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Fluorescence imaging of hybrid nanostructures composed of a bacterial light-harvesting complex LH2
and Au nanorods with controlled coupling strength is employed to study the spectral dependence of
the plasmon-induced fluorescence enhancement. Perfect matching of the plasmon resonances in the
nanorods with the absorption bands of the LH2 complexes facilitates a direct comparison of the

Received 15th October 2013, enhancement factors for longitudinal and transverse plasmon frequencies of the nanorods. We find that

Accepted 17th March 2014 the fluorescence enhancement due to excitation of longitudinal resonance can be up to five-fold
stronger than for the transverse one. We attribute this result, which is important for designing plasmonic

functional systems, to a very different distribution of the enhancement of the electric field due to the

DOI: 10.1039/c3cp54364a

Published on 17 March 2014. Downloaded by UNIVERSIDAD DEL PAIS VASCO on 06/05/2014 18:38:33.

www.rsc.org/pccp

Introduction

Metallic nanoparticles are suitable for controlling and manipulating
optical fields at the nanoscale through collective excitation of free
electrons called plasmons." Plasmon-induced modifications of
the optical properties of fluorophores have been implemented
in many research areas including optoelectronics,>* biosensors,*”
artificial photosynthesis,” and high-resolution spectroscopy.®°
This diversity of applications is stimulated by a variety of
morphologies of fabricated metallic nanoparticles, controlled
through proper conditions in chemical reactions or nanofabrica-
tion techniques. As a result, it is possible to synthesize gold
nanospheres, nanorods, nanowires, nanostars, nanocubes, nano-
shells, etc."*™** The variation in sizes and shapes has a profound
effect on the plasmonic properties of the nanostructures obtained:
while gold nanospheres of radius up to tens of nanometers
feature a single resonance at around 530 nm, in the case of
nanorods, two dominant resonances appear intuitively assigned
to the charge oscillations along the two specific axes of the nanorod.
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excitation of the two characteristic plasmon modes in nanorods.

Importantly, the absolute strengths of the resonances as well as
the spectral separation between them can be, to a large degree,
tuned by changing the aspect ratio of the nanorods during
synthesis."" A typical preparation yields gold nanorods with one
resonance between 530 nm and 600 nm and the other resonance
between 650 nm and up to 1200 nm."* Importantly, the intensity
of the absorption in the band attributed to the latter, long
wavelength resonance, is always much larger.

Spectroscopy of hybrid nanostructures composed of metallic
nanorods and fluorophores has provided remarkable insights
into the interactions present in such systems.”™® It has been
shown for instance that plasmon excitations in metallic nanorods
lead to the enhancement of the single oxygen emission’® and the
fluorescence enhancement of fluorophores conjugated directly
to the ends of the nanorods."® While studies exploiting the
interaction with one of the two resonances of metallic nanorods
have been carried out, limitations associated with the narrow
absorption and emission bands of fluorophores, as compared to
the splitting between the two resonances of a metallic nanorod,
inhibit simultaneous analysis of the impact that both resonances
have on a single absorbing-emitting system. Multichromophoric
assemblies, such as light-harvesting systems,'® provide a way to
overcome this obstacle as they feature broad absorption bands
spanning over the whole visible spectrum into the near-IR.
Recently important advancements in fabrication of hybrid
nanostructures that involve photosynthetic systems and metallic
nanoparticles have been reported.”*?> In particular, effects of
plasmon excitations in silver nanostructured films and in spherical
nanoparticles on the absorption and emission of several
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light-harvesting and photosynthetic complexes have been studied.
For geometries, where monodispersed metallic nanoparticles were
coupled with light-harvesting complexes with precise control of
their separation, a strong increase of absorption or emission has
been observed.>* In contrast, biochemical conjugation facilitating
coupling between metallic nanoparticles and photosynthetic
complexes, led to efficient quenching of fluorescence.>® Finally,
in the context of possible photovoltaic applications of biomimetic
hybrid systems, inhomogeneous assemblies of metallic nano-
particles have been demonstrated as a promising way for spectral
broadening of absorption enhancement.>® We therefore consider
metallic nanorods that feature two plasmon resonances, as model
nanostructures, for investigating the spectral dependence of
plasmon excitation upon the optical properties of fluorophores.

In this work we investigate the optical properties of a hybrid
nanostructure composed of a light-harvesting complex LH2
from purple bacteria and gold nanorods. The particular advantage
of the LH2 complex in comparison to standard fluorophores is the
presence of absorption bands, both in the visible and infrared
spectral range, to which we tune the resonances of the synthesized
nanorods. In this way, by using the LH2 complexes, we overcome
the limitation of most fluorophores and organic dyes, which
feature spectrally narrow optical spectra, thus inhibiting simul-
taneous probing of fluorescence enhancement of the same
emitter at excitations resonant with both, transverse and
longitudinal, plasmon resonances in metallic nanorods. The
separation between the nanorods and the light-harvesting
complexes is defined by silica layers of fixed thickness, thus
allowing us to control the strength of the coupling between the
fluorophores and nanorods. The results of fluorescence imaging
carried out for LH2 complexes excited at laser wavelengths corres-
ponding to both plasmon resonances of the nanorods demonstrate
that the enhancement and its variation with the spacer thickness
depends on the excitation wavelength. It is as large as five-fold
stronger for the resonance associated with the long axis of the
nanorod. Experimental data are reproduced by rigorous calculation
of the electric field generated by Au nanorods illuminated with
both longitudinal and transverse polarizations. These results,
which are of fundamental importance in the context of under-
standing the mechanism of plasmon induced effects in hybrid
nanostructures, can also have implications towards designing
plasmonics-based architectures for photovoltaic applications,
in particular in the near-infrared spectral region.

Materials and methods

The LH2 complexes from Rps. palustris were prepared as described
elsewhere.”® They were stored in Tris buffer with 0.1% lauryl-
dimethylamine N-oxide (LDAO). Gold nanorods were synthesized
using a seed-mediated growth method”” and stored in aqueous
solution. Briefly, first Au seeds were prepared by mixing cetyltri-
methylammonium bromide (CTAB) solution (4.7 ml, 0.1 M)
with 25 pl of 0.05 M HAuCl,. Next, 0.3 ml of 0.01 M NaBH, was
added to the stirred solution, which resulted in appearance of
brownish yellow color to the mixture. Vigorous stirring of the
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seed solution was continued for another 3 min. The synthesis
of Au nanorods followed immediately, with the reaction carried
out in aqueous solution, under soft conditions of atmospheric
pressure and near room temperature. Appropriate quantities
and molarities of CTAB (150 ml, 0.1 M), HAuCl, (1.5 ml, 0.05 M),
-ascorbic acid (1.2 ml, 0.1 M), 0.01 M AgNO; (1.6 ml, 1.8 ml,
2 ml) and Au seeds (360 pul) were added one by one to a flask,
followed by gentle mixing. Due to the presence of ascorbic acid,
which is a mild reducing agent, the color of the mixture changed
from dark yellow to colorless. After addition of the Au seed
solution, the mixture was put into a water bath and kept at a
constant temperature of 28 °C for 2 hours. The products were
separated from the unreacted substrate and spherical particles
by centrifugation at 9.000 rpm for 60 minutes. The supernatant
was removed using a pipette and the precipitate was redissolved
in pure water. The average size of the nanorods was 15 nm in
diameter and 55 nm in length, as determined using scanning
electron microscopy.

In order to assemble a hybrid nanostructure composed of
LH2 complexes and gold nanorods we combine spin-coating with
electron beam evaporation in vacuum. First the Au nanorods were
dispersed on clean glass coverslips using spin-coating. In this way,
since the nanorods were diluted in water, a sub-monolayer of
the nanoparticles is formed on the glass surface. Next, we cover
the layer of Au nanorods with an SiO, spacer. The thickness
of the spacer layer was varied from 5 to 30 nm, as measured by
a microbalance and cross checked by atomic force microscopy.
The dielectric layer provides a way to control the interaction
between plasmon excitations in Au nanorods and pigments in
the LH2 complex. In the final step, on top of the SiO, surface we
spin-coated the LH2 photosynthetic complexes embedded in a
polymer matrix (PVA).

Absorption spectra of both, LH2 complexes and Au nanorod
solutions, were obtained using a Perkin Elmer Lambda 2 spectro-
photometer. The spectra were recorded at room temperature in
the range 350-1100 nm, using a quartz cuvette with 1 cm optical
path. Fluorescence properties of the hybrid nanostructures
assembled of LH2 complexes and Au nanorods were examined
using a home-built scanning confocal fluorescence microscope.>®
This system is based on a long working distance microscope
objective LMPlan 50x (Olympus) with a numerical aperture of 0.5.
The sample was placed on a XYZ piezoelectric stage (Physik
Instrumente), which allows for precise translation of the sample.
For excitation we use two lasers with energies (1 = 556 nm and
A = 808 nm) corresponding to the plasmon resonances of the
gold nanorods. Although the polarization of the excitation laser
was not controlled, the strong spectral selectivity of plasmonic
resonances in the nanorods results in selective excitation
of longitudinal plasmons with 808 nm excitation and the
transverse ones with 556 nm excitation. For both lasers the excita-
tion power was 2 UW focused on a 1 um spot on the sample.
Fluorescence of the LH2 complexes, collected in back-scattering
geometry, was focused on a confocal pinhole (150 um) before
passing the filters — a longpass filter (Chroma HQ850LP) and a
bandpass filter (Chroma D880/40m). Fluorescence maps were
obtained by correlating the movement of the piezoelectric stage
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and the acquisition of fluorescence spectra using an avalanche
photodiode (Perkin Elmer SPCM-AQRH-14). The emission spec-
tra were dispersed using an Amici prism and measured using a
CCD camera (Andor iDus DV 420A-BV).

Results and discussion

The absorption spectrum of the LH2 solution is compared with the
one recorded for the Au nanorods shown in Fig. 1a. The spectra
are scaled for better comparison. The pigment organization in
the LH2 complex and its relation to the absorption bands has
been discussed previously.>® The absorption spectrum features
two prominent bands at 800 nm and 850 nm, which originate
from the two rings of bacteriochlorophyll (BChl) molecules - a
strongly coupled ring of 18 BChl molecules and a weakly
coupled ring of 9 BChl molecules. In addition to the BChl
molecules, the LH2 complex also contains 9 carotenoid mole-
cules, which contribute to the absorption spectrum through a
broad band between 400 nm and 550 nm, thus partially filling
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—— LH2 Fluorescence
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Fig. 1 (a) Absorption spectra of the LH2 complexes in solution (blue) and gold
nanorods (black) used to assemble a hybrid nanostructure. Purple line represents
fluorescence of the LH2 complexes excited at 556 nm. Vertical lines correspond
to the excitation energies at 556 nm and 808 nm. (b) Scanning electron
microscope image obtained for Au nanorods dispersed on a substrate. In the
inset magnification of a single nanorod is shown.
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the absorption gap. The fluorescence of LH2 (Fig. 1a) has an
excitonic character and originates from the strongly coupled
B850 ring.** The absorption spectrum of Au nanorods features two
bands that we attribute to transverse and longitudinal plasmon
excitation, at 550 nm and 800 nm, respectively. It also features a
small band at 520 nm, presumably due to the presence of some
scarce spherical or cubic nanoparticles. The hybrid nanostructure
is therefore tailored to match the energies of both plasmon
resonances with absorption bands of the light-harvesting complex.
In this way we can study the impact of both plasmons on the
optical properties of the LH2 complex. In Fig. 1b we show the
scanning electron microscope image of a surface covered
sparsely with Au nanorods. In the inset an image obtained with
higher magnification is displayed. Although in the absorption
spectrum we observe a high-energy band that could be attributed
to spherical or cubic nanoparticles, the scanning electron micro-
scope images contain essentially only nanorods. The substrates
studied in this work were prepared using an analogous approach,
therefore we expect the surface density of the nanorods in
samples with silica spacers to be comparable.

The experimental approach to determine the distance depen-
dence of the enhancement of the LH2 fluorescence due to
coupling with both plasmon resonances in the Au nanorods is
based on collecting fluorescence maps for structures with varied
thickness of the SiO, spacer layer. Two excitation energies of
556 nm and 808 nm were used in order to match the plasmon
energies of the Au nanorods (marked by vertical lines in Fig. 1).
Using these two excitation wavelengths we also diminish any
possible influence of nanoparticles other than nanorods, i.e. those
responsible for the 520 nm band in the absorption spectrum
(Fig. 1). Namely, plasmon resonances in such nanostructures are,
in addition to strong polarization selection, beyond our excitation
wavelengths. During the experiment, fluorescence maps were
collected using an avalanche photodiode coupled to a piezo-
electric stage. The stepsize of the stage was 0.5 um, the size of
the map is 50 x 50 um and photons were acquired for 0.01 s per
point. Before the maps were collected, we recorded fluorescence
spectra of the LH2 complexes deposited on the Au nanorods. For
all studied samples with varied thickness of the SiO, spacer, the
spectra were identical in shape to those of the LH2 complexes in
solution. This indicates that the LH2 complexes are intact and
that the functionality of these light-harvesting complexes is not
hampered in any way by coupling to metallic nanoparticles.

In Fig. 2 we show maps of the LH2 fluorescence intensity
that were obtained for both excitation wavelengths for the
structures with a silica spacer of 5 nm, 15 nm, and 30 nm. It
is important to emphasize that the maps for a given spacer were
measured always for the same sample area for both excitation
wavelengths. In this way we can straightforwardly compare the
obtained distributions of the fluorescence intensity. The corre-
spondence between the maps, most clearly seen in Fig. 2 for a
30 nm-thick spacer structure, confirms that the maps were
acquired for the same region of the sample. For each spacer a
set of five pairs of maps were measured in order to obtain
statistical information about the fluorescence intensity and the
ratio thereof between both excitation wavelengths.
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Fig. 2 Maps of fluorescence intensity obtained for LH2 complexes deposited on Au nanorods spaced by 5 (left), 15 (middle), and 30 nm (right). The
intensity scale for all maps was set to enhance the contrast. The upper row corresponds to the excitation at 556 nm, while lower row corresponds to the

excitation at 808 nm.

There are important qualitative observations regarding the
fluorescence maps shown in Fig. 2. In the case of the thickest
spacer (30 nm) the maps recorded at both excitation wave-
lengths (556 and 808 nm) show rather homogeneous distribu-
tion of the LH2 fluorescence intensity. As the thickness of
the silica spacer is reduced, different distributions of the
fluorescence intensities are observed and these differences
become more apparent between maps recorded for 556 and
808 nm excitations. Reduction of the SiO, spacer increases the
influence of the electric field induced in the nanorods upon the
pigments in the LH2 complexes. The strength of the interaction
becomes thus more sensitive to any variations of the spacer
thickness. This leads to a significant increase of inhomogeneity
of fluorescence intensities, resulting in less uniform fluorescence
maps (Fig. 2). Similar dependencies are generally observed for all
sets of fluorescence maps collected for any particular spacer
thickness. The increase of fluorescence intensity distribution upon
coupling with metallic nanoparticles is frequently observed in
hybrid nanostructures*®** and it originates predominantly from
variations of the electric field strength due to small variations of
the distance between metallic nanoparticles and fluorophores,
due to different orientations of the fluorophores with respect to
the metallic nanoparticles, or due to formation of hot spots
between coupled metallic nanoparticles.**

The apparent distribution of the fluorescence intensity for
hybrid nanostructures emphasizes the approach applied in this
work that is based on measuring and analyzing fluorescence
intensity maps instead of the previously applied random
scanning of the sample surface.>* In contrast to acquiring a
relatively small number of fluorescence spectra, we obtain in
this way an instant information about the fluorescence inten-
sity out of 10 points in a single experiment. The comparison
between the results obtained for both excitation wavelengths
is also better supported from the statistical point of view, in
comparison with a case, where for instance intensities for
hundred spots across the sample were obtained for the
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wavelengths corresponding to both plasmon resonances in
the Au nanorods.

In order to evaluate the plasmon induced enhancement of
the LH2 fluorescence due to coupling with longitudinal and
transverse modes in the nanorods, we calculated histograms of
intensities collected for each map. The dependence of the emission
intensity upon the thickness of the SiO, spacer for both excitation
wavelengths is displayed in Fig. 3. Data measured for spacer
thicknesses of 30 nm, 20 nm, and 5 nm are shown. The red
and green histograms correspond to intensities measured for
excitation at 808 nm and 556 nm, respectively. Each of the six
histograms displayed in Fig. 3 has been obtained from a single
fluorescence map. In this way in a single experiment we acquire
information about interactions between LH2 complexes and Au
nanorods out of a large sample area. It is also important to note
that the histograms plotted for the same thickness of the silica
spacer were obtained for the same area of the sample (in analogy to
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Fig. 3 Examples of histograms extracted from the fluorescence maps
measured for indicated excitation conditions and for structures with varied
thickness of the spacer.
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the fluorescence maps shown in Fig. 2). Therefore, we can directly
relate the results to one another. The comparison of fluorescence
intensity distributions for structures with varied thickness of the
dielectric spacer points towards substantial differences in the
strength of plasmon induced enhancement for the two excitation
wavelengths. Indeed, should the distribution of fluorescence
intensity originates solely from the inhomogeneities related
to LH2 concentration variation across the sample surface, the
resultant broadening for both excitation wavelengths would be
identical and independent of the thickness of the silica spacer.
We find that in the case of 556 nm excitation, which is resonant
with the transverse plasmon in the Au nanorods, the enhance-
ment is minimal and we observe a rapid decrease of the emission
intensity for thinner spacers. In contrast, when the longitudinal
plasmon is excited in the Au nanorods using the 808 nm laser,
the results show a pronounced increase in intensity. Even for
the thinnest spacer of 5 nm, the average fluorescence intensity
is still larger than for the reference structure (30 nm-thick
spacer). We consider the structure with a 30 nm-thick silica
spacer as a reference, as for such large separation between
metallic nanoparticles and LH2 complexes, the influence of
plasmonic excitations in the Au nanorods is negligible.>* The
histograms also display significant differences in the distribu-
tion of intensities for structures with different spacers, excited
with both excitation wavelengths. Nevertheless, the distribu-
tions are still narrower than the estimated variations of average
fluorescence intensities as a function of spacer thickness.

Statistically relevant determination of the enhancement
factors and their dependence on the excitation energy was
obtained by analyzing all five pairs of fluorescence maps
obtained for each spacer thickness. In Fig. 4a we present the
average intensities of the LH2 emission measured for both
excitation wavelengths as a function of the spacer layer thick-
ness. Black and red symbols correspond to the values obtained
at the 556 nm and 808 nm excitation wavelengths, respectively,
while green symbols are the data for the 556 nm excitation
multiplied by a factor of 5. The variation of the fluorescence
intensity observed for the excitation wavelength that corre-
sponds to the longitudinal resonance of the nanorod exhibits
a maximum at 10 nm thickness of the silica layer. The depen-
dence measured when the hybrid nanostructure is excited with
the 556 nm wavelength is qualitatively similar. The fluores-
cence intensity increases first with reduction of the spacer
thickness, and then it starts to gradually decrease as the spacer
gets thinner. In contrast to the situation observed for the
808 nm excitation, however, the maximum of the fluorescence
intensity appears at 20 nm.

These results demonstrate that the enhancement of the
fluorescence depends critically upon the excitation of either
longitudinal or transverse plasmon resonance in the nanorods.
The effect of spectral dependence of the fluorescence intensity
is displayed in Fig. 4b, where we plot a ratio of the average
intensities measured as a function of the spacer thickness
for both excitation energies. While for the structure with a
30 nm-thick spacer the ratio is approximately 5, as for LH2
complexes uncoupled to metallic nanoparticles, it reaches a

This journal is © the Owner Societies 2014

View Article Online

Paper
250 T T T T T T T T T T T T
— (@) —e— 2A=556 nm
© 200t —=— 2=808 nm .
e —e— )\=556 nm x 5
P
=150 .
C
(@
=
S 100 LH2 on Au NRs .
o
o
o 50f .
>
<
0 n " i 1 i il n 1 n 1
5 10 15 20 25 30
L (b) i
23 LH2 on Au NRs
20 |
.0
©
> 15} 4
7]
c
2 10t -
£
5tk 4

5 10 15 20 25 30
SiO, Spacer Thickness [nm]

Fig. 4 (a) Averaged intensities of the LH2 fluorescence as a function of the
spacer thickness. Red and black curves indicate excitation at 808 nm and
556 nm, respectively. A green line was obtained by muiltiplying the data obtained
for the excitation at 556 nm by a factor of 5. (b) The ratio of the average intensity
estimated for both excitation energies of 556 nm and 808 nm.

factor of 20 for the spacer of 10 nm. This demonstrates that in
the case of hybrid nanostructures composed of nanorods or
even more complex metallic nanoparticles showing multiple
plasmon resonances, the enhancement values can vary
substantially, depending upon the actual geometry and excita-
tion conditions. As mentioned above, as the polarization of the
excitation laser was not controlled, selective excitation of long-
itudinal (transverse) plasmons with excitation at 808 nm
(556 nm) is enabled by strong spectral selectivity of plasmonic
resonances in the nanorods. It might therefore be possible to
achieve even larger values of fluorescence enhancement for
hybrid nanostructures composed of aligned nanorods.

In order to understand the above results, we have performed
numerical calculations of the plasmon excitation in the inves-
tigated system. In the weak coupling regime applicable here,
the rate of an excitation of a molecule by light is proportional to
the squared intensity of the electric field calculated at the
frequency corresponding to the dipolar transition of the mole-
cule. We thus estimate the average excitation enhancement of
an evenly distributed layer of molecules, due to the presence of
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the nanorod, by the ratio of the squared intensities of the electric
fields in the systems with and without the nanorod, averaged
over the surface S where the molecules are distributed. The
excitation enhancement factor « is therefore defined as:***?

B <|Etot,NR|2>S

- |Etot,ref |2 7

where (- - -)s denotes an average over S, Eqenr and Egor rer are the
total electric fields in S induced by the incident light, calculated in
the presence and absence of the nanorod structure, respectively.
Since the experiments were performed on a surface with very low
surface density of nanorods of about one per 0.25 pm?, we limit
our calculations to a contribution from a single nanorod.

The enhancement of the fluorescence under continuous
wave illumination is described as the outcome of both the
enhancement of the excitation rate, and the modification of
the quantum efficiency of the emitters. In our work, we neglect
the latter effect, as the modification of the quantum efficiencies
of emitters is very weak due to the presence of the spacer and
the small size of the nanorod. We can therefore expect to
reproduce the data shown in Fig. 4 by numerical calculations
of the excitation enhancement rates.

We have performed the calculations of Ecenr and Eof ref
using a commercial-grade Maxwell’s equation solver based on
the finite-difference time-domain method.** The nanorod was
modeled as a cylinder capped with two hemispheres, with radii
set to 7.5 nm and a total length of 55 nm, placed on top of a
bulk silica substrate. The spacer comprises a flat layer of silica
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around the nanorod, and a silica coating on the top of the
surface of the nanorod (see schematics pf the system adopted
in Fig. 5a). The refractive indices of the gold and silica were
taken from ref. 35. The surface S was defined as the top surface
of the dielectric spacer. For the excitation of the longitudinal
(transverse) dipolar plasmonic mode in the nanorod, the wave-
length of the incident light was set to 800 nm (550 nm), and its
polarization - parallel (perpendicular) to the symmetry axis of
the nanorod. The wavelengths used for calculation are slightly
different from the experimental values, but taking into account
the broadening of bot plasmon resonances of the gold nanor-
ods, this approximation is justified and should not influence
the theoretical results. In Fig. 5b we show maps of the field
enhancement |Eyocn/Erorret]’, calculated on the surface of a
dielectric spacer of 9 nm thickness. The wavelengths and polar-
izations of the incident light are marked in the plots. The maps of
near field enhancement maps are characteristic of the dipolar
longitudinal and transverse resonances, with the former focusing
fields near the tips of the nanorod, and the latter along its entire
length. These very different geometric properties of the field
enhancements should be reflected in the dependence of the
enhancement factors on the spacer thickness.

Furthermore, to trace the spectral position of the resonances
against the changing spacer thickness, we have calculated the
field enhancement at arbitrary positions indicated by black
crosses in Fig. 5b. The results are shown in Fig. 5¢ and indicate
that while the spectral position of the transverse resonance (left
panel) is independent of the spacer thickness, the longitudinal
resonance (right panel) is very sensitive to the thickness of the
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Fig. 5 (a) Schematic of the nanorod and the spacer structure considered for the calculations. (b) Maps of the electric field intensity enhancements

IE(c,tl,\,R/Etc,t,,efl2 calculated on the top of the spacer. The thickness of the spacer is set to s = 9 nm. The wavelength of the incident light is set at,
respectively, 800 nm and 550 nm for the light polarized parallell (upper map) and perpendicular (lower panel) to the symmetry axis of the nanorod. The
polarizations are marked by the black arrows. (c) Spectra of the near field enhancement calculated for spacer thickness varying from 5 nm to 13 nm for
the incident light polarized perpendicular (left panel) or parallel (right panel) to the long axis of the nanorod. Black arrows indicate the shifting of the
resonance position with increasing spacer thickness. Spectra are calculated for points marked in (b) with black crosses. Red dashed lines indicate the
wavelengths of interest — 550 nm and 800 nm.
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Fig. 6 (a) Enhancement factors as a function of spacer width for longitudinal (red squares) and transverse (green circles) nanorod polarization. (b) The
ratio Kiong/Kurans Of both enhancement parameters as a function of the spacer width. Lines are guide to eyes. Red points represent experimentally

obtained values.

dielectric layer, and significantly redshifts from a wavelength of
800 nm (dashed red line) as the layers become thicker than
5 nm. In Fig. 6, we present the calculated enhancement factors
Ktrans aNd Kiong as a function of the spacer width Fig. 6(a) and of
their ratio Kiong/Ktrans Fig. 6(b). The data in Fig. 6a correspond to
the experimental results shown in the upper panel of Fig. 4.
Specifically, the enhancement for the longitudinal polarization
(red squares) in Fig. 6a peaks at around 7 nm and then
decreases with an increasing spacer width. This behavior
results from the redshift of the plasmon resonance with
increasing spacer thickness, as illustrated in Fig. 5c¢. The spacer
thickness which yields the maximum of i,y is slightly smaller
than that indicated by the experimental data (Fig. 4). This
difference can be attributed to the imperfect coverage of the
nanorod by the spacer, resulting in an effectively thicker
dielectric layer.

The excitation enhancement for the transverse polarization
(green circles in Fig. 6a) is much weaker and exhibits a small
contribution from the scattering of the incident light on the
nanorod for the thinnest layers. Since the spectral position of
the transverse resonance depends weakly on the spacer thick-
ness (left panel in Fig. 5¢), we attribute the features of the rate
enhancement plot to the purely geometric effects. The ratio of the
excitation enhancements shown in Fig. 6b is similar to that
revealed by the experimental results presented using red points
in Fig. 6b, with the maximum of the ratio observed for the 7 nm
dielectric layer (around 10 nm from the experimental results),
followed by a quick decay for the thicker spacers. This discrepancy
can be ascribed to the fact that the LH2 complexes are embedded
in a PVA matrix. In this case the polymer will act the same way as
the silica spacer, but its presence plays a role mainly for thinner
spacers, as due to the narrow range of relevant plasmon inter-
actions (below 20 nm) the actual enhancements would be blurred
for spacers between 5 and 10 nm.

We can therefore attribute the dependence of the intensity
of the enhancement ratio on the spacer thickness to the two
aforementioned phenomena - the red-shifting of the longitudinal
resonance with increasing spacer thickness and the very

This journal is © the Owner Societies 2014

different spatial arrangement of the enhanced fields for the
two resonant systems.

Conclusions

The results of confocal fluorescence mapping of hybrid nano-
structures composed of light-harvesting photosynthetic complexes
LH2 and Au nanorods indicate a strong dependence of the
plasmon enhancement on the excitation wavelength. For the
excitation resonant with transverse plasmon in the nanorods
the enhancement is rather small (less than twofold) and exhibits
weak dependence on the separation distance between both
components of the nanostructures. In contrast, when the excita-
tion is resonant with the longitudinal plasmon in the nanorods,
the enhancement is more pronounced and reaches a maximum
for the spacer thickness of around 10 nm. Experimental results
are well reproduced by our theoretical modelling.
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