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OF THE HYBRID LIGHT-HARVESTING STRUCTURE

The influence of the relative spatial arrangement of a silver nanoshell and a peripheral LH2
complex of photosynthetic bacteria on the light absorption enhancement by the hybrid light-
harvesting complex has been studied theoretically. The enhancement of light absorption in the
interval of the B850 exciton band arises owing to the strong interaction between excitons in
the LH2 ring and surface plasmons in the nanoshell. The range of hybrid structure parameters
has been determined, at which the enhancement of the photosynthesis process efficiency in the
presence of a silver nanoshell is possible.
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1. Introduction

The unique optical properties of localized surface
plasmons [1] invoke a wide interest of researchers
owing to the opportunity of their application in
biosensors [2], data storage devices [3], and surface-
enhanced Raman spectroscopy [4]. The optical prop-
erties of various systems—in particular, the intensi-
ties of light absorption and luminescence by sepa-
rate molecules, semiconductor quantum dots, and
quantum wells—can substantially change in a vicinity
of metal nanoparticles [5-9]. Experimental researches
[10-15] and theoretical calculations [16, 17] also tes-
tify to the influence of nanoparticles on the effi-
ciency of photosynthesis processes. In particular, the
results of calculations obtained in work [17] demon-
strate the growth of the probability of excited elec-
tron generation at the reaction center of photosys-
tem I as a result of the interaction with plasmon
excitations in gold or silver nanoparticles. In hybrid
structures, which combine metallic and microbiolog-
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ical components, the properties of light-harvesting
pigment-protein complexes can change as well. A
growth in the fluorescence intensity of the light-
harvesting complex of the marine alga Amphidinium
carterae by an order of magnitude in a vicinity of
silver nanoparticles was observed without a substan-
tial variation of the radiation emission wavelength
[10]. Metal nanoparticles can enhance the light ab-
sorption in photosystem I [18, 19]. The growth in
the fluorescence intensity of separate light-harvesting
LH2 complexes of photosynthetic purple bacteria was
observed in a vicinity of the quasihexagonal lat-
tice of spherical gold nanoparticles [16]. In the cited
works, the matter concerned biological objects. Nev-
ertheless, some optical processes in those structures
can be explained in the framework of physical mod-
els that are well-known in the physics of molec-
ular excitons [20], because the spectral properties
of light-harvesting complexes of photosynthetic bac-
teria are governed by the exciton interaction be-
tween pigment molecules included into the given
structures [21].
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Metal nanoparticles can substantially affect the
probability of exciton state excitation, provided the
energy resonance between the nanoparticle plasmon
state and the excitonic state of a molecular ring in
the light-harvesting complex. This resonance can be
obtained if a dielectric nanoparticle with a metal shell
(“nanoshell”) is used, because the resonance frequency
of the surface plasmon state of the latter, in contrast
to a continuous spherical metal nanoparticle, can be
controlled by selecting the particle dimensions. In
work [22], it was shown that, under definite condi-
tions, the probability of light absorption and the en-
ergy transfer by the antenna light-harvesting com-
plex can substantially increase in a vicinity of such
silver metal nanoshells. However, the calculations in
work [22] were carried out for a specific symmetric ar-
rangement of a nanoparticle and the molecular ring of
a light-harvesting LH2 complex with respect to each
other. As a continuation of researches started in work
[22], we consider in this work how the variation in the
spatial position of nanoparticle with respect to the
molecular ring of the antenna light-harvesting com-
plex affects the efficiency of exciton-plasmon interac-
tion and, as a consequence, the light absorption by
this structure.

2. Model of the System:

Excitons of the Antenna Light-Harvesting
Complex, Plasmon States of a Metal
Nanoparticle, and Their Interaction

The light absorption by photosynthetic pigments is
one of the initial stages in the photosynthesis pro-
cess. The so-called antenna (or light-harvesting) com-
plexes of pigments absorb light and transmit the ex-
citation to the reaction photosynthetic center, where
the absorbed energy is spent in the course of photo-
chemical reactions. Photosystems in the majority of
purple bacteria contain light-harvesting complexes of
two types: LHI1 complexes, which are located near
the reaction center, and peripheral LH2 complexes
[23, 24]. Pigments of LH2 complexes, in comparison
with those in LH1 ones, absorb light in the spectral in-
terval with higher frequencies, which provides a con-
secutive energy transfer from LH2 to LH1 complexes
and, ultimately, to the reaction center. The spatial
structure and the exciton spectra of a light-harvesting
LH2 complex in bacteria of various types were the
object of numerous researches [24-33|. As is known,
the bacteriochlorophyll (BChl) molecules in the light-
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harvesting LH2 complex of a photosynthesizing bac-
terium form two concentric rings characterized by the
rotational symmetry Cy (e.g., for bacteria Rhodopseu-
domonas acidophila) or Cg (for bacteria Rhodospir-
illum molischianum). The internal ring is responsi-
ble for the absorption of light with a wavelength of
850 nm (the so-called B850 band) and contains 18 or
16 BChl molecules, which form the pairs of strongly
coupled dimers with the distance between the neigh-
bor pigments shorter than 1 nm [27]. This system
can be simulated [21, 24, 28] as a molecular ring con-
sisting of N molecules combined in pairs into N/2
equivalent dimers. As was shown in work [22], the
presence of metal nanoparticles in a vicinity of this
molecular ring in the light-harvesting complex can
modify the optical properties of the latter; note that
the calculations were carried out for a definite rel-
ative arrangement of the spherical nanoparticle and
the ring, when the ring and nanoparticle centers lie on
the axis directed perpendicular to the nanoring plane.
A high symmetry degree of this system is responsi-
ble for certain regularities in the interaction between
the exciton and plasmon states: one plasmon state
can interact only with one definite exciton state (for
other details, see work [22]). However, if the ring and
the nanosphere are arranged arbitrarily with respect
to each other, the symmetry of the system becomes
broken (Fig. 1, a), which makes it impossible to find
the wave function of the system analytically, as was
done in work [22]. Hence, the issue of whether the
light absorption enhancement by the light-harvesting
complex still remains in this case should be addition-
ally studied.

Consider the system consisting of a metal nanopar-
ticle with dielectric core (a nanoshell) and a molecular
ring located nearby (Fig. 1, a). The methods which
will be used for the calculation of the exciton-plasmon
interaction effects are similar to those proposed and
described in work [22] in detail. Therefore, we confine
the consideration to a short description of the basic
theoretical propositions and the analysis of the results
obtained. The Hamiltonian used for the description
of this system was proposed in work [22]. It con-
tains the following components: the Hamiltonian of a
molecular ring, H,, the Hamiltonian of nanoparticles,
H,, and a term V,, describing the exciton-plasmon
interaction,

H=H,+H,+V,,. (1)
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Fig. 1.

Schematic diagram of the system consisting of a metal nanoparticle and the molecular ring B850 (a).

Schematic

diagram of the molecular ring B850 (b). Arrows designate the dipole moments of the molecules in the ring. Metal nanoshell with

a dielectric core (¢)

Below, each component of Hamiltonian (1) will be
described in detail.

2.1. Molecular ring
of a light-harvesting complex

When light is absorbed, a Frenkel exciton is ex-
cited in the molecular ring. It is described by the
Hamiltonian [21]

I:IT = Zﬁga + Z Vna,n’a’B:aBn’a/a (2)

nao,n’a’

where HY, = E,B;", By is the Hamiltonian of the
molecule; B;t and B, are the creation and annihi-
lation, respectively, operators of electron excitation
of the molecule with the number na; n is the dimer
number; « = 1,2 is the number of the molecule in
the dimer; E, is the excitation energy; and Vo pn/o/
is the matrix element of the interaction between the
molecules na and n’o’. The molecules in the ring that
form a dimer differ by the orientation of their dipole
moments of excitonic transition (Fig. 1, b). The pres-
ence of two molecules in an elementary cell of the ring
gives rise to the Davydov splitting of the excitonic
band into two ones, which we will mark by the index
i =+ or —; namely [25],

1
Ei=§{E1+E2+V11+V22:|:

+/(E1 — Ea + Vi1 — Vag)2 + 4V12V21], (3)

where Vo (k) = 3 Vaanpe® =) the quantity k =
n/
=27l /N determines the quantum number of an

160

excitonic state of the ring; and I = 0,+1,42,...,
+[N/4)if N/2isodd or l, = 0, +1, 2, ..., £[N/4]—1,
[N/4] if N/2 is even, where the brackets mean the
integer part of the corresponding number. Below,
the exciton states of the molecular ring will be enu-
merated with the use of the variables [, and 7. The
excitonic spectra of the molecular ring were calcu-
lated in the framework of the dipole-dipole approx-
imation, with the value taken for the matrix ele-
ment of the dipole moment of the excitonic transi-
tion being typical of a bacteriochlorophyll molecule
[34]. The other parameters were selected as follows:
E, =12500 cm™', By = 12800 cm ™', and the radius
of molecular ring was equal to 2.7 nm [34]. The ob-
tained spectrum of the molecular ring with N = 18
is depicted in Fig. 2. The excitonic levels of the ring
are twice degenerate, except for the states with i, =0
and (for even values of N/2) I, = [N/4]. In the dipole
approximation, only the states with [, = +1 partic-
ipate in the absorption of a photon with the polar-
ization vector parallel to the ring plane, and the os-
cillator strength for the states with ¢ = 4+ is much
weaker than that with ¢ = —. The excitation of the
states with [, = 0 is also allowed for photons polar-
ized normally to the ring plane. However, the oscil-
lator strength of such transitions is very weak.

2.2. Nanoparticle with a metal shell

Dielectric particles with metal shells (nanoshells) are
a promising object for the researches of surface plas-
mon excitations in nanoobjects [35]. Modern tech-
nologies allow similar particles to be grown up with
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various dimensions and shapes, as well as various met-
als to be used for the creation of an external shell.
Silicon, a material with an extremely low dielectric
constant [36], is often used as a core material for
such particles. Hollow metallic nanoshells are also
grown up nowadays [37]. An advantage of nanoparti-
cles with a metallic shell over all-metal nanoparticles
in the plasmon studies consists in the possibility to
affect the frequency of plasmon oscillations by vary-
ing the thickness of the metallic layer. This fact is
especially important while studying the interaction
of plasmons with another subsystem, in particular,
as occurs in the problem concerned, with the molecu-
lar ring, because it is necessary to obtain a resonance
between the energy levels of subsystems. The fre-
quencies of plasmon oscillations in a particle with the
dielectric core radius Ry, the external radius R, and
the dielectric constants of the core, (%), the metallic
shell, eM = ¢,,g — wg/wQ, and the environment, (),
(see Fig. 1,b) are the solution of the electrodynamic
problem in the quasistatic approximation [22],

2 2
i — _Al11 + A122 4 (Azll — Azﬂ) + Al2 g21
wp 2 4 Loty
(4)

where

A s (e® —emo) (1+1) N
! A, R2l+1
O] — g0 (141)

+ RIH )
12 l + 1

] (5(2) (1+1)+ s<0>l),

RQHIR%Z'HAI

l
21 _ L (2 (0)
Aj l(a (I+1)+e l),

g ¥ {l (o —c©) @ @1)+ Zemo},

2011 pIES]
A R R}

A= Z(BL%P (5(2) - 5m0> (emo - 5(0)).

For silver, the plasmon frequency Aw, = 11.5853 eV
and €,,0 = 8.926 [38]. The appearance of two char-
acteristic frequencies for the given quantum numbers
I and m is connected with the presence of two metal
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Fig. 2. Exciton spectrum of a molecular ring with N = 18.
Circles and squares denote states with ¢ = + and ¢ = —, re-
spectively

surfaces of the particle [39]. Therefore, the frequen-
cies are enumerated with the help of the indices [, m,
and j, where j denotes the solution branch, j = +.
Hence, plasmon excitations of the nanoparticle are
described by the Hamiltonian

Hy =Y hw Al iy, (5)

lmj

where /Alltn] and Almj are the creation and annihi-
lation, respectively, operators of a surface plasmon
in the state with the orbital and magnetic quantum
numbers [, m, and j, respectively. In what follows,
only the interaction of exciton states with the lower-
energy plasmon branch (j = —) will be taken into
account.

2.3. Exciton-plasmon interaction

In work [22], we derived an expression for the operator
of electric potential created at a certain point r =
(r,0,¢) in space by the surface plasmon excitations
in a metallic nanoshell,

06) = D (Aungung () + A 00 (). (6)
where b=

. Kl | h Y (0, ¢)
Pimj (r) = 5 4wljb{ S
Klj _ Al11R2l+1 +Al21_
(wlj)Z + w2Al11
p“tlm
. A}2R2l+1+A122>,
R )
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The exciton-plasmon interaction is affected by the
electric field created by a surface plasmon on the
dipole moments of ring’s molecules,

Vor =3 Pra VIS, (7)

no

where @0, is the operator of the electric potential

(6) that acts on the molecule with the number (n, a),
and Py, is the dipole moment operator for the given
molecule. Seeking the solution of the Schrédinger
equation with Hamiltonian (1) in the form of a su-
perposition of the nanoparticle plasmon states and
the exciton states of the molecular ring,

U= Zakiélz 0) + Z ﬁlmjAltnj 10), (8)
ki

l,m,j

we obtain the following system of equations for the
coefficients ay; and B ;:

agi (Exi — E) + Z dzavﬁﬁja%&m =0, (9)

n,a,l,m,j

Blmj (hwlj - E) + Z dnav&?ﬁ;aigaki = Oa

k,i,n,«a

(10)

It was shown in work [22] that, in the case of a sym-
metric subsystem configuration where the centers of
the nanosphere and the ring lie on the axis directed
perpendicularly to the ring plane and in the dipole
approximation, the interaction results in that only
definite states of the subsystems become mixed. In-
deed, owing to the symmetry of the problem, the ma-
jority of interaction matrix elements in Egs. (9) and
10) equal zero. In this case, the corrections to the
energies of quantum states and the coefficients can
be calculated analytically. However, if the nanoparti-
cle is located arbitrarily with respect to the ring, the
problem must be solved numerically with regard for
all terms in the system. The corresponding results
are presented below.
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The determining characteristic of the optical prop-
erties of the system hybrid states is the matrix ele-
ment of the operator describing the total dipole mo-
ment of the system,

P=P,+P,, (11)
where P, = 3 (PnaB;fy + PhoBra) is the oper-
ator of the ring 7dipole moment, which is a sum of
the dipole moments of all molecules; and f’p is the
operator of the nanoparticle dipole moment, the ex-
pression for which can be obtained from the dipole
term in the series expansion of the nanoparticle po-
tential operator (6). Using the wave function (8),
we can obtain an expression for the squared absolute
value of the matrix element for the dipole transition
of the system from the ground state into an excited
one v, \P0_>l,|2, which characterizes the probability
of light absorption at the excitation of this state.
The exciton-plasmon interaction brings about a re-
distribution of the transition dipole moment between
the nanoparticle plasmon states and the ring exci-
ton states. Since the multielectron plasmon states of
a nanoshell are characterized by a large dipole mo-
ment, an admixture of even an insignificant fraction
of the plasmon state results in a strong growth of the
dipole moment of hybrid states. The effect becomes
stronger, when the energies of the exciton and plas-
mon states come closer to each other. This can be
reached by changing the thickness of nanoparticle’s
metallic layer. While calculating the matrix element
of the transition dipole moment, the damping of sur-
face plasmon states was made allowance for by in-
troducing the imaginary part of the plasmon energy,
hw] — hw] — ihI'. This radiationless absorption is
associated with the interaction between the plasmon
state and the other states in the electron spectrum of
a metal; it affects the exciton states of the ring ow-
ing to the hybridization of states. The widths of the
plasmon bands, which are related to this damping,
considerably exceed the bandwidths of exciton states
in the ring; therefore, the latter are neglected. This
means that the lifetime of a hybrid state of the sys-
tem in the adopted model is governed exclusively by
the lifetime of plasmon states.

3. Results and Their Discussion

Figure 3 demonstrates how the energies of some low-
est states in the hybrid system are changed, when
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the ring is shifted with respect to the nanoparticle.
In the figure, the zero shift, + = 0, corresponds to
the maximally symmetric position of the ring with
respect to the nanoparticle, when the centers of the
ring and the nanosphere lie on the axis directed per-
pendicularly to the ring plane. Not going beyond
the limits of this plane (the membrane plane), let
us shift the ring in a certain direction, which is se-
lected as the axis OX. A different shift direction
does not change the results of calculations qualita-
tively and changes them quantitatively very weakly,
because the ring is rather symmetric with respect to
its rotations in this plane. The interaction with the
nanoparticle weakly changes the energy levels in the
ring. At x = 0 (this is a configuration, which was
considered in work [22]), only the exciton levels with
[, = 1 and plasmon ones with m = 41 are shifted;
because, as was mentioned above, the other exciton
states do not interact with the dipole plasmon states
owing to the problem symmetry. When the ring is
shifted from this symmetric position by a distance of
the order of the nanoparticle radius, the other exciton
states of the ring start to interact with plasmons as
well; in addition, the degeneration of states becomes
eliminated.

To make a quantitative evaluation of the optical
absorption enhancement by the exciton subsystem,
we calculated the ratios between the squared abso-
lute values of the dipole moment matrix elements
for transitions into every possible states of the sys-
tem and the corresponding value for the lowest ex-
citonic transition in the molecular ring in the ab-
sence of a nanoparticle, 6, = [Py, [?/|PY%2. In
Fig. 4, the results of calculations for the dependence
of 4, on the shift x from the symmetric position
of the ring with respect to the silver nanoparticle
3 nm in radius with the internal radius of the di-
electric core equal to 2.9 nm are shown for some
system states. The bold solid and dashed curves
correspond to the exciton states with [ = +1 and
i = —, which can be excited both in the absence of a
nanoparticle (x — oo) and when the latter is arranged
symmetrically (z = 0). The transitions into other
exciton states of the system (their §,-dependences
are plotted by thin solid curves) are forbidden at
x = 0 owing to system’s symmetry. The shift of
a nanoparticle with respect to the ring breaks sys-
tem’s symmetry, and those transitions become al-
lowed. An enhancement of those additional transi-
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Fig. 3. Energies of some lowest states in the system as func-
tions of the ring shift with respect to the center of a metal
nanoparticle of the radius R = 3 nm for the parameters
e® =14, 3 =1, AI' = 0.1 éV, L = 0, and the internal
radius R = 2.9 nm. Bold curves correspond to exciton states,
thin curves to plasmon states, branches j,7 = —. Dotted lines
exhibit the levels of an isolated molecular ring

tions can be seen especially pronounced, when the
ring is located close up to the nanoparticle surface
(Fig. 4,a). However, this arrangement cannot be re-
alized in a real light-harvesting system, because the
thickness (from 3.6 [40] to 5 nm [41]) of the mem-
brane containing the molecular ring has to be taken
into consideration. Figure 4,b demonstrates the re-
sults of calculations in the geometry where the dis-
tance between the ring plane and the nanoparticle
surface equals 1.5 nm. If the nanoparticle is shifted,
the light absorption enhancement takes place for the
majority of system’s states. Analogously to the case
of a symmetric configuration of the system consid-
ered in work [22], this phenomenon is more pro-
nounced for large nanoparticles (Fig. 5). In con-
trast to particles with small radii, the dipole mo-
ments of all transitions, except for the transitions
into states with [, = +1, remain small for nanopar-
ticles 20-30 nm in radius, when the ring is shifted.
This follows from the fact that, in the case where
the nanoparticle radius exceeds that of the molecular
ring by an order of magnitude, the electric field cre-
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Fig. 5. Optical absorption enhancement as a function of the ring shift with respect to the center of a metal nanoparticle with
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ated by plasmon excitations practically is not changed
at distances equal to intermolecular distances in the
ring, so that the symmetry of the arrangement of
dipole molecular moments in the ring becomes an
important factor. In this case, Egs. (9) and (10)
will contain sums of the form ) p’  exp (z%),
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which differ from zero for the given ring-like struc-
ture only if [y, = +1. The calculations testify that
the effect of absorption enhancement for the states
with [, = =41 remains substantial if the ring is
shifted from its symmetric position by a distance
close to the nanoparticle radius. The average dis-
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tance between the centers of LH2 complexes of bacte-
ria Rhodobacter sphaeroides amounts to 8.5 nm [42],
which corresponds to a surface complex density of
10'2 cm~2. In the case of relatively large nanoparti-
cles (their data are shown in Fig. 5), the enhancement
effect will be appreciable, provided that the molecu-
lar ring is located at a distance of 25-30 nm from
the particle center, i.e. a single nanoparticle will
enhance the absorption of about 30 light-harvesting
LH2 complexes.

4. Conclusions

This work continues our researches [22] concern-
ing the interaction between a light-harvesting LH2
complex of photosynthesizing bacteria and a silver
nanoshell, in which the hybridization of exciton and
plasmon states is shown to result in the enhance-
ment of light absorption by the hybrid system. We
have shown that the optical absorption enhancement,
which is associated with the transfer of the inten-
sity from the plasmon dipole transition to the ex-
citonic one, survives if the symmetry of a spatial
arrangement of the nanoshell with respect to the
molecular ring of a light-harvesting complex is vio-
lated. For nanoparticles with small radii (of about
the ring radius) located asymmetrically with respect
to the molecular ring, the absorption is additionally
enhanced due to the appearance of transitions that
are forbidden in the case of a symmetric arrange-
ment. For the nanoshells of large (in comparison
with the ring radius in the light-harvesting complex)
radii, the light absorption enhancement remains sub-
stantial if the spherical nanoparticle is shifted in the
membrane plane by a distance close to the nanoshell
radius.

The author expresses her gratitude to Profs.
V.I. Sugakov and I.Yu. Goliney for the formulation
of the problem and the useful discussion.
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I'.B. Bepuimaza

BILJIB B3AEMHOI'O IIPOCTOPOBOI'O
ITOJIOYKEHHS METAJIEBOI HAHOYACTUHKUI
TA LH2 KOMIIJIEKCY ®OTOCUHTETUYHUNX
BAKTEPII HA OIITUYHI BJIACTUBOCTI
TIBPUJIHOI CBITJIO3BUPAJIBHOI CTPYKTYPU

Peszmowme

TeoperuyHO IOCIIIKEHO 3aJI€KHICTb €(PEKTy IiJCUIIEHHS I10-
IJIMHAHHSI CBITVIa BiJl B3a€MHOTO pPO3TalllyBaHHs CpiOHOI Ha-
HOoOGoI0HKU Ta nepudepuynoro LH2 kommiaekcy dorocunTe-
TUYHUX OakTepiit B ribpuaHiil CBITIO30MpasbHIN CTPYKTYDI.
Edekr nigcunenns: nmornmHanHs cBiia y cmy3i B850 3ymos-
JIEHUI CUJIBHOIO B3aeMoieio ekcuToHiB LH2-kinbiig Ta nmosepx-
HEBHUX ILIA3MOHIB HaHOOOOJOHKM. BusHadeHo aiamazon mapa-
MeTpiB ribpuaHol CTPYKTYpPH, AJIA SIKAX IIPUCYTHICTH cpibmol
HAHOOOOJIOHKH BeJIe JI0 HiJBUINEHHA €(EKTUBHOCTI IPOIIECIB
dorocunTezy.
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