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We theoretically investigate dynamics of excitation in a hybrid nanostructure comprising a photosynthetic
complex peridinin-chlorophyll-protein (PCP) coupled to a gold spherical nanoparticle. Our model includes the
analytical description of radiative and non-radiative relaxation channels of the chlorophylls in PCP, as well as the
change of energy transfer rate within the PCP due to the presence of metal scatterer. We show that by measuring
the intensity of uorescence from selectively excited chlorophyll molecules in the PCP complex, elementary
geometric properties of the system can be deduced.
PACS: 33.50.−j, 73.20.Mf, 82.20.Rp

1. Introduction

eciency and, presumably, energy transfer dynamics in

Metallic nanoparticles, due to their unique ability to
manipulate light at the nanoscale and the simplicity of
spectral tuning of the plasmon resonance, have been a
subject of intense studies in various research elds, including quantum optics [1, 2], sensor development [3],
and photovoltaics [4].

Most of these studies focus on

nanofabrication of advanced plasmonic nanostructures
with well-dened spectroscopic properties, as well as on
integrating metallic nanoparticles with inorganic materials, such as quantum dots or uorescent molecules.

In

these complicated, multichromophoric systems.

It has

been shown that the uorescence of chlorophylls within
such complexes can be strongly enhanced, mainly due to
an increase of the absorption rate of the light-harvesting
pigments [14].

Furthermore, such complexes exhibit a

very well dened geometry of the pigments thanks to
the protein scaold that binds them together.

There-

fore, they provide an attractive system for studying the
inuence of plasmon excitations on the energy transfer
dynamics.

the latter case, it has been demonstrated that, depend-

2. Peridininchlorophyllprotein

ing upon the geometry of the metallic nanoparticledye
assembly, either ecient quenching of the uorescence

Our model system is a peridininchlorophyllprotein

or strong enhancement of the emission can be achieved.

(PCP) complex reconstituted with chlorophyll

One of the key parameters determining the actual out-

and chlorophyll

come is the separation between the elements comprising

plex from dinoagellate

the hybrid [5]. It has been shown that the optimal dis-

determined by Hofmann et al. [17] with a resolution bet-

tance for the enhancement of emission ranges between

ter than 1.5 Å. In its native form it consists of three

10 and 25 nm, and the enhancement factors of up to sev-

monomers forming a trimer, with each monomer binding

eral tens has been observed [5, 6]. Much less attention

two Chl

has been paid to more complex systems, comprising more

two almost symmetric clusters. It has been demonstrated

than one chromophore. As soon as the optical properties

that the apoprotein of the PCP can be reconstituted with

of a molecular assembly that is to be attached to the

various Chls [15] including mixtures of Chls, while pre-

metallic nanoparticle promote resonant energy transfer,

serving the overall structure of the refolded protein.

the analysis of the experimental results as well as modeling thereof becomes considerably more dicult [79].

b

[15, 16].

a

(Chl

a)

The structure of PCP com-

Amphidinium carterae

has been

a and eight peridinin (Per) molecules arranged in

Absorption of the PCP complex exhibits two spectrally
separated regions  a strong and broad band between

Recently, several groups have attempted to couple bio-

400 and 550 nm [18] due to Per absorption and a nar-

logically relevant systems, such as photosynthetic complexes, with various types of metallic nanostructures

row QY transition band of the chlorophyll.
Furthermore, chlorophylls contribute to the absorption spectrum

[1013]. The motivation behind these eorts was to inves-

through a Soret band at 400 nm. As we are interested

tigate the eects of plasmon excitations on the absorption

in a modication of the excitation dynamics in a simplied system comprising chlorophylls exclusively, we focus

QY transitions within
a single monomer or PCP. The energies of these transi-

on the interactions between the
∗ corresponding author; e-mail:

mackowski@fizyka.umk.pl

tions dier between various chlorophyll molecules, with

(307)

M.K. Schmidt, S. Mackowski

308

a and Chl b centered at around 660

in a free space, an enhancement of the radiative decay

and 640 nm, respectively and the uorescence red-shifted

rate can be calculated. This problem has been addressed

by around 10 nm. Previous studies, carried on both en-

analytically, with the extended Mie theory [6, 23], for two

semble and single-molecule levels [11] revealed that this

orientations of the dipole

particular pigment combination features a bidirectional

enhancement ratio denoted as

the absorption of Chl

a.

a to Chl b, and from Chl b

to the surface of the MNP. These values can be applied
to calculate the rate of radiation for any orientation of

channels are comparable.

the dipole

Consequently, this water-soluble photosynthetic complex

can

 perpendicular (with the
Γ⊥rad ) and parallel (Γ∥rad )

The eciencies of these two energy transfer

energy transfer, both from Chl
to Chl

µ

be

considered

a

ing plasmon-induced eects.

model

system

for

study-

In comparison to other

pigmentprotein complexes, such as photosystem I or
photosystem II, which contain tens or hundreds of chlorophylls, both the structure and the pigment composition
in PCP are relatively simple. Furthermore, the apoprotein of the PCP complex can be easily reconstituted with
mixtures of chlorophylls thus providing a tool to engineer the energy transfer dynamics between pigments in
a well-dened protein geometry. Last but not least, the
absorption of the PCP complex matches well with the
plasmon frequencies of both gold and silver small spherical nanoparticles [19, 20].

Γ rad (α) ≈ sin2 (α)Γ∥rad + cos2 (α)Γ⊥rad ,
where the parameter
axis

ẑ

α

is the angle between

(1)

µ

and the

connecting a center of the MNP and the dipole.

3.2. Energy transfer from the molecule to the MNP
Since the electric eld generated by a radiating dipole
penetrates the metallic nanoparticle, it creates a pathway
for ecient nonradiative relaxation.

Ohmic losses be-

come important especially in systems where the molecule
is close to the surface of the MNP  at small separation
distances the nonradiative process dominates an increase
of the radiative rate resulting in quenching of the uorescence. The eciency of this process can be analytically
investigated by calculating the intensity of the electric

3. Model

eld inside the particle. For that purpose, the extension
of the Mie theory can be used as well, yielding the non-

Our analysis is based on a simplied model of a het-

radiative processes rates for two orientation of the dipole

erogeneous pair of chlorophylls, with the geometry inher-

with respect to the surface of the metal  perpendicunonrad
nonrad
lar Γ⊥
and parallel Γ∥
. An equation analogous

ited from the PCP complex: the relative orientation and
spectral properties of molecules are identical to those of
chlorophylls embedded in the protein scaold. The pair
of chlorophylls is positioned in the vicinity of a spherical

to (1) holds in that case

Γ nonrad (α) ≈ sin2 (α)Γ∥nonrad + cos2 (α)Γ⊥nonrad .

(2)

gold nanoparticle (MNP) characterized by the complex

The rate of all the nonradiative processes contributing to

dielectric function [21].

the decay of the excitation can be then calculated as

We investigate the dependence

of the excitation dynamics within such a hybrid complex
on the orientation of PCP, its distance to the surface of
metal, and a radius of the nanoparticle.
In order to quantitatively describe the inuence of the
plasmon excitation on the spectroscopic properties of a
photosynthetic complex, an accurate description of all
the relaxation pathways for each molecule is required. It
has been recently shown that the uorescence of individual chromophores in the PCP complex as well as the
energy transfer  both between each pair of chlorophylls
and from the molecules to the metallic nanoparticle 
can be accurately described by considering the exact electric eld distribution within the complex [8, 9, 22]. Below
we give a short description of all the relevant mechanisms.

3.1. Radiation of the electric dipole

k nonrad (α) = Γ nonrad (α)qk0 + (1 − q)k0 ,
where

q

(3)

is the quantum yield of each of the chlorophylls

in the absence of its counter-partner or the MNP and

k0

is its uorescence rate.

3.3. Energy transfer between the chlorophylls
Last but not least, the most eective and the fastest
of mechanisms determining the excitation dynamics in a
PCP complex coupled to a gold nanoparticle is the eect
of plasmon-enhanced resonance energy transfer between
the chlorophylls. To describe this process, we use a formalism of the Förster resonance energy transfer (FRET)
[24] based on a dipoledipole Coulomb interaction between two molecules.

FRET occurs when one of the

molecules (donor) exhibits an emission spectrum over-

In order to evaluate the rate at which energy is radi-

lapping with the absorption spectrum of the other one

ated away from each of the chlorophyll molecules in the

(acceptor). It can be further shown that the rate of the

hybrid nanostructure, we decouple the problem and sep-

energy transfer is proportional to the energy of the ac-

arately investigate two simplied subsystems. Each one

ceptor dipole placed in an electric eld generated by a

comprises a single chlorophyll molecule with a xed elec-

donor molecule [8, 22]:

tric dipolar transition (QY ) moment

µ

in the vicinity of

a spherical metallic nanoparticle. By calculating the en-

k FRET ∝ |µa E d (r a )|2 .

(4)

ergy ux of the radiation from such a system, and normal-

The above relation is valid also for interacting dipoles

izing it to the radiation power of a classical electric dipole

in an inhomogeneous environment. Thus, in a situation
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where due to the presence of the MNP the electric eld

between the PCP complex and the center of the nanopar-

from the donor at the position of the acceptor is changed,

ticle

the rate of energy transfer is modied by a factor

PCP complex with respect to the surface of the metal.

FRET
Γd→a
=

d.

The remaining parameter is the orientation of the

To discretize this property, we consider 4 orientations, as

|µa E d,MNP (r a )|2
.
|µa E d,no MNP (r a )|2

(5)

shown in Fig. 1a.

The orientations of the chlorophylls

and their electric dipolar transition moments within the

As the distances between all the constituents of the system are much smaller, then the wavelength of radiation

protein scaold were taken from [26].

λ,

we implement an electrostatic analytical solution to the
problem of electrostatic scattering of an electric dipolar
eld [25].

4. Results and discussion
4.1. Fluorescence intensity and the modication
of lifetime
In a typical optical experiment, two important quantities are determined: the intensity and lifetime of uorescence from a PCP-MNP hybrid nanostructure. Using the approach described here we obtain results that
can be directly compared to such a set of experimentally
measured parameters. To relate these quantities to previously dened enhancement factors, we solve the set of
rate equations which determine the time dependence of
the probability of the excitation of each of the chlorophylls

Pi :

(
)
dP1
rad rad
FRET FRET
= − k1nonrad + k0,1
Γ1 + k1→2
Γ1→2 P1
dt
FRET FRET
+ k2→1
Γ2→1 P2 ,

(6)

(
)
dP2
rad rad
FRET FRET
= − k2nonrad + k0,2
Γ2 + k2→1
Γ2→1 P2
dt
FRET FRET
+ k1→2
Γ1→2 P1

(7)

Fig. 1. Selected orientations of chlorophyll molecules
embedded in the PCP complex (a) and the schematics
of the nanostructure (b). Relative orientations of chlorophylls are shown with respect to the axis ẑ connecting
the geometric centers of the protein and the gold spherical nanoparticle. Red arrows indicate the orientation of
respective dipolar transition moments. In orientations
labeled as 1 and 2 (3 and 4) vector η between magnesium atoms in chlorophylls is parallel (perpendicular) to
the surface of the metal. Orientation 2 can be obtained
from 1 by a π/2 rotation about η , while in orientations 3 and 4 vectors η are anti-parallel. The structure
of the protein (with the scaold omitted for the sake of
clarity) and the electric dipolar transition moments of
chlorophylls were taken from [26]. The orientation of
the PCP complex in the schematics of the system (b) is
arbitrary.

with initial unitary excitation probabilities of either of
the chlorophyll molecules.
tion corresponds to a

Experimentally, this condi-

π -pulse

Our calculations yield the enhancement factors of both

excitation of chlorophyll

energy transfer rates and energy dissipation rates, in-

by a laser with wavelength adjusted to the absorption of

stead of the actual rates of energy transfer or dissipa-

one of the chlorophylls. The symmetry in the above equa-

tion. Therefore, in order to calculate the actual dynam-

tions reects the fact that we account for a bidirectional

ics of excitation, which translates to relative intensities

FRET between the chlorophylls.

of chlorophyll

The intensity of uorescence from each of the chlorophyll molecules can be calculated as
∫ ∞
rad rad
Ii = k0,i
Γi
Pi (τ ) dτ.
0

P

and chlorophyll

b,

we include experi-

quantum yield and characteristic times of energy transfer
[11] obtained for PCP in the absence of metallic nanopar(8)

The lifetime of uorescence can be obtained by tting an
exponential decay to the

a

mentally measured values of the uorescence lifetime, its

functions.

ticles. The photophysical parameters of the two chlorophylls comprising the PCP complex were assumed to be
the same as measured for homochlorophyllous PCP complexes [11].

4.2. Geometry of the system

4.3. Results

In order to quantitatively describe the excitation dy-

Our analysis reveals a very strong dependence of ex-

namics within our hybrid nanostructure, an accurate

perimentally accesible parameters on the geometric prop-

parametrization of the geometry is essential.

On the

erties of the hybrid nanostructure. In Fig. 2, an intensity

other hand, the ability to experimentally discriminate

of the uorescence from a primarily excited chlorophyll

between these geometries is limited by the biochemical

molecule, normalized to its free-space value, is plotted as

methods of coupling the components that form a nano-

a function of varying MNPPCP distance (Fig. 2a) or

structure. Therefore, we choose 3 parameters of the sys-

MNP radius (Fig. 2b). As expected, for small molecule

tem  two of which should be experimentally control-

metal distances, uorescence is eciently quenched for

lable: the radius of a gold nanoparticle

R

and distance

all four geometries (Fig. 2a).

However, for a xed dis-
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tance of the PCP to the surface of the MNP, two sets of
geometries (1, 2 and 3, 4) reveal a qualitatively dierent
dependence on the radius of MNP (Fig. 2b). We believe
that this discrepancy can be attributed to the dierence
in radiative properties of the systems.

In the rst two

geometries, the transition dipoles are primarily oriented
perpendicularly to the surface of the MNP and induce
a weakly radiating superposition of modes. For the remaining orientations, dipoles are parallel to the interface
and, especially for the larger radii, couple into a strongly
radiating system. These ndings are conrmed by analysis of the enhancement of the radiative processes (not
shown here).

Fig. 3. Ratio of uorescence from Chl a and Chl b as a
function of MNPPCP distance (MNP radius = 25 nm)
(a) and MNP radius (MNPPCP distance = 5 nm) (b).
The insets show the enhancement of resonance transfer rate in the considered geometries  the results for
orientations 3 and 4 are indistinguishable.
It is worth noting that, although separately discussed
mechanisms of radiative decay and energy transfer between molecules yield a very dierent behavior for two
sets of geometries discussed in this work, the intensity
and ratio of uorescence  two parameters which can be
measured experimentally  reveal similar results for all
considered orientations.

Fig. 2. Intensity of uorescence from Chl a (dotted
lines) and Chl b (dashed lines) as a function of the
MNPPCP distance (MNP radius = 25 nm) (a) and
MNP radius (moleculeMNP center distance = 5 nm)
(b) normalized to their free-space values. In both gures, we present the intensity of uorescence from the
initially excited molecule. In (a) the quenching of uorescence resulting from ohmic losses in MNP is clearly
visible in all considered geometries.
In Fig. 3, we plot the dependence of the uorescence
intensity ratio of the two chlorophyll emission. In principle, this ratio is an experimental measure of the eciency of energy transfer process.

For small distances

between the PCP and the surface of the metal, in orientations 1 and 2, with both molecules positioned at the
same distance from surface of MNP, a strong suppression of resonance energy transfer rate is observed (inset
in Fig. 3a), resulting in decoupling of the chlorophylls
system (Fig. 3a). For orientations 3 and 4, even though
the transfer of energy is slightly enhanced, the nonradiative losses suppress the ability of FRET to equilibrate
the excitation of both chlorophylls and  as in previously
studied geometries  a strongly asymmetric uorescence
distribution is observed (Fig. 3a). In one specic orientation 3, in which Chl

a

is positioned further from the

MNP, the uorescence from this chlorophyll appears to
be promoted.
A similar analysis conducted for the xed MNPPCP
distance (Fig. 3b) does not reveal any strong dependence
of the system dynamics on the radius of the MNP. This
is probably due to the fact that for small moleculemetal
distances, excitation transfer to the nanoparticle does not
depend on its radius.

5. Summary
We have investigated the excitation dynamics in a
system comprising a heterochlorophyllous PCP and a
gold spherical nanoparticle for 4 dierent geometries of
the setup and varying key parameters  radius of the
nanoparticle and its distance from PCP. In the calculations we incorporate description of the dominant processes governing the excitation dynamics in such a hybrid nanostructure  radiative and nonradiative decay
of uorescence due to coupling with MNP, as well as energy transfer between chlorophylls.

We stress that the

calculations were carried out using analytical and exact
description of the scattering of dipolar radiation on a
spherical nanoparticle and can be extended to investigate other important features of the system, such as its
quantum eciency and lifetime of excitation.

Results

indicate that of all the investigated parameters, the distance between MNP and PCP is the key parameter that
governs the dynamics of the system.
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