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Resumen—We predict the enhanced light harvesting of a
protein-pigment complex when assembled to a quantum dot
(QD) antenna. Our prototypical nanoassembly setup is composed
of a Fenna-Mattews-Olson system hosting 8 Bacteriochlorophyll
(BChl) a dyes, and a near-infrared emitting CdSe,Te(;_.)/ZnS
alloy-core/shell nanocrystal. BChl a has two wide windows of
poor absorption in the green and orange-red bands, precisely
where most of the sunlight energy lies. The selected QD is able
to collect sunlight efficiently in a broader band and funnel its
energy by a (non-radiative) Forster resonance energy transfer
mechanism to the dyes embedded in the protein. By virtue of
the coupling between the QD and the dyes, the nanoassembly
absorption is dramatically improved in the poor absorption
window of the BChl a.

Index Terms—Light-harvesting antenna, FMO, BChl a, NIR
quantum dot, FRET, hybrid material

Photosynthesis is a unique process by which most plants
and algae, as well as cyanobacteria, convert solar light into
chemical energy [1], [2]. In the first two steps of a pho-
tosynthetic pathway, solar energy is collected and funneled
into reaction centers, where it triggers a series of chemical
transformations leading to the storage of energy in the form
of chemical compounds, such as ATP. The photochemical
agents responsible for those two basic steps are pigment
molecules hosted by proteins resident in cells or biological
membranes [1]-[3]. Pigments are excited by light and they
assume the donor or acceptor role in a chain of Forster
resonance energy-transfer (FRET) processes that ultimately
delivers the excitation energy into other pigments, within the
reaction center protein, able to produce an electron transfer
(11, [2].

Despite its many intricacies, photosynthesis is ranked
among the most efficient of natural mechanisms [4]. Almost
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every photon absorbed by the pigments leads to an elec-
tron transfer at the end of the energy-transfer chain (about
100 % of quantum efficiency) [5], and the overall energy
conversion yield is near 34 % under ideal conditions [6].
However, there is room for improvement. Pigments are only
able to capture a small fraction of sunlight photons due
to their narrow absorption bands and their far from ideal
overlap with the solar emission spectrum. As an instance, the
excitation spectrum of BChl a —a light-harvesting specialized
pigment found in photosynthetic bacteria— features two wide
windows of poor absorption between 400-800 nm, coincident
with highest contributions to the solar emission spectrum.
Therefore, a promising way of boosting the performance of
photosynthesis is by enhancing the efficiency of the very first
light-harvesting stage. This idea encourages many artificial
photosynthesis applications. For example, recently, it was
proven experimentally that at least a threefold increase in the
electron transfer rate can be achieved by coupling a quantum
dot (QD) antenna directly to a reaction center protein-pigment
complex (from Rodobacter Sphaeroides) devoided from its
light-harvesting dyes [7]. In the same spirit, although outside
photosynthesis context, the same group have demonstrated
an improvement in the light-driven biological operation of
a retinal chromophore in a Bacteriorhodopsin protein (from
Halobacterium salinarum) when integrated with a QD antenna
[8].

QDs are inorganic semiconductor nanostructures charac-
terized by a wide absorption spectrum (of ever increasing
absorbance toward shorter wavelength) that can be tuned
with the size and chemical composition to obtain optimal
overlap with the solar emission spectrum [9]. These features
render QDs excellent candidates for enhanced light-harvesting
applications. Furthermore, when suitably coupled with protein-



pigment complexes, QDs can also transfer their excitation
energy efficiently (through FRET) to the pigments embedded
in the protein scaffold.

The abovementioned rationale can explain qualitatively the
remarkable achievement presented in Refs. [7]. However,
a more fine-grained theoretical modeling/simulation of such
nanoassembly can shed light onto its operation and moreover
it can suggest how to engineer even better performances.
For instance, the specific QD employed in Ref. [7], however
globally spherical, has an intrinsic anisotropic lattice (wurtzite
crystal system) which must influence dramatically the FRET
rate to the pigments, depending on the relative location and
orientation of subsystems involved (i.e., the protein-pigment
complex and the QD) [10], [11]. Therefore, by placing adequa-
tely the protein-pigment complex with respect to the QD one
might tune its overall QD-protein energy-transfer efficiency
to its highest value. We have recently shown [10], [11]
that prediction of optimal quantum efficiency can be readily
obtained by a theoretical model which takes into account the
position and orientation of the fragments in the nanoassembly,
the atomistic structure of the dyes and the crystal symmetries
QDs in the transfer rates entering a kinetic equation approach.
Our approach also provides a clear physical picture of the
results.

On the other hand, Ref. [7] uses a nanoassembly in which
the reaction center protein lacks the pigments in charge of solar
energy collection. The energy-transfer photosynthetic pathway
in photoautotroph organisms is a nearly flawless product of
natural selection, where the relative orientation and positions
of dyes and their local environment within proteins, etc.,
appear to be optimized to give rise to very high quantum
efficiencies (i.e., one electron transfer in output per each
excitation input). Specialized light-harvesting pigments might
not only be important for their photoabsorption capabilities
but they might also take part in driving the excitation toward
the reaction center. It is hence desirable to keep intact such a
fine-tuned photosynthetic pathway while enhancing its light-
harvesting deficiencies. For instance, we may envisage an
application in which the QD antenna funnels its energy directly
toward the light-harvesting pigments and not to other pigments
located subsequently within the energy-transfer chain, leaving
the natural photochemical path intact.

Inspired by the work of Nabiev et al., [7] in this contribution
our goal is twofold: (i) to present a theoretical approach
realistic enough to capture the relevant phenomenology of
light harvesting and excitation energy transferring within the
nanoassembly, and (ii) to show that a dramatic enhancement
of the solar energy collection is feasible by assembling a QD
antenna together with protein-pigment complex without need
to suppress of the specialized light-harvesting pigments from
their encapsulating protein.

To that aim, we choose a prototypical system compo-
sed of a Fenna-Mattews-Olson (FMO) protein accomoda-
ting 8 BChl a dyes [3], [12], and a near-infrared emitting
CdSe, Te(1—x)/ZnS alloy-core/shell semiconductor nanocrys-
tal (also known as quantum dot) [13]. The specific FMO pro-

tein comes from Prosthecochloris Aestuarii bacterial organism
and its structure (taken from the Protein Data Bank) is known
from X-ray diffraction with 1.3 A resolution [12], [14], [15].
From this protein structure, we extract the geometry of the
BChl a dyes and their relative locations within the FMO volu-
me. Other relevant data, such as the absorption and emission
spectra, as well as the quantum yield, of isolated BChlI a in
toluene solution are taken from PhotochemCAD package (see
Fig. 1) [16]-[18]. Ref. [3] concluded that only one or two of
the BChl a molecules contribute significantly to excited states
wavefunction in FMO. In the present work, we approximate
the excited states as the excited states of the uncoupled BChl
a. We perform Linear Response Time-Dependent Density
Functional Theory (LR-TDDFT) calculations on one of BChl
a from the FMO in vacuo using the General Atomic and
Molecular Structure System (GAMESS) [19], and we extract
the transition dipole moment corresponding to the excited state
associated with the first peak in the experimental absorption
spectrum. We model the FMO as a collection of BChl a
dyes, disregarding any protein-pigment interactions, however
maintaining the spatial position and orientation fixed by the
protein scaffold. Furthermore, each BChl a molecule (e.g., the
1-th) is represented by its transition dipole moment (dyg;) with
different orientation (but the same magnitude) sitting on a
characteristic position (Ryy,) that we estimate from the central
Mg atom coordinates. This transition dipole moment enters in
the calculation of the inter-pigment and the QD — pigment (or
viceversa) electronic coupling, in turn an essential ingredient
in FRET rate (see Ref. [10], [11] for details).

Quantum dot and BChl a
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Figura 1. Experimental absorption and emission spectra of BChl a [18],

[20] and the QD-WS-yy [13], together with the solar emission spectrum [21].
The extrapolation of QD absorption spectrum based on a direct gap bulk
semiconductor analytical formula [22] (see text) is overlaid for wavelength
< 550 nm.

The specific QD has a core/core+shell radius of 1.95/2.85
nm, it emits at 740 nm wavelength and it is commercially
available from Nomcorp company with the code name of
QD740-WS-yy [13]. We take the absorption and emission
spectra of the latter QD in water from the producer webpage
(see Fig. 1) [13]. Experimental absorption is sampled roughly
down to 550 nm; for lower wavelength, we extrapolate the
absorption spectrum on the grounds of an analytical formula



valid for direct gap bulk semiconductors [22], fitted to the 5
data points closer to 550 nm (see Fig. 1). Data on the specific
stoichiometry of the alloy core (i.e., CdSeg 34Teq 66) have been
taken from Ref. [23]. Bulk structures of CdSe, CdTe and ZnS
suggest that the underlying QD lattice is cubic (zincblende)
[24]. This symmetry generates a threefold degeneracy in the
interband transition dipole moment of the QD, reflecting on
favoured QD — dye FRET when the dye transition dipole
moment orientation and position are aligned with specific QD
crystal axes [25]. Anyhow, being more symmetric, zincblende
should exhibit less anisotropy in the QD — dye FRET than
wurtzite (hexagonal crystal system) [10], [11]. We estimate the
effective masses of quasi-particle electrons and heavy holes
and dielectric constant of the alloy core, together with the
valence and conduction band offset between core and shell
materials, from a stoichiometry-based linear interpolation of
analogous data for CdSe and CdTe bulk materials [24], [26].
The fluorescence wavelength of typical-size CdSe and CdTe
QDs reach up to ~670 nm [23]. Alloyed CdSe,Te(;_) QD
of similar size can push further the emission wavelength to the
near infrared (NIR) thanks to the optical bowing effect [23],
[27]. Using NIR emitting QDs is essential for the prototypical
nanoassembly we are focusing on. It comes as constraint from
the protein-pigment complex side to maximize the spectral
overlap (Jop—wm) between the BChl a first absorption band
at nearly 800 nm (see Fig. 1) and the fluorescence peak
from the QD. The FRET rate is proportional to the spectral
overlap between donor and acceptor of energy involved in
the transferring event. Better spectral overlaps of such kinds
leads to larger QD — pigment FRET rates and therefore
better harvesting of light by the FMO. We model the QD
within an effecttive mass approach assuming a spherical shape,
finite and infinite square confinement potentials for core and
shell materials, respectively, and a water environment. We
perform Configuration Interaction calculations for an electron-
hole pair to calculate the excitonic states of the QD (see
Ref. [10]). The position-dependent transition electric field
(Eqp(r)) associated with the first exciton peak in the expe-
rimental absorption spectrum can be directly computed from
the first excited state of the electron-hole pair. Finally, the
rate of the FRET from QD to the i-th pigment is calculated
as kqpm, (r) = 21Jqpmlda, - Eqo (Rar,)[*-

Our theoretical description relies on a kinetic model for
the evolution of the excited state population in the pigments
and the QD, considering competitive absorption, FRET and
decay channels (as in Ref. [11]). All QD - pigment, pigment -
QD, as well as inter-pigment energy transfer are included. The
absorption rates consider explicitly the wavelength dependence
of the QD and the dyes spectra (see Fig. 1). A detailed account
on kinetic model and the calculation of rates for each of these
processes have been presented elsewhere (see Ref. [10], [11]).
We calculate the photoexcitation spectrum of the dyes from the
total fluorescence rate at the steady state as a function of the
absorption wavelength. The photoexcitation spectrum quantify
how much fluorescence intensity is obtained at any excitation
wavelength, and when the analyzed system is isolated (i.e.,

not coupled to any other fragment) it is proportional to the
absorption spectrum. When a fragment is coupled to some
other that can act as an extra source for the excitation (apart
from light itself), the photoexcitation spectrum measure the
overall capacity of the coupled system to absorb light and
transfer its energy to the fragment under examination. The
QD and FMO are placed at a contact distance, with threonine
1 residue practically on top of the QD surface and the closer
BChl a about 1.4 nm away from it (see Fig. 2).

Figura 2. Schematics of a nanoassembly setup composed of a FMO protein
(backbone in green) encapsulating 8 BChl a dyes (molecular structure in red)
and a quantum dot (drawn as a blue sphere). The quantum dot size (diameter
5.7 nm) is represented to scale.

Fig. 3 shows our result for the photoexcitation spectra of
FMO set of BChl a isolated or in presence of the QD. A
careful observation of figure show that the absorption peaks
of the single isolated dyes are reproduced in both of the
photoexcitation spectra (with and without the QD antenna)
although with different relative intensities. However, the most
important result in this plot is the fact that deficient absorption
energy regions feature a tremendous gain in absorbance when
the QD antenna is considered. In fact, we compute a ~2.6
times increase in the full photoexcitation intensity (integrated
over a span of 300-780 nm) when the QD is coupled to the
FMO. This enhancement in absorption is not a scaling factor
and it depends on the wavelength. For instance, no increase in
absorbance is obtain at nearly 800 nm, where the BChl a is the
only active light-harvester, whereas nearly 22 times increase is
obtained at 500 nm, where solely the QD absorb (cf. Fig. 1).

In summary, we predict that a NIR QD assembled to a
FMO protein-pigment complex should overcome the hampered
photoabsorption of the protein-embedded BChl a dyes in wide
bands of the visible spectrum. In particular, one can expect
an over 20 times increase in the fluorescence from the BChl
a for green excitation photons. The nearby QD acts as (i)
an efficient and complementary light collector, thanks to its



BChl a (8) in FMO protein
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Figura 3. Photoexcitation spectra of BChl a within a FMO complex, isolated
(black line) or in presence of a QD antenna (blue line).

wide absorption band, and (ii) as an additional source for
the excitation energy, delivered to the FMO through efficient
non-radiative energy transfer (FRET). The theoretical model
supporting such prediction —simple but physically sound- is
based on a rate equation incorporating the key mechanisms of
FRET from the QD to the FMO, as well as other competitive
excitation and de-excitation pathways. Our modeling can be
promptly used to find the relative position and orientation
of the nanoassembly components associated with optimal
QD - FMO FRET, and therefore, might help establishing
design principles for a device with even better light-harvesting
performances.
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