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Insights Q1 Q2into colour-tuning of chlorophyll optical
response in green plants†

Joaquim Jornet-Somoza,*a Joseba Alberdi-Rodriguez,bc Bruce F. Milne,bd

Xavier Andrade,e Miguel A. L. Marques,fg Fernando Nogueira,d Micael J. T. Oliveira,h

James J. P. Stewarti and Angel Rubio*bj

First-principles calculations within the framework of real-space time-dependent density functional

theory have been performed for the complete chlorophyll (Chl) network of the light-harvesting complex

from green plants, LHC-II. A local-dipole analysis method developed for this work has made possible

the studies of the optical response of individual Chl molecules subjected to the influence of the

remainder of the chromophore network. The spectra calculated using our real-space TDDFT method

agree with previous suggestions that weak interaction with the protein microenvironment should

produce only minor changes in the absorption spectrum of Chl chromophores in LHC-II. In addition,

relative shifting of Chl absorption energies leads the stromal and lumenal sides of LHC-II to absorb in

slightly different parts of the visible spectrum providing greater coverage of the available light

frequencies. The site-specific alterations in Chl excitation energies support the existence of intrinsic

energy transfer pathways within the LHC-II complex.

1 Introduction

Central to the continued existence of life on Earth, the conversion
of solar energy into a chemical form that can be stored until
needed, transported to different parts of an organism and
released as required in order to drive the fundamental processes

of biology is one of the most highly studied of all biochemical
phenomena. Developing a detailed understanding of the micro-
scopic physical processes involved in photosynthesis has the
potential to directly impact upon a wide range of technological
applications. These range from optimisation of food crop produc-
tion1,2 to aiding the attempts to utilise aspects of photosynthetic
light harvesting to generate usable energy either directly in a
conventional solar cell apparatus3,4 or through secondary pro-
cesses such as hydrogen combustion in photosynthesis-driven
(bio)reactor systems.5–8

More than 50% of the light captured by green plants for use
in photosynthesis is absorbed by the major light harvesting
complex (LHC-II).9 LHC-II is a trimeric protein assembly with
three-fold symmetry and contains over 17 000 atoms. Com-
plexed within the protein framework, each monomer unit
contains 14 chlorophyll (Chl) molecules (both types a and b)
that are the key functional units in the light-harvesting process
in LHC-II (Fig. 1).4,10 Additionally, each monomer contains four
secondary carotenoid chromophores (lutein (�2), neoxanthin
and violoxanthin) that play important roles in photoprotection
and energy transport within LHC-II.11–13 Approximately 7000 of
the LHC-II atoms belong to the chromophores (Fig. 1). Usually
bound within cell membranes in vivo, LHC-II possesses a
robust structure and maintains structural integrity during
purification and crystallisation meaning that the detailed
structure has been obtained from crystallographic studies and
that it has become possible to perform experimental studies of
isolated LHC-II.14–16

1

5

10

15

20

25

30

35

40

45

50

55

1

5

10

15

20

25

30

35

40

45

50

55

Cite this: DOI: 10.1039/c5cp03392f

a Universitat de Barcelona, Martı́ i Franquès 1, 08028 Barcelona, Spain.

E-mail: j.jornet.somoza@gmail.com
b Nano-Bio Spectroscopy Group and ETSF Scientific Development Centre,

Department of Materials Physics, University of the Basque Country,

CFM CSIC-UPV/EHU-MPC and DIPC, Tolosa Hiribidea 72,

E-20018 Donostia-San Sebastián, Spain. E-mail: angel.rubio@ehu.es
c Department of Computer Architecture and Technology, University of the Basque

Country UPV/EHU, M. Lardizabal, 1, 20018 Donostia-San Sebastián, Spain
d CFı́sUC, Department of Physics, University of Coimbra, Rua Larga,

3004-516 Coimbra, Portugal
e Lawrence Livermore National Laboratory, Livermore, CA 94550, USA
f Institut für Physik, Martin-Luther-Universität Halle-Wittenberg, D-06099 Halle,

Germany
g Institut Lumière Matière, UMR5306 Université Lyon 1-CNRS, Université de Lyon,
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After absorption of light, excitation energy is transferred
from the LHC-II antenna to a photosynthetic reaction center
complex. At low light levels the quantum efficiency of this
process approaches unity.4 It is interesting to note that at
chromophore concentrations three orders of magnitude smal-
ler than those found in biological light harvesting systems,
solutions of chlorophyll display negligible radiance due to
concentration quenching of the fluorescence process.17 The
electronic structure of the chromophores within LHC-II clearly
must undergo considerable modification relative to the same
group of chlorophyll molecules in bulk solution.14

Various models based on excitonic coupling between the Chl
units and/or modulation of the chromophores’ energy levels by
the protein environment have been invoked to explain the high
efficiency of excitation energy transfer (EET) in photosynthesis.18–22

In bacteria the excitonic mechanism dominates, however there is
evidence supporting a more micro-environment driven mechanism
being most important in plant LHC-II.9,15,16

The electronic structure of the Chl antenna molecules of
LHC-II is well understood as is the nature of the excitation
involved in photo-absorption by Chl in the relevant regions of
the solar spectrum. Whilst the effect of the protein environ-
ment on the optical response of the Chl chromophores is
accepted as being minimal, the role of chromophore packing
remains less well studied but can be expected to have a greater
impact on the absorption spectra due to the interaction of
electronic states of very similar energies. Due to difficulties in
applying computational electronic structure methods to sys-
tems of this size, previous theoretical studies have tended to
focus on the individual chromophores in isolation with some
simple model of the complex micro-environment or by a small
explicit portion of the complex.23

Here, we report a first-principles study of the electronic
absorption spectrum of the full LHC-II Chl chromophore net-
work in which all atoms were treated at the same theoretical

level using real-space time-dependent density functional theory
(TDDFT)24 as implemented in the Octopus code.25 Some of the
TDDFT calculations performed in this work are at the edge of
what is feasible with today’s computer resources and require
extensive optimisations of Octopus. These involve not only the
parallel execution,26 but also issues related to memory manage-
ment,27 the Poisson solver,28 the initialisation,29 input/output
efficiency30 and post-processing. To the best of our knowledge
the geometry optimisation of the full 17 000 atom LHC-II
complex performed in this work using the Mopac electronic
structure package is the largest performed to date using semi-
empirical electronic structure methods.

Using a newly implemented charge density decomposition
method we have obtained results which highlight alterations in
individual Chl spectra within the complete Chl network which
contribute to broadening of the coverage of the optical spec-
trum by LHC-II in green plants. Similarly, our decomposition
analysis indicates that the Chl chromophores located on the
stromal and lumenal sides of the thylakoid membrane provide
distinctly different contributions to the total LHC-II absorption
spectrum. Furthermore, relative shifts of the stromal/lumenal
Chl spectra suggest possible intrinsic directions for the flow of
excitation energy within the complex.

2 Methods
2.1 Preparation of LHC-II geometry

The initial geometry of LHC-II was extracted from the crystal
structure of the spinach major light-harvesting complex (PDB
accession code 1RWT).31 Several lipid molecules originating in
the experimental crystallisation mixture that remained in the
crystal structure, such as b-nonylglucoside and digalactosyl
diacyl glycerol, were removed as these were not part of the
biological unit. Furthermore, these were expected to have little
or no impact on the excited state electron dynamics of the LHC-II
chromophores.

Hydrogen atoms were added using the Chimera molecular
modeling package.32 At this stage it was necessary to select the
protonation state of acidic residues located at the stromal and
lumenal membrane/aqueous interfaces of LHC-II. It was
decided to protonate all acidic side chains at these interfaces
since it was considered that in the cellular environment the
charges associated with these side chains would be effectively
shielded by counter-ions in solution or by association with
other charged bio-molecular species. Since accurate modeling
of this shielding was beyond the scope of the present study the
simplified approach of capping these side chains with protons
was considered most likely to provide a reasonable model of the
charge environment in these regions of the LHC-II structure.
The initial structure prepared in this way possessed a net
charge of +30. The total number of atoms in this structure
was 17 280.

Following the initial placement of the hydrogen atoms on
the LHC-II structure it was necessary to refine their positions,
and since there was a strong possibility that protonation states
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Fig. 1 LHC-II trimer, showing locations of protein, carotenoid and Chl
molecules (Chl a in blue and Chl b in green) of one monomeric unit. For
improved visability hydrogen atoms, Chl phytyl chains and primary struc-
ture of the protein are not shown.

2 | Phys. Chem. Chem. Phys., 2015, 00, 1�8 This journal is �c the Owner Societies 2015

Paper PCCP



could have been misassigned it was decided to use a method
that would permit the migration of protons away from the
unfavourable sites and/or towards more favourable ones. This
requirement meant that approaches that used classical force
fields, and therefore had fixed bonding connectivities, could
not be employed. A solution to this problem lies in quantum
mechanical electronic structure methods where no bonds are
enforced and atomic nuclei are free to move in the potential
created by the electronic structure of the system being studied.

Due to the size of the LHC-II system the only feasible choice
in this case was to use a semi-empirical electronic structure
method. The recently developed PM7 Hamiltonian as imple-
mented in the Mopac semi-empirical electronic structure pack-
age was selected as this has been shown to closely reproduce
molecular geometries calculated using high level quantum
chemical methods and also provides a good model of weaker
interactions such as hydrogen-bonding and dispersion forces.33

The initial step in the refinement of the crystal structure at
the PM7 level involved optimisation of the positions of only the
hydrogen nuclei with all other atoms fixed in space. In addition to
refining the hydrogen positions this highlighted some cases where
the initial guess for the protonation states of ionisable residues had
been incorrect. In these cases occurrences such as the formation of
salt bridges or the presence of very long bonds between acidic
groups and protons were taken as indicators that the local proto-
nation state had been incorrectly assigned. This hydrogen optimi-
sation procedure was repeated in an iterative fashion each time
correcting the protonation assignments until no further change
was observed. This procedure resulted in a reduction of the total
charge to zero giving an overall neutral structure.

Next, a full geometry optimisation was carried out on all
ligand molecules including water. The rationale for this was
that the ligand molecules (including all important chromo-
phores in the LHC-II system) would be the most important for
the later calculations of the optical absorption processes and
these should be optimised as fully as possible. During this
process it was found that the parameterisation of the PM7
Hamiltonian for the interaction between nitrogen and Mg2+

was incorrect and gave rise to overly long internuclear distances
that resulted in the Mg2+ ions being displaced out of the plane
of the chlorophyll macrocycle by up to 1.4 Å. Re-optimisation of
the necessary PM7 parameters was performed so as to repro-
duce a chlorophyll geometry calculated at the DFT/PW91D/6-
31G(d) level of theory. The improved PM7 description of this
interaction produced out of plane displacements closer to 0.3 Å.
The improved PM7 parameters were used in all subsequent semi-
empirical calculations in the present work and have been incorpo-
rated into all distributions of Mopac released since the beginning of
2014. An overall gradient cutoff of 25 kcal mol�1 Å�1 was employed
and this gave final gradients for the individual chromophores and
ligands of less than 4 kcal mol�1 Å�1, which is not much above that
which could be expected to be achieved in the optimisation of small
to medium sized molecules in isolation.

The final stage was to refine the crystallographic structure of
the full system of proteins, ligands and water to attempt to
produce a total structure that was as well optimised as possible.

Given the complexity of the biological setting of LHC-II where
the system exists embedded in a lipid bilayer and has numer-
ous interactions with other proteins and biochemical struc-
tures it was not feasible to attempt to replicate the packing
effects of this environment. Similarly, the crystal environment
was too complex for any attempt to model its effects. For this
reason it was decided to perform a constrained refinement of
the total LHC-II system that would permit local optimisation of
bond lengths and angles but incorporate sufficiently strong
restrains that larger movements involving e.g. torsional rota-
tions would not occur. The reason for this being that test
optimisations where no such restraints had been applied had
shown that the protein structure began to slowly unravel in the
absence of any environment (limitations in the accuracy of the
PM7 method may also be expected to play a part in this
process).

A series of these constrained refinements were performed
with restraint values of 10, 5, 1, 0.5 and 0.1 kcal mol�1 Å�2.
With values of 10, 5 and 1 kcal mol�1 Å�2 convergence was
achieved and low total RMSD values with respect to the crystal
structure of the protein were obtained (see Table 1). The lower
restraint values did not converge to a steady RMSD even after
several hundreds of refinement steps. Thus, it was decided that
the LHCII geometry obtained from the refinement using a
restraint strength of 1 kcal mol�1 Å�2 (final RMSD = 0.151 Å)
was the best possible structure using this methodology and this
was chosen to be used in the subsequent TDDFT calculations.

2.2 Real-space time-propagation TDDFT calculations

All absorption spectrum calculations of the LHC-II complex
were performed using the real-space/time-propagation TDDFT
code Octopus.25,34,35 In Octopus, all the relevant functions are
discretised in a real-space regular rectangular grid. To make the
calculations computationally affordable, the core electrons
were treated using norm-conserving Troullier–Martins pseudo-
potentials. These pseudopotentials were filtered using the
scheme proposed by Tafipolsky and Schmid to remove the high
frequency components that cannot be described accurately in
the grid.36 The grid parameters that control the numerical
convergence are the spacing between the grid points and the
size of the simulation box. We found that a grid spacing of 0.2 Å
and simulation boxes constructed from a union of spheres of
radius 4 Å centered at the nuclei were necessary to converge the
position of the main spectral peaks within 0.1 eV in all our
calculations. All calculations were performed using the Perdew–
Burke–Ernzerhof (PBE) exchange-correlation functional corrected
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Table 1 Restraint strengths and final RMSD values for the constrained
PM7 refinement of the full LHC-II system

Restraint strength/kcal mol�1 Å�2 Final RMSD/Å

10 0.044
5 0.064
1 0.151
0.5 Not converged
0.1 Not converged
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using the averaged-density self-interaction (ADSIC) method
proposed by Legrand and co-workers, which reduces the self-
interaction error of the semi-local DFT approach and restores the
correct �1/r asymptotic behavior of the exchange functional.37,38

Absorption spectra were computed using time-propagation
TDDFT as implemented in the Octopus code.25,34,35 In this
approach the time-independent Schrödinger equation for the
system, eqn (1), is initially solved using the Kohn–Sham ansatz
to obtain the electronic wavefunctions ci(r) and the N-electron
ground-state charge density n(r) of the ground-state:

ĥKSci(r) = eici(r) (1)

nðrÞ ¼
XN
n¼1

ciðrÞj j2 (2)

It should be noted that only occupied states need be calculated
as unoccupied states are not used in the subsequent steps.

An instantaneous electric field perturbation k is applied to
the Kohn–Sham states ci(r) in one of the Cartesian directions
so as to introduce a small momentum to the electrons and the
states are then repeatedly propagated for short time steps dt

ci(r,dt) = eikzci(r,0) (3)

to obtain the time-dependent charge density n(r,t). This is
repeated for each of the x, y, z directions and the absorption
spectrum is then obtained from the relationship between the
dipole strength function S(o) and the dynamical polarisability
a(o)

SðoÞ ¼ 2o
p
=aðoÞ (4)

where the frequency-dependence of a(o) is obtained as in
eqn (5) from the Fourier transform of the time evolution of
the induced electric dipole [d(t) � d(0)].

aðoÞ ¼ 1

k

ð
dt eiot dðtÞ � dð0Þ½ � (5)

The time-propagation after the perturbation was continued
until 60 �h eV�1 (39.49 fs) for the isolated chromophores and
chromophore networks. A total propagation time of 60 �h eV�1

was also used for the study of the protein environment. This
simulation time allows a good peak resolution (being the full
width at the half maximum 2p/T = 0.105 eV) for both Q- and
Soret-bands. The largest time-step that ensured the numerical
stability of the time propagation in all calculations was found to
be 0.003 �h eV�1 (0.00197 fs).

The contribution of each individual chromophore to the
optical response of the whole system was obtained by perform-
ing an a posteriori decomposition of the electronic density. The
local electronic density corresponding to each chromophore
has been obtained by performing a division of the ground-state
density based on the Bader charge-topological approach.39 The
dynamical polarisability tensor assigned to each chromophore
can then be obtained by applying the corresponding Bader
volume to the time-dependent electronic densities of the entire
system. Fig. S1 (ESI†) shows the convergence of the simulated

spectra while increasing the size of the chromophore Bader
volume with respect to the one obtained for the chlorophyll
molecule 607b (numbering from PDB file 1RWT). These tests
indicated that the phytyl chain does not play an important role
in the absorption process, and these were therefore removed
when computing the spectral decomposition of the chlorophyll
network. Fig. S2 (ESI†) shows the selected Bader volumes for
the chlorophyll network of the monomer for which the local
dynamical polarisability tensors have been computed.

Although alternative schemes for partitioning of the charge
density exist, methods such as thos Q3e of Voronoi40 or Hirsh-
feld41,42 require that assumptions must be made concerning
the partitioning based on pre-computed promolecular/atomic
densities whereas the Bader method relies purely on the
features of the density in question, removing the need for such
approximations. Similarly, testing convergence of the calcu-
lated spectra with respect to the selected density volumes in a
first-principles manner as described above would be compli-
cated due to the approximations involved in these other meth-
ods and so they were not considered for the present work.

3 Results and discussion
3.1 Individual LHC-II chromophores

3.1.1 Isolated chlorophylls. Initial calculations focused on
the spectra of the isolated Chl chromophores using geometries
obtained from the structure optimisation of the full complex
(Fig. S3 and S4, ESI†). The peaks corresponding to the Q- and
Soret-bands were calculated to occur between 1.9–2.0 eV and
2.5–2.8 eV, respectively (Fig. 2). The experimental Q-band
energy obtained from the LHC-II spectrum is 1.86 eV whilst
the Soret-band contains two peaks at 2.62 and 2.85 eV (assigned
to Chl b and a, respectively).43 Recent in vacuo experimental
studies of the Chl absorption spectra put the lowest energy
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Fig. 2 Distribution of peak energies in Chl TDDFT spectra. Q-band
excitations occur between 1.9 and 2.0 eV and those of the Soret-band
between 2.5 and 2.9 eV. Chl numbering taken from PDB file 1RWT. Solid
lines correspond to the isolated Chl spectra and dashed lines to the
spectra of the individual Chl within the LHC-II monomer Chl network,
calculated using our local-dipole method. Vertical lines indicate the
position of the maxima of the Q- (1.86 eV) and Soret-bands (2.62 and
2.85 eV) found experimentally.43
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excitation (Q-band) at 1.93 eV (Chl a) and 1.98 eV (Chl b) whilst
the Soret-band was found to have its maximum at 3.06 eV (Chl a)
and 3.00 eV (Chl b).44,45 Good performance of the TD-PBE-ADSIC
method for the Q-band excitation and worse performance for the
Soret-band might reasonably be expected since the former is a
predominantly single electron excitation, which is well described
by TDDFT, whilst the latter is known to possess significant
multiple-electron character that is not appropriately described
in the adiabatic TDDFT framework.46,47 However, tests of the
current methodology with the optimised geometries that were
used in the analysis of the experimental in vacuo absorption
spectra44,45 indicate that our real-space TD-PBE-ADSIC approach
in fact performs very well in predicting the experimental Q- and
Soret-band maxima (Fig. S5, ESI†).

3.1.2 Effect of the protein environment. A test to investi-
gate the effect of the protein environment on the spectrum of
chlorophyll was performed for Chl 608b. This Chl from the
stromal-side of LHC-II was selected because of its more com-
plete protein surroundings as compared with other Chl which
overlapped significantly with neighboring chromophores
(Fig. 3). The plots in Fig. 4 compare the calculated spectra with
an experimental LHC-II absorption spectrum43 and show that
the overall effect of the protein environment is a red-shift of the
Chl spectrum, with the low energy Q-band being shifted by
�0.1 eV but the Soret-band undergoing a larger shift of�0.3 eV.
The red-shift of 0.1 eV for the low energy excitation is the same
as that seen in the experimental in vacuo spectra of both a and b
forms of Chl.44 A second effect observed was that the ratio of
peak intensities Q : Soret (1 : 10 in vacuo) also changed on
inclusion of the protein environment to 1 : 2, the same as seen
for the experimental spectrum in Fig. 4. The appearance of the
small peak at 1.65 eV is most likely due to transfer of oscillator
strength from the red-shifted Soret-band peaks. Similar promo-
tion of dark states was also observed in the local-dipole analysis
of the individual Chls (Fig. S4, ESI†).

Based on the data obtained from the Chl 608b/protein study
it was decided to remove the majority of the protein from the

optimised LHC-II structure in order to reduce the dimension of
the electronic structure calculation. Amino acid side chains and
water directly complexed to Chl Mg2+ ions were retained as were
charged species lying close to the chlorin ring (Fig. S3, ESI†)
because these were expected to play a major role in modulating
the details of the absorption spectrum.

3.1.3 Carotenoids. In addition, the absorption spectra of
the carotenoid molecules in isolation were calculated after
extraction from the optimised LHC-II structure. Although the
applicability of TDDFT methods to the calculation of the
excited states of polyene molecules such as the carotenoids is
known to be problematic,47 the agreement between computed
and experimental results was found to be very good in terms of
excitation energies (Fig. S6, ESI†). This can most likely be
attributed to the geometry optimisation which produced some
distortion (relative to the planar gas-phase geometry) of the
polyene chain due to the effects of the LHC-II microenviron-
ment.48,49 However, because of the lack of polyene chain
motions in the simulations the peaks themselves were overly
intense and interfered with the interpretation of the Chl net-
work spectrum (Fig. S7, ESI†).

The main roles of the carotenoids, besides providing cover-
age of the green region of the optical spectrum, are accepted as
being involved with photoprotection and energy transfer.50–52

The location of the carotenoid absorption maxima means that
their influence on the absorption spectrum of the Chl network
should be minimal and this is supported by the calculated
spectra in Fig. S7 (ESI†). It was therefore decided to also remove
the carotenoid molecules so as to facilitate the analysis of the
calculated Chl spectra.

The resulting simplified LHC-II trimer chromophore net-
work contained 6075 atoms corresponding to 15 600 explicitly
calculated electronic states (after the removal of core electrons
by the pseudopotential approximation).

3.2 Chlorophyll network in the LHC-II monomer, dimer and
trimer

The calculated spectra of the LHC-II monomer, dimer and
trimer Chl networks are shown in Fig. 5. The experimental
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Fig. 3 Model system used in the evaluation of the effect of the protein
environment on the chlorophyll absorption spectrum. Chlorophyll 608b
carbon atoms shown in grey, amino acid side chain carbon atoms in
brown. Except for water molecules, all hydrogen atoms are omitted to aid
visualisation. This Chl was selected because of its more complete protein
surroundings as compared with other Chl which overlapped significantly
with neighboring chromophores (Fig. S9, ESI†).

Fig. 4 Effect of inclusion of surrounding amino acid residues on the spectrum
of Chl 608b. Vertical lines indicate the experimental position of the Q-band
(1.86 eV) and the Chl b component of the Soret-band (2.62 eV).43
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LHC-II absorption spectrum (filled grey curve) displays the Chl
Q- and Soret-bands at approximately 1.85 and 2.6/2.8 eV for the
b and a forms, respectively.43 Our calculated spectra show good
agreement with the experimental one; very little deviation was
observed for the Q-band (approximately 0.05 eV), while the
Soret-band was found to display a larger deviation of 0.35 eV.

This Soret-band shift relative to the independent Chl mole-
cules is similar to that seen for Chl 608b in the tests of the effect
of the protein environment (see above) and suggests that a
similar non-specific environmental effect on the Chl Soret-
bands can be expected due to the presence of adjacent Chl
chromophores.

From these spectra, and the inter-monomer local-dipole
analysis (Fig. S8, ESI†), it appears that the contribution of each
monomer to the total spectrum is essentially independent and
only minor inter-monomer perturbations exist.

3.2.1 Local dipole analysis of individual chlorophyll spec-
tra. In order to study the contribution of the constituent Chl
chromophores, the absorption spectrum for each was com-
puted in situ by selecting the corresponding charge density
based on a Bader charge-topological analysis39 (Fig. S2, ESI†)
and studying its time-dependent induced dipole moment
obtained from the TDDFT charge density propagation. Ana-
lyzed in this way, these spectra differ from the separate Chl
spectra (Fig. S4, ESI†) due to the fact that they include the
influence of the remainder of the Chl network system, thus
providing an accurate representation of the absorption spec-
trum of a given chromophore within the LHC-II (minus the
shift due to the protein environment which, as discussed above,
is essentially constant).

Fig. 2 shows the variation in the location of the peaks for
each individual Chl molecule within the chromophore network.
Overall, the inclusion of interactions with the other chromo-
phores leads to a red-shift in the peak energies. In general, the
major influence of the chromophore network on the individual
chlorophylls appears to be similar to that found previously for

the protein environment effect, i.e., an electrostatic interaction
is sufficient to explain the observed spectral shifts. The largest
observed effect was a strong red-shift (B0.2 eV) on the Soret-
band of the Chl b molecules chlorophylls on the lumenal side
of the LHC-II complex. Contrary to the non-specific electrostatic
red-shift, this larger alteration in absorption energy can be
attributed to an electronic interaction due to a close overlap
between 605b, 606b and 607b. This is highlighted in Fig. S9
(ESI†) which shows schematically the spatial distribution of the
Chl molecules within a single LHC-II monomer.

Fig. 6 shows the contributions of the Q- and Soret- bands of
different chlorophylls obtained from the local Bader analysis of
the total monomer charge density. This approach facilitates the
separation of the chromophore contributions to the photo-
absorption profile of the LHC-II system. These data indicate
that the LHC-II Q-band can be attributed mainly to Chl a.
Furthermore, this analysis suggests that the small Q-band
shoulder observed experimentally is due to differences in
absorption energy between lumenal and stromal chromo-
phores. Given that energy transfer pathways should be deter-
mined in our static model system by excitation frequency
gradients alone, our results can be considered to indicate that
the most probable energy transfer after an excitation in the Q-
band region should take place following an energy descent path
from lumen to stroma, in agreement with data obtained using
femtosecond transient absorption spectroscopy.53

Two key observations were made regarding the Soret-band
in the present work. Our simulations indicate that the Chl a
molecules located on the lumenal side are subjected to a blue-
shift relative to the Chl a on the stromal side of LHC-II,
broadening the LHC-II complex Soret-band. This enables
LHC-II to absorb light across a broader range of frequencies.
In addition, our calculations show that the peak at approxi-
mately 2.3 eV (2.6 eV experimentally) is due to the Chl b
molecules. As a result of the local-dipole analysis it was found
that lumenal chlorophylls (605b–606b–607b) cause broadening
of the Soret-band to the red. These results, which display a
significant difference in Soret-band energy in the chlorophylls
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Fig. 5 LHC-II monomer (red), dimer (blue) and trimer (green) TDDFT
spectrum. The absorption intensities of the dimer have been scaled by
half and the trimer by one third to aid in comparison of the spectra. The
filled gray curve is the experimental absorption spectrum of LHC-II.43 Here
the lower absolute accuracy of TDDFT for the predominantly multi-
electron Soret-band excitation energies (discussed above) can be seen.

Fig. 6 LHC-II monomer TDDFT spectrum. Contribution from Chl on the
stromal side (left) and the lumenal side (right) of the membrane. Chl a are in
red and Chl b in green, the gray line shows the calculated spectrum of the
full monomer chlorophyll network. Individual Chl contributions are
summed to give the curves shown here.
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in different locations within the complex, suggest a route for
the LHC-II system to absorb blue light on the stromal side and
then transfer the excitation energy down the energy gradient to
the center of the complex where 607b is located.

These spectral alterations are most pronounced for a small
subset of the chromophores studied; the majority of the Chl
spectra do not undergo large alterations when the influence of
the chromophore network is taken into account (Fig. S4, ESI†).
This suggests that the overall electronic structure of the Chl is
not altered significantly when the entire network is included,
and the small observed red-shift can be attributed to a Cou-
lombic effect. This suggests that most of the excitation energy
transfer (EET) ought to be reasonably described using the
electric dipole moment coupling scheme proposed by Förster.54

However, due to the specific relative orientation of lumenal Chl
b molecules, a strong red-shift and change of the shape of the
Soret-band are observed, which suggest that non-electrostatic
effects are relevant and Förster’s theory is not sufficient to
describe the EET between Chl chromophores on the lumenal
side of the LHC-II trimer.

4 Conclusions

The absorption spectrum of the full Chl network of the major
light harvesting complex, LHC-II, has been simulated using
first-principles electronic structure methodology. We have
demonstrated that the electrostatic and non-electrostatic
effects of the environment as well as specific Chl–Chl interac-
tions are essential for theoretical investigations of systems of
this type and that these effects combine to produce significant
modulation of the LHC-II absorption spectrum. Local analysis
of the contribution of each Chl has been introduced and shown
to be a powerful tool for use in studying inter-chromophore
interactions and site-specific contributions to the total absorp-
tion spectrum.

This work indicates that after light absorption in the Q-band
region of the LHC-II spectrum the most probable excitation
energy propagation will take place from lumen to stroma (Fig. 6
and Fig. S10, ESI†). The major source of absorption in the Soret-
band region can be attributed to the Chls situated on the
stromal side of the thylakoid membrane. Thus, light energy
of around 2.5 eV absorbed in the stromal half of LHC-II should
be transferred to the low-energy lumenal grouping of Chl b in
the center of the complex. Ongoing studies using our real-space
TDDFT method on the Chl network aim to quantify the
proposed coupling between chromophores and distinguish its
different components in order to clarify the EET mechanisms
within LHC-II.
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