on the Stark
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spectrum of the photosynthetic reaction ceRfenp general

model for such spectra is as yet available for aggregates with

J. Phys. Chem. B, Vol. 102, No. 44, 1998905

order perturbation:

charge transfer states. The development of such a model will Se(@) =

be extremely useful.
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Appendix A: Perturbed Eigenstate Expression (PEE) for
Stark Spectra

The conventional expression for the Stark signal of a
multilevel moleculé is obtained by calculating how the static
electric field affects its absorption spectrum. The molecule is
defined by states, with energyé, and dephasing rate,, and
by transition dipole momeni#,, between statels anda. The
linear absorptiorB(w) with respect to the optical parE§) of
the field in eq 4 is given by

- 1 -
Sfw) = (— %)lm[; P(@)ftapflbal b @) EgEo (A1)

with P(a) the equilibrium population of state, andipy(w) =
1/(w — @pa + iTha) a complex line shape function, withip,
=&, — €éaandlpa= (yb + ya)/2. The “~"indicates quantities
that are affected by the static field. P(a) andy, are assumed
to be independent dEs. The perturbation ofipa and @pa is
formally expressed as

ﬁba = HUpa + Qg Es + ﬁbaEsEs + ..

hd)ba = hwba (AZ)

AupdEs — AO*lan Es+.

where the as yet undetermined tensogs and Sy, are the
transition polarizability and hyperpolarizabilithoys = app —
0Laa IS the more familiar static difference polarizability, afdpa
= upb — MUaa the difference dipole moment between stabes
anda.

The Stark signal is defined by the change of the ab-
sorptionS(w) caused by the fiel&. The first-order perturba-
tion:

(/‘ababa+ aabuba)lba(w) -

Z P(a)

Pw) = (— %)Im

/"abAfubauba

I5a(@)||EcEE, (A3)

carries information of,, and Aupa, but vanishes for isotropic
samples.

In the present paper, we therefore focus on the second-

1
- fjl Im Zp(a) (Aual:ﬁba + 0'abo‘ba + ﬁabuba)lba(w) -

HapAtaOna T QapAltpttng T g Ay 2
h
:uabA:uba”ba

'ba(w) +

I3(0)||EEEE, (A9)

This result will be denoted the perturbed eigenstate expression
(PEE) for S(w). It is a product of a fourth-rank tensor and
four fields. The signal$(w)Ofor isotropic samples can be
obtained by averaging over orientations, as described in Ap-
pendix B.

Several additional results facilitate the application of the PEE.
First, the transition polarizability and hyperpolarizability can
be calculated with time-independent perturbation theory. In the
absence of dephasing, they are given by

/uaa“cb :ucb“ac
Evhog, czah(,()
l"cb“ad(‘“dc 6d0“aa)
w= 22
ﬂachd cdubb)ﬂdb ﬂcduaoudb
chde hzwcbwdb czat;h Wb
1 Uadtca HUpdhen
— + (A5)
2/4 an Z 2 2 2 2
Fah‘w;, Gdh oy,

Second, the line shape functions satisfy lps(w)/dw™ =
(= 1)”n|I”+l(cu). The imaginary part of the right-hand side
coincides with the frequency dependent componeniS:(b)
in eq A4 which is thus a linear combination of the zeroth, first,
and second derivative of the absorption line shape functions.

Third, when the transitions are sufficiently well separated to
be distinguished in the absorption spectr&w) is a linear
combination of the derivatives da(w). This result can be
used to analyze experimental Stark spectra.

Finally, under the same condition, i.e., when the fre-
guency separatiomy to the nearest other transition is larger
than Ty, leading contributions=(w) can be distinguished by
the power at which they scale witfy;, andwpe. The third term
of eq A4 scales with I/, and is much larger than the second
term which scales as TRyawnd), Unless the permanent dipole
moments are absent or much smaller than the transition
dipole moments. In that case tier,,-dependent part of the
second term is important. This leads to a simplified ex-

pression,
l) /uabAabauba/ 2
A Im———

h
/"abA:ubauba 3 ( )]

o) +

Se(w) ~ (—

EEEE, (A6)
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which will be denoted PEE2. The first term scales with 1\3
1/(Tvawyy) and is thus smaller than the other terms, under the Sw) = (_ ﬁ) Im[ Z”gyﬂyﬂ”ﬂw“aglyg(w)lﬂg(w)lug(‘“) +
given conditions. No such simplification if found f&. e
The expression df:(w) as a linear combination of the zeroth, ;ZM it tattag! g )g( @) agl@) +

first, and second derivative db(w), is often used for the
analysis of experimental Stark spectra, while the PEE2 is applied ;ﬂgﬂ”ﬂgugm“aglﬂg(w)lgg(w)lag(w) *
to interpret the coefficients of the componetitd. Note, *
however, that the conditiomye > Inais not in general satisfied ;/‘gaﬂﬂgugﬁ/‘aglag(w)luﬂ(a’)'ag(w) +
in a molecular aggregate. See main text for further dis- ¢
cussion. ;ﬂgﬁﬂgoﬂaguﬁgl po(@) 4g(0)l4(0) +

o

;ﬂgﬂ“ag“gw“ﬁglﬁg(w)l 0o(0)lgo(0) +

D Hoabgytagtyglag@)] /()] og(0) +
ya

Appendix B: Stark Spectra of Isotropic Samples

The expressions for the Stark spectrum in eq 6, A4, and C2
are all given for a particular orientation of the molecule and Z/,Lgaﬂagl,tgyﬂyg|ag(w)|ay(0)|gy(O)]ESESESEO (C1)
expressed in the form e

Si(o) = A(@)EEEE, = ZAijkl(w)(E:))i(Es)j(Es)k(EO)l (B1) Thg first tgrm of eq C(}) coincides with the first term of
£ equation 6 sinceiw. = Dj;. The next three terms can be

combined because within the rotating wave approximation; the
frequency in all off-resonant line shape functions can be replaced

i.e., as a product of a fourth-rank tensor and four electric fields. . ) -
by the optical gaj2. Finally, the last four terms partially cancel

For isotropic samples, the Stark sign®t(w)Ccan be obtained ; - 4 .
by averagFi)ng overp all molecular ori?anta(tio)ns. To carry out this In-pairs, the result of which scales witfi/(2)? and can be
procedure we first note that the fields are equal two by two. ignored. Thus,

Moreover,Es is real, and as the light is plane-polarizég,is

equal to a real vector multiplied by a phase factor. This phase _ 1)3
factor can be ignored because of the multiplication with the Sw) = _g Im
complex conjugate. The Stark signal of the isotropic sample

;#gyﬂyﬁﬂﬁaﬂaglyg(w)lﬁg(w)lag(w) -
7P

is then ;/‘gﬂ(z/‘ﬂvﬂva ~ Hggthgn ~
* 1 *
[Be(w) = DZAijkl(w)(Eo)i(Es)j(Es)k(Eo)|D 5ﬁazﬂyg”gy)ﬂaglﬂg(w)lag(w)a EoEEE =
1) Y
1\3
i A ——|Im @, (M)Al D (N PL(M)ALL b, (Mt
= iZ(SAm () + [3co(y) — 1]’3M - ( h) e A
454 2 Iyg(w)lﬁg(w)lag(w) -
1
Aijji )|E3|2|EO|2 (BZ) /Zﬂgﬁqb}kﬂ(n)(lcﬁ - z)ﬁ*r‘uanqsa(n)ﬂaglﬁg(w)lug(w)a] ESESESEO

. . L C2
wherey is the angle between the optical and static fields. For (€2)

simplicity, many experiments are carried out at magic angle
(cosy = 1/«/§), and the signal depends only on nine of the 81

elements of the tensor. Angle-dependent measurements provide . .
information on the other tensor components. Appendix D: Comparison of the GFE and PEE for the

which coincides with eq 6.

Stark Signal
. . . The GFE (eq 6) can be compared with the PEE (eq A4), by
Appendix C: Calculation of Stark Spectra Using the expanding all type Il contributions as sums of type | contribu-
Sum-Over-States expression gf® tions:
Equation 6 can alternatively be derived from eq 5 by (@) | ()
evaluating y®(—w;0,0w) with the sum-over-states (SOS) | gg(@)] g(@) = — P _egr Y

Dop Do

expressiot® The aggregate of three level molecules is
described by the Hamiltonian of eq 2 and the dipole operator
by eq 3. As illustrated in Figure 1, we distinguish the ground

state g, one-exciton states denoteds, ..., and two-exciton

15g(@) og(@) =

155(@) (@) | yg()
_/;9) _ ﬂgz + 92

states denoted, .... By retaining only those terms that fall Do “ha

within the modified RWA introduced above eq 6 while Lo@)  ly(@)  lg(@)
considering that all transition dipole momenig, within the L g(@)l gg(@)l (@) = 9 o + (D1)
one-exciton band originate from permanent dipole moments of @y Pap®yp Ppa@ya

the monomeric molecules, the following expression is obtained
for the Stark signal: with wg, = Qp — Q4. To avoid singularities, we assume that
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all one-exciton states have different energies and single out case
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3 ()

S D(l) D
where one or more indices are equal. Sw) = - Im ; ;“97 ; e *
h 778 Dyp 07 Dop
. @ _ (l) 1) @
So) = - Im Z 11,08 DSt ()] so(@)] o) — p (Dgs )Day/‘yg+ Dﬂyﬂyg
o
1 V525 @y 55 775 0yp2
;/AgﬁDﬁaﬂaglﬂg(w)lag(w)a BEES, (1) (1) Mg (D(l) éD(l))D(l)
3 * ‘u y y !
- 2 Pg =5 W 550
=17x Im zﬂgaD( Diottaglag(®) + @ V’ © \
- ﬂgyDyﬁ 1 _Dj)Dy (@) -
0) @) | Pl o5
zﬂgyD(l) DU, ag( )_ (xg(z ) 7’9(2 ) n J'Zﬁwyﬂg 2 gﬂ”; wyﬂ i
2 o » (1) @)
Y=o , ya ya Wy 1) Dﬁyxuyg ‘ug}’DVﬂ o)
. 12@)  log@) @) D5 ; + ; Diptpg +
lz ﬂgaDaﬂ D/)‘muag - 2 + 2 * o o)
= Dpy Dy Dop Djy D(1)+Dﬁﬁ %4(@) +
, [ w
A O N\ u, )
;MgﬁD ou“ag o T * 2 " y
o Weg Wy D) D el 5o() | | ESEEE, (D4)
© (@) (@) #asDps Dpsttsql g 0
(1) D yg h + “
gD} Dlaltag - ! |
/;wz v, waﬁwyﬁ 03 To compare this result to the PEE, we'Start with eq A4 and

Z/"ga a/’tag ag(w)_ -

1
S|BEEE, ©2)

Next, by changing indices, and rearranging the order of the terms

3 (1)

#eDgo D

"%\%

W) p@
86 Pprityg
VETY +

(@9]
opftyg

S(w) =

DypWop

HgsD,
V; 3

W
Hg,Dyo Doﬁﬂﬁg

@)
HepDp it g
A
wyﬁQ

VE

1, DY) Dty
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7.02p  WspWyp e iﬂ
(1)
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y8py
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fg,D

VF

1
D,(Bb):uég

2
Dyp
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Vi
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ro=p DapByp

1
#gsDf
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HesDpy Dysitg

(1)

(1)
'“gVDyﬁ

Dfsttsg
+

(1)
Dﬁyﬂyg
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77 Dyp

@
Dt s
+

124(@) +

Y#

Dy

;ﬂgﬂDﬁﬁ Dﬁﬂ/’tﬁgl/sig(w) EgEsEsEo (D3)

This can be further recast in the form

A5, apply this to an aggregate of three level molecules, and
retain from the former only leading terms within the modified
RWA as defined above eq 6. Those terms now coincide with
eq D4.
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