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Abstract

The photosynthetic apparatus of purple bacteria uses exciton delocalization and
static disorder to modulate the position and broadening of its absorption bands, leading
to efficient light harvesting. Its main antenna complex, LH2, contains two rings of
identical bacteriochlorophyll pigments, B800 and B850, absorbing at 800 nm and at 850
nm, respectively. It has been an unsolved problem why static disorder of the strongly
coupled B850 ring is several times larger than that of the B800 ring. Here we show
that mixing between excitons and charge transfer states in the B850 ring is responsible
for the effect. The linear absorption spectrum of the LH2 system is simulated by
using a multi-scale approach with an exciton Hamiltonian generalized to include the
charge transfer states that involve adjacent pigment pairs, with static disorder modelled
microscopically by molecular dynamics simulations. Our results show that a sufficient
inhomogeneous broadening of the B850 band, needed for efficient light-harvesting, is
only obtained by utilizing static disorder in the coupling between local excited and

inter-pigment charge transfer states.
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The light-harvesting apparatus of purple bacteria employs the electronic coupling between
pigments to redshift absorption bands, thereby creating an excitation energy funnel, which
also serves to widen its absorption spectrum. In this way, the efficiency of the system is
increased, because it can absorb sunlight across a wider spectral range.

The Light-Harvesting Complex IT (LH2) is a fundamental constituent of this apparatus. 2
Although LH2 contains several chemically identical bacteriochlorophyll ¢ (BChl) pigments,
it presents a characteristic spectroscopic signature with two separate absorption bands. Such
spectroscopic properties are determined by the interactions among pigments, as well as the
interactions between the pigments and the protein environment.3* Several LH2 complexes
from different bacterial species exist, all having in common the cylindrical shape and the
arrangement of pigments into two rings (See Figure 1a). The rings are usually named B800
and B850 from the wavelength associated to their absorption.! The strong nearest-neighbor
couplings among the B850 BChls make the excitation delocalized over several BChls, and
ultimately determine the excited state structure of the B850 ring.® The coupling between
B800 pigments is rather weak, resulting in essentially localized states and a different spectral
position. !

Given the different excitonic characteristics of the two rings, one would expect the B850
band to be much narrower than the B800 band, due to exchange narrowing (also termed reso-
nance energy transfer narrowing).%* Instead, the B850 band is even somewhat broader than
the B800 band (Figure 1c). To explain this discrepancy, simulation studies had to consider a
broad inhomogeneous distribution for the site energies of B850 pigments, a factor of three to
nine larger than the distribution for B800 pigments.!% !¢ However, microscopic simulations
have not found a wider distribution for the site energies of the B850 pigments.®®!7® The
molecular origin behind this large difference has thus remained an unsolved problem that

inspired the present work.
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There is evidence from spectroscopy and from quantum chemical calculations

that the exciton states of the B850 ring in LH2 mix with interpigment charge transfer (CT)



states, and this mixing affects their energy.?>?¢ The interaction with charge-transfer states
relies on interpigment wavefunction overlap, which depends exponentially on the interpig-
ment distance. This exponential distance dependence could also be the key to understand
the increased static disorder of the B850 states: mixing with CT states should strongly de-
pend on the molecular conformation of the complex, thereby introducing large variations in
the energies of the B850 band.

Here, by using a novel computational protocol, we assess the role of C'T states in determin-
ing the inhomogeneous disorder of the B850 band. The present investigation demonstrates
that static disorder in local excited states or long-range excitonic couplings of the B850 ring
is beaten by the exchange narrowing, which leads to a strong decrease of the absorption
width of the ensemble. A sufficient inhomogeneous broadening of the B850 band, needed for
efficient light-harvesting, is only obtained by utilizing static disorder in the coupling between
local excited and inter-pigment charge transfer states.

Being optically forbidden, CT states can only be measured indirectly, when mixed with
bright states. Their exact energetic location is thus extremely difficult to pinpoint. Moreover,
there is no simple model to estimate electronic coupling to CT states, unlike exciton couplings
between bright states. Methods to compute couplings between CT and locally excited states
exist in the literature,? 3 but only recently studies that include those couplings in ab initio
exciton models have been proposed.®?52¢ Recently, some of us?® have applied the exciton
model with CT states to different spectroscopic forms of the LH2 complex of Rbl. Acidophilus
(Formerly known as Rps. Acidophila'?'). Using a well-established multiscale polarizable
quantum mechanics/molecular mechanics method (QM/MMPol) on the crystal structures
of LH2, we have shown that the bright exciton state of the B850 ring is red-shifted by a
different amount in the B800-B850 and B800-B820 forms of LH2.26 Here, we exploit the
structural disorder extracted from a molecular dynamics (MD) simulation of LH2 in a lipid
membrane® to obtain coupling and energy disorder for CT states. This disorder, in turn,

will reflect on the energetic disorder of exciton states and the band shape of the resulting



absorption spectrum.

The excited-state manifold of LH2 is here described in the basis of localized Q, excitations
of the 27 BChls of the complex and the 36 CT states within adjacent dimers, resulting in
a 63 x 63 Hamiltonian matrix (See Figure 1d), whose eigenvalues E represent the exciton
energies, whereas the eigenvectors C;x represent the expansion coefficients of the exciton
states {|K)} in the localized basis {]i)}.

The energies and couplings among locally excited (LE) and CT states are computed along
the MD using the QM /MMPol scheme, treating a BChl monomer or dimer (for B800 or B850
BChls, respectively) at the QM level, while the rest is described classically through point
charges and isotropic polarizabilities. There are only two adjacent BChl dimers not related
by symmetry, namely the intra-chain and inter-chain dimers (See Figure 1b). The entire
LH2 system can be described with the Hamiltonian matrix elements calculated for these two
dimers, together with the longer-range couplings and v BChl energies computed in Ref. 5.
All QM calculations are performed with a tuned (w = 0.195) long-range corrected®? BLYP
functional®*3* and the 6-31G(d) basis set. Stability of the results with respect to basis
sets, functionals, polarization and charge cutoffs is discussed in Section S6 of the Supporting
Information.

All couplings within each dimer are computed with the multi-FED-FCD diabatization
scheme devised in our previous work,? which combines the Fragment Excitation Difference
(FED)?" and Fragment Charge Difference (FCD)?*3 methods. Using appropriate additional
operators, the adiabatic Hamiltonian of the dimer is transformed into a diabatic basis, in
order to subsequently extract the LE-LE and LE-CT couplings from the diabatic Hamiltonian
matrix.?® For each a8 dimer, the excited states are combinations of the local Q excitations
(o* and B*) and charge-transfer excitations (« — 5 and § — «) depicted in Figure 1b. With
multi-FED-FCD all energies and couplings within a dimer are obtained. The CT energies
are corrected a posteriori with the corrected Linear Response®® (cLR) formalism to account
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for the state-specific response of the environmen , which is needed when a large density
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Figure 1: (a) Schematic arrangement of the BChl units in the LH2 system. The 27 BChls are
divided into 9 «, 9 8 (forming the B850 ring) and 9 ~y (forming the B800 ring). The transition
dipole moments of the Q, transitions are shown. Adjacent (af) dimers in the B850 ring
can be defined as either intra- or inter-chain. (b) Pictorial representation of the excitations
considered in this work. For (af) dimers both local and charge-transfer excitations are
included; the latter are considered within both inter-chain and intra-chain dimers. Local
excitations of v BChls are considered independently. The local Q, excitations are labeled
a*, f* and ~*, whereas CT excitations are labeled @« —  and f — «. (c) Experimental
absorption spectrum of the LH2 complex. The two excitonic peaks originating from the
B850 and B800 rings are analyzed in terms of their full width at half maximum (FWHM)
and their left and right components, showing a left and right skewness for B850 and B800
rings, respectively. (d) Form of the 63 x 63 excitonic matrix considered. LE and CT refer
to the locally excited and charge transfer states included. The former comprise the Q, state
of each BChl, the latter comprise two states for inter-chain and two states for intra-chain
dimers, as shown in panel B. Please see the text for explanation on the elements forming the
matrix blocks.

redistribution upon excitation occurs.? In order to correct for uncertainties in the absolute
magnitude of the quantum chemical transition density, we have rescaled all LE-LE excitonic
couplings by a factor of 0.79. The latter was obtained by comparing the quantum chemical
transition dipole moment of isolated BChl a (7.7 D) with the experimental vacuum value of

6.1 D inferred by Knox and Spring from an empty-cavity analysis of the oscillator strength



of BChl a in different solvents.*3

The resulting coupling and energy distributions are summarized in Table 1 and Figure 2.
Note that the signs of the couplings have been defined so that V(a*,3*) is positive and
consistent with the dipole directions shown in Figure 1b. The site energies of o and f3
BChls are very close, as also noted in our previous work.® However, nearest-neighbor exciton
couplings are lower than the ones computed there, where no correction for the transition
density was applied. Nonetheless, the coupling fluctuations are almost identical to those
obtained in Ref. 5.

As one can expect, CT coupling fluctuations are generally very large: the standard
deviation is indeed of the same order of magnitude as the coupling average. On the contrary,
excitonic couplings present much smaller fluctuations. This is due to the different distance

dependence (R™3 versus e %)

of the excitonic and CT couplings, respectively. Nonetheless,
all of these fluctuations may be important in determining the energetic disorder within the
B850 band.

The energies and electronic couplings are sometimes strongly (anti)correlated within a
dimer (the correlation coefficients are reported in Table S3 in the SI). This is particularly
true for the two CT energies, the two electron transfer couplings, and the two hole transfer
couplings, the latter four showing correlation coefficients larger than 0.95. The correlation is
generally high among couplings (coefficients > 0.56 in absolute value) and negligible between
couplings and energies. The correlations between states that belong to different dimers are
negligible.

The presence of correlations between couplings is not surprising, since all couplings in-
crease when reducing the inter-pigment distance. Moreover, the two hole transfer (HT)
couplings, V(a*,a« — () and V(B*,0 — ), are related to the same matrix elements of the
Fock operator between the HOMO orbitals of o and 5.2>#* Analogously, the two electron
transfer (ET) couplings, V(a*,f — «) and V(B*,a — () are related to the Fock matrix

element between the two LUMO orbitals. This is reflected into almost perfect correlations



(|R| > 0.95) between these coupling pairs.

Table 1: Labels, average values and standard deviations (o) of some energies
and couplings, obtained from the sampling over 150 uncorrelated snapshots. The
labels reflect the parameter characters: LE (local excitation), CT (charge trans-
fer excitation), XT (exciton transfer coupling), ET (electron transfer coupling),
HT (hole transfer coupling), see Figure 1.

Inter-chain dimer Intra-chain dimer

Parameter Label Average /cm™ o /cm™ Average /cm™ o / cm™!
E(a®) LE1 12 585 432

E(8) LE2 12 528 446

E(a>8)  CTI 17179 1538 17727 1605
E(f—a)  CT2 18123 1460 19067 1401
V(a*,5) XT 211 53 235 33
V(ia*,a —» 5) ETI1 —399 233 —170 156
V(a*,8 —a) HTI 420 171 107 113
V(8o — f) HT2 363 165 108 119
V(8*3 —a) ET2 475 236 162 150

The CT energies and couplings thus computed were used to expand the LH2 exciton

Hamiltonian®

as shown in Figure 1d. In order to simulate the exciton spectra, we used
the disordered exciton model, where the matrix elements of the exciton Hamiltonian are
sampled over a Gaussian distribution, whose average and standard deviations are those ex-
tracted from the MD and reported in Table 1; the spectra are then computed for each sample
with non-equilibrium modified Redfield theory,*® and averaged over the static disorder dis-
tribution. The exciton-phonon coupling is introduced through a spectral density extracted
from experiments on the B777 complex,® and scaled to match the reorganization energy
calculated on the dynamics. Further details on the spectra calculations are presented in
Section S3 of the Supporting Information.

In order to dissect and independently analyze the effect of the different static disorder

contributions on the absorption spectrum, four models of increasing realism have been defined

(See Table 2):

e In model A the CT states are not included in the Hamiltonian, and only the static
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Figure 2: (a) Distributions of V(a*,a — /) (ET) and V(5*,a — £) (HT) couplings from
the snapshots considered, for both intra-chain (top) and inter-chain a8 dimers (bottom).
(b) Correlation coefficients among all energies and couplings considered, in inter-chain (left,
top) and intra-chain dimers (right, bottom). The two strongly correlated ET-ET and HT-
HT couplings are highlighted. Please note that the a* states belonging to the inter- and
intra-chain dimers (also highlighted) are actually the same state, as the dimers share an «
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disorder in site energies (diagonal disorder) is considered;

e In model B the CT states are also included in the Hamiltonian, but only diagonal

fluctuations are considered for the locally excited states (as in model A) and for the

CT states.

e In model C the fluctuations of nearest-neighbor excitonic couplings and LE-CT cou-

plings are additionally included.

e Finally, in model D, all the correlations were taken into account, both those between

couplings (excitonic and CT) and those between the CT energies.

The absorption spectra computed with the four models are shown in Figure 3a, along with

the respective FWHM and band asymmetry. Model A predicts a B850 band that is much

narrower than the B800 band, as expected from exchange narrowing effects, and perfectly



Table 2: Definition of the disorder models

Model Site disorder CT states Coupling disorder Correlations

A v

B v v

C v v v

D v v v v
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Figure 3: (a) B850 band of the LH2 absorption spectrum computed following the disor-
der models A — D summarized in Table 2, compared to the experimental spectrum at
300K.5 Note that all computed spectra are shifted by -500 cm~! to match the experimen-
tal B80O peak. (b) full-width at half maximum (FWHM, top) and the asymmetry (bot-
tom) of the B850 band as a function of the model employed. The asymmetry is defined as
100 x (wy, —wg)/(wy + wg), where wy, and wg are respectively the left and right widths at
half maximum (c¢) Energy levels of the (nondisordered) locally excited and charge transfer
states at various interaction models. Left: site energies of uncoupled BChl units; mid: cou-
pling included between local excitations, as in Model A; right: coupling included between
all states, including CT ones, as in Models B, C and D. Note the different scales for the LE
and CT manifolds. The star signs indicate the position of the bright states.

symmetric. This result agrees with atomistic modelling studies which have not included
ad-hoc inhomogeneous broadening for the B850 pigments.®!® The inclusion of CT states in
model B red-shifts the B850 band by 135 cm™!, due to the mixing with CT states, which
are much higher in energy. The effect of CT mixing is different for the various B850 exciton
states (see Figure 3c). The purely excitonic B850 states of model A are the eigenstates of

a homogeneous ring, with increasing angular momentum, denoted by the quantum number
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k. In the lower states of the ring, the couplings to the CT states all sum in phase, whereas
they cancel each other in the states at the blue edge of the band.?¢ For this reason, the
lower-energy states are more strongly affected by the CT mixing. The B850 dipole strength
is concentrated in the second exciton state, that is, the doubly degenerate k = +1 state of
the ring, which is strongly red-shifted by CT mixing. Despite the CT mixing, the broadening
of the band is identical to that of model A (see Figure 3b), even though the disorder in the
CT energies is much larger than that in the Q, energies. In fact, CT states are only slightly
mixed to exciton states (at most 2%), so the CT energy fluctuations do not significantly
affect the eigenstate fluctuations, but mainly cause a red shift of the eigenstates.

Passing to model C, which introduces off-diagonal disorder, we see a substantial (70
cm™!) broadening of the B850 band and an increase in the asymmetry. In particular, the
left side of the band is some 3% larger than the right side, whereas opposite skewness is
obtained for the B800 band, in qualitative agreement with the experimental data. Finally,
the correlations between Hamiltonian matrix elements introduced in model D enhance both
FWHM and asymmetry. The B850 band becomes 3.3 times wider than in models A and
B. Model D dramatically improves the band broadening and shape, without introducing
ad-hoc parameters for the disorder. The still present discrepancy with experiment, however,
suggests that additional mechanisms might be active in the B850 band, which enhance
energetic disorder. For example, there are CT states between second-nearest neighbors,
which are higher in energy than those considered in this work, but might also contribute to
the disorder. In addition, although our MD simulation is well equilibrated within 100 ns,?
it cannot describe very slow conformational changes of LH2, that is, those occurring on
the microsecond timescale or slower. This large-scale, slow conformational disorder might
have additional impact on the coupling distributions and their correlations. These slow
conformational degrees of freedom can be sampled, e.g., by Monte Carlo techniques.*”
Another possible reason for the too narrow lineshape of the calculated B850 band is the

neglect, in the present lineshape theory, of dynamic localization effects, also known as exci-
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4849 which increase the exciton-vibrational coupling and the homogeneous

ton self trapping,
broadening of the optical transitions. Hole-burning experiments on LH2 complexes have re-
vealed the presence of exciton transitions with weak and strong exciton-vibrational coupling,
corresponding to apparent Huang-Rhys factors S = 0.3 and S < 0.8 in the low energy wing
of the B850 band.*® The present lineshape theory reveals only the former transitions (Sec-
tion 7.1 in the Supporting Information). As discussed in detail in the SI, due to the coupling
of exciton states and CT states, there is a correlation between the apparent Huang-Rhys
factor and the red-shift of the exciton state. The largest apparent Huang-Rhys factor of 0.25
is obtained in model D (including the complete coupling to CT states) at the lowest exciton
transition energy (Figure S9 in the SI), in good agreement with the hole-burning data on the
weakly coupled states. Including exciton-self trapping effects in the lineshape theory should
reveal also the transitons with strong exciton-vibrational coupling and, hence, should further
improve the agreement between experimental and calculated band widths of the B850 band.

In order to analyze the broadening mechamism, in Figure 4a we compare the distribu-
tion of exciton energies and dipole strengths for models A and D. The exchange narrowing
effect in model A is evident for the lowest exciton states of the B850 band, whose energy
distribution is much narrower than the site energy distribution. In model D, the CT cou-
pling disorder lifts the symmetry constraints, allowing mixing between symmetry states, and
redistributing dipole strength from the k = 41 states to the darker states. In particular, the
k = 0 state gains dipole strength up to ~3 times the single BChl. A brighter £ = 0 state is
responsible for the observed asymmetry of the B850 band.

Figures 4b,c show how the dipole strength of the exciton states depends on the energy
and delocalization length. The latter can be defined on the basis of the exciton coefficients,

as the inverse participation ratio (IPR):

IPRg = (i c;*K) (1)
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Figure 4: Statistics of exciton energy and dipole strength for the lowest exciton states of
LH2. (a) Distribution of exciton energy (left) and exciton dipole strength (right) for the
five lowest exciton states of LH2. Results of models A (top) and D (bottom) are compared.
Note the different y-axis scale in the plots. The B850 site energy distribution is shown in
grey; note that this is the same distribution in models A-D. The dipole strength is relative
to the single BChl. (b) Relationship between the delocalization length (IPR) and the dipole
strength for the lowest £ = 0 and & = £1 exciton states. (c) Relationship between the
exciton energy and the dipole strength for the lowest five exciton states.

where ¢;i is the coefficient of site ¢ in exciton state K. IPRg values range from one, when
state K is completely localized on one site, to N, when all squared coefficients c? are the
same; the IPR is thus a good measure of the delocalization length. The delocalization length
of state k = 0 reduces significantly from the maximum value of 18 down to ~4, raising the
dipole strength to that of ~3 BChls. At the same time, the localization of the k£ = 41 states
on ~4 to ~8 pigments reduces the dipole strength of these states. In addition, state & =0
acquires dipole strength when it is more red-shifted (Figure 4c): this causes the k = 0 state
to be more emissive when it is red shifted by disorder and coupling to CT states.

The above analysis points to the (correlated) disorder in CT couplings as the main
source of broadening for the B850 band. This broadening occurs through two mechanisms:

firstly, fluctuations of CT couplings modulate the red-shift of the & = +£1 bright state,
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thereby broadening the absorption band. Secondly, inhomogeneities in the Hamiltonian
make the eigenstates deviate from those of the perfect ring, so that the dipole strength is
redistributed to the neighbouring dark states.?® For example, state k = 0 is essentially dark
in the homogeneous ring, whereas it acquires more dipole strength the more it is localized.
The large fluctuations in the Q,-CT couplings create inhomogeneities by modulating the
mixing of different B850 sites to CT states. The correlations in the fluctuations of CT
couplings enhance both effects.

The energy disorder of the £ = +1 states was measured with single-molecule spectroscopy
experiments, which showed that the two states have orthogonal polarization and are sepa-
rated, on average, by 126 cm~*.%! These observations could be explained only by introducing
correlated disorder in the site energies. Model D predicts mutually orthogonal polarization
for states k = +1; however, their energy separation has an average of only 77 cm™! (Sup-
porting Information, Figure S8). This discrepancy can be explained by noticing that our
MD-based disorder does not include large-scale slow protein motion, which could give rise to
correlated disorder (vide supra). Moreover, our results refer to room-temperature disorder,
while single-molecule experiments are performed at very low temperatures, and the exciton
structure of LH2 is sensitive to this temperature difference.”

The mixing with CT states can explain some spectroscopic observations on the B850 band
of LH2. The increase in reorganization energy for a mixed exciton-C'T state is detected as a
large Huang-Rhys factor in line-narrowing spectroscopy.®*® In single-molecule experiments,
the enhanced Huang-Rhys factors were shown to correlate with a red-shift of the band,?
which can be attributed to an increased mixing with CT states (see Supporting Information
Section 7.1). The exponential distance dependence of the CT mixing can also explain the
large shift of the B850 band (as compared to the B8S00 band) measured under pressure.

Our finding is of interest in trying to rationalize the light-harvesting strategy of purple
bacteria. Efficient energy transfer among antenna complexes to the reaction center can

only be achieved if there is optimal energetic alignment between the emitting states of the
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donor complex and the absorbing states of the acceptor. Moreover, the absorption spectrum
should be broad enough to allow for efficient light harvesting and energy funnelling. These
requirements are in apparent contrast to the exciton structure of LH2, whose electronic states
can be delocalized over many pigments, and most of its lowest states are optically forbidden.
It is therefore not surprising that the B850 band of LH2 is much broader than expected from
the exciton model, and that the k£ = 0 state is brighter. The physical explanation for this
broadening and other disorder effects has been elusive for many years, and physical models
have often used ad-hoc adjusted parameters to describe the disorder of the B850 band. Here
instead, by employing quantum chemical calculations along a molecular dynamics of LH2 in
membrane, we showed that the couplings to CT states strongly enhance its energetic disorder,
contributing to most of the lineshape broadening. These results also call for additional

investigation into the effect of charge-transfer mixing on the emission properties of LH2.

Supporting Information Available

Inhomogeneous width for LH2 pigments inferred from the literature. Details on quantum
chemical calculations. Details on spectra simulations. Correlations among site energies and
couplings. Correlation of couplings with structural parameters. Additional tests on DFT
functional and rate theory. Additional disorder analysis. This material is available free of

charge via the Internet at http://pubs.acs.org/.
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