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Modification of the excimer emission of N,N’-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylene dicarbox-
imide (PDI) by localized surface plasmon resonance (LSPR) of silver nanocubes (SNCs) 100-170 nm in
size was investigated by single-particle spectroscopy. SNCs were immobilized on a glass substrate and
then covered with a 20-nm-thick PDI film via vacuum vapor deposition. Using fluorescence microscopy
to compare areas with and without single SNCs on the same sample, we demonstrated the enhanced
intensity and modulated spectral shape of the excimer emission by single SNCs. The excimer emis-
sion modification was examined for various sizes of SNCs and different LSPR peak positions, and the
electromagnetic field enhancement effect on the radiation emission process was discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over the last few decades, the localized surface plasmon res-
onance (LSPR) effects of noble metal nanoparticles have attracted
considerable research interest. For example, the effect of confin-
ing incident light to the near-field gives rise to a highly enhanced
electromagnetic field at the particle surface [1]. This enhance-
ment induces new optical phenomena such as surface-enhanced
Raman scattering [2-4], fluorescence enhancement [5-10], second-
harmonic generation [11] and other nonlinear optical processes
[12]. Theoretical and experimental studies [13-15] have demon-
strated that particle size and morphology affect the resonance
position and the enhancement factor of the electromagnetic field.
More precisely, many studies have dealt with the enhancement of
dye fluorescence near the nanoparticle surface due to LSPR. A the-
oretical study by Gersten and Nitzan pointed out the competition
between enhancement of fluorescence and energy transfer from
the excited dye to the metal particles [16]. Moreover, they found
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that the enhancement factor of the dye fluorescence was dependent
on numerous parameters including fluorescence quantum yield,
distance between the dye and metal particles, and particle charac-
teristics such as size, shape, and aggregation. Experimental studies
have since confirmed these theoretical predictions showing highly
enhanced fluorescence [17-24]. However, the precise mechanism
is still not perfectly understood because LSPR modifies both the
excitation and emission processes of the dye. The molecular pho-
toexcitation process is modified due to the large increase in the
local electromagnetic field, which then increases the absorption
transition probability for molecules near metal particles. It is more
complicated for the emission process because LSPR can modify
both radiative and non-radiative transitions, which could lead to
enhancement or quenching, respectively. Moreover, recent studies
emphasize that the excitation wavelength, particle size, and over-
lap of the LSPR band with the absorption and/or emission spectra
of the dye [22-24] are crucial for observing a high enhancement
factor of the dye fluorescence.

In this paper, we present the spectral modification of a
perylene dye (N,N’-bis(2,5-di-tert-butylphenyl)-3,4,9,10-perylene
dicarboximide, PDI) by silver nanocubes (SNCs). In order to see how
LSPR modifies the spectroscopic properties of the dye, we built a
core-shell structure using an individual SNC as the core and a thin
layer of PDI as the shell. Solid-state PDI shows an excimer emission
having a large Stokes shift, which allows easy separation of the
LSPR enhancement effects on absorption and emission processes
[24]. Furthermore, high enhancement of the emission process is
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Fig. 1. Light-scattering/fluorescence spectroscopy setup for single-nanoparticle
spectroscopy.

expected since excimer emission generally has a small radiative
decay constant and small quantum yield. Thus, we observed a
large enhancement of the emission intensity by single SNCs. Con-
sidering SNCs of various size and different LSPR peak positions,
we studied the spectral shape modification in both the fluores-
cence and its excitation spectrum observation, and we discuss the
LSPR enhancement effects on the radiation emission process by
SNC.

2. Experimental
2.1. Samples

SNCs were prepared by previously reported synthesis pro-
cedures with slight modification [25,26]. The obtained SNCs
surface-modified with polyvinylpyrrolidone and having an aver-
age edge length of 140 nm were dispersed in ethanol. The solution
was spin-coated on a cleaned glass cover slip (Matsunami Indus-
tries) and then the SNC-deposited glass substrates were used for
single-nanoparticle spectroscopy. We used a diluted SNC solution
to ensure sufficient spacing between nanoparticles on the glass
substrate; mean spacing was larger than 10 wm, which was con-
firmed from darkfield optical microscopy images and AFM images.
SNCs covered with PDI were prepared by vapor deposition of PDI
on SNC-deposited glass substrate using an Ulvac VPC-410 vac-
uum evaporator (Kiko Inc.). Thickness of the PDI film was typically
about 20 nm, determined from AFM and absorption measurements.
Absorption spectra for the films were measured using a UV-Vis
spectrometer (Shimadzu UV-3100PC).

2.2. Single-particle spectroscopy

Fig. 1 illustrates our light-scattering/fluorescence microspec-
troscopy setup. The sample on the inverted microscope (IX70,
Olympus) was illuminated with white light from a 100-W halo-
gen lamp through a darkfield condenser (U-DCD, Olympus). The
scattered light from a single SNC was collected by an objective lens
(60x, NA 0.7, Olympus) and selected by using an imaging pinhole,
and then the spectrum was recorded by a polychromator (77480,
ORIEL) coupled a liquid-N, cooled CCD camera. The fluorescence
spectra were measured in the same setup using a high-pressure
Hg lamp or the halogen lamp under darkfield configuration as the
excitation light source. The excitation wavelength was selected
by different optical bandpass filters. By using an imaging pinhole,
we could selectively detect the fluorescence from a spatial area of
1.1 wm in diameter.

3. Results and discussion
3.1. Light-scattering spectrum of SNC

To characterize the LSPR band, the light-scattering spectra of
single SNCs were measured. We obtained the scattering efficiency
spectrum by dividing the detected scattered light intensity of a sin-
gle nanoparticle by that of a frost plate (DFQ1-30C02-240, Sigma),
which showed uniform scattering efficiency in the spectral range of
our experimental setup. The scattering efficiency spectra of several
single SNCs in air and coated with a PDI film (20-nm thickness)
are shown in Fig. 2 as a representative example. The spectra of
bare SNCs exhibit two peaks that are characteristic of the LSPR of
cubic silver nanoparticles [27,28]. The shorter and longer wave-
length peaks correspond to the quadrupole and dipole resonance
peak, respectively, and both peaks shifted to longer wavelengths
with increasing SNC size [27]. The peak wavelength and scatter-
ing efficiency in Fig. 2 show large scatter from particle to particle,
which is mainly due to the large distribution in particle size of the
SNCs used (see Fig. 3). It can be seen in the SEM image that the
edge length ranges from 100 to 170 nm. Comparing the peak dis-
tribution in the spectrum measurement with the size distribution
in the SEM image, we can roughly evaluate the particle size. For
example, a spectrum with peaks at 480 and 650 nm corresponds to
an SNC of about 150 nm in edge length.

The single SNCs coated with a PDI thin film show a drastic
decrease in light scattering in the wavelength region less than
550 nm, where the PDI film exhibits strong absorption as shown
in Fig. 2. Also, a sharp dip was observed at 540 nm. This spectral
modulation can be partially attributed to absorption loss of the illu-
minated light and/or the scattered light by the coated PDI film. It is
notable here that the dip position (537 nm)in the scattering spectra
is not the same as the absorption peak of the PDI film (530 nm). This
observation will indicate coherent coupling between the localized
surface plasmon polarization of SNC and the PDI absorption transi-
tion dipole [29,30]. The light scattering of SNCs would be dumped
by PDI in the wavelength region, leading to the spectral modifica-
tion of the LSPR scattering. It is known that the coherent coupling
is sensitive to the phase difference between the plasmon polar-
ization and molecular transition dipoles. Thus, in the case of gold
nanospheres coated with a cyanine J-aggregate, the position of the
dip changes with the peak of the LSPR band [29]. However, in the
present case of PDI-coated SNCs, the dependence of the dip posi-
tion was not observed, which will be owing to the broad spectral
band of the LSPR.

3.2. Fluorescence modulation

We compared the fluorescence spectra from areas with and
without single SNCs on the same sample, and examined the fluores-
cence modification due to the LSPR. Fig. 4 shows a representative
result: the fluorescence intensity is higher with SNCs than without.
We calculated the fluorescence modulation spectrum by subtract-
ing the measured fluorescence without SNC from that with SNC, and
evaluated the fluorescence intensity enhancement degree (Alg) as
the ratio of the fluorescence intensities with and without single
SNCs at the emission peak wavelength. As shown in Fig. 5, the val-
ues of Al were higher for single SNCs with larger light-scattering
efficiency, i.e. larger-sized SNCs. Because the PDI-coated SNCs sam-
ples were prepared by a vacuum deposition, we can safely judge
that the number of molecules under the observation area (1.1 wm
diameter) is not affected by the presence of SNCs s. Alternatively,
when we consider a structure where a SNC of a 150-nm edge length
coated uniformly with a 20-nm thickness PDI layer, the difference
of the number of molecules with and without SNCs was estimated
to be less than 10%. The value is smaller than the difference of
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Fig. 2. Light-scattering spectra of single SNCs on a glass substrate (left) and of PDI-covered SNCs (right). Dashed line in right-hand figure: absorption spectrum of a PDI film
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Fig. 3. SEM image of SNCs (left) and distribution of their edge length (right).

the fluorescence intensity with and without SNCs. Therefore, it
was concluded that the increase in fluorescence intensity stemmed
from PDI molecules near the SNCs.

In order to calculate the enhancement factor, it was necessary
to evaluate the exact number of PDI molecules under the enhanced
electromagnetic field (near nanoparticles). However, this is diffi-
cult to estimate especially in the case of SNCs, because the local
field enhancement is highly dependent on the position; significant
enhancement takes place only near the edge of the SNC [27,28].
Moreover, studies have shown the importance of the distance
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Fig. 4. Simple scheme of the experimental setup with and without SNCs (top).
Fluorescence spectra obtained with (a) and without (b) SNCs, and fluorescence
modulation spectrum (c) of the PDI dye near the SNCs.

between the metal particles and the dye for observing quenching
or enhancement of the fluorescence [18]. Therefore, as described
below, we focused on the wavelength dependence of the fluores-
cence enhancement instead of on the intensity enhancement factor.

Fig. 6 shows the normalized spectra of the fluorescence mod-
ulated by three single SNCs and their light-scattering spectra. The
peak positions of the enhanced excimer emission differ between
the nanoparticles depending on the light-scattering spectrum; an
SNC having the scattering peak at a long wavelength exhibits a red-
shifted emission peak. We examined about 30 single nanoparticles
and summarized the results in Fig. 6. It was observed that the mod-
ulated emission peak wavelength increased with the LSPR band
peak of the SNC.

Usually, the total fluorescence enhancement factor (EFypE) of
a dye molecule is determined by LSPR modification of both the
absorption (photoexcitation) and emission processes. It can be
evaluated using the following relationship [31]:
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Fig. 5. Relationship between the fluorescence intensity enhancement degree (Alg)
and the scattering intensity of single SNCs.
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Fig. 6. Spectral shape modulation of excimer emission dependent on the LSPR band
of the SNC. The modified emission spectra of PDI near three single SNCs and the
light scattering of the corresponding SNCs (top). Relationship between the peak
wavelength of the modified emission and the LSPR peak (bottom).

where Qn and Qg refer to the fluorescence quantum yield with
and without the metal nanoparticles, respectively. Qg is given by
Qo=TI"/(I" +kn), where I" and kn are the intrinsic radiative emis-
sion rate constant and the non-radiative decay rate constant of the
excited dye, respectively. Qm = I 'm/(I"'m + kn+kq), where I, and kq
mean enhanced radiative emission rate by LSPR and fluorescence
quenching rate by the nanoparticle. Eq. (1) can be written as

Nabs - (Tm/T")
[(I" +kn)/(I'm +kn+kq)]

The local field E o (present at the molecule position) is modified
compared to the incident local field Ey by a local field enhance-
ment factor, EF. The photoexcitation enhancement factor (7,,s) at
the angular frequency of the excitation light (wex) can be roughly
estimated by the following relationship:

(2)

EFmE ~

Eroc(@ex)I?
Nabs(Wex) ~ EF(wex) = %. (3)
The field enhancement of the radiative emission processes can
be linked to EF using the optical reciprocity theorem [32]. It can be
considered in the first approximation that the radiative emission
enhancement factor (EFgy = I'm/I") and EF are of the same order of
magnitude at the frequency of the emission light (wy), i.e.:

EFrm(@r) = I'm/I" ~ EF(wy). (4)

Therefore, Eq. (2) can be rewritten as
T
BFue ~ naps(ex)- EFeon)- (1) (5)

where 7y and 7, mean the fluorescence lifetime with and with-
out the metal nanoparticles, respectively. Since 7g=1/(I" +kn) and
Tm=1/(I'm + kn+kq), the value of tm/7¢ is smaller than 1. Namely,
this term in Eq. (5) means the suppression of the florescence
enhancement. On the other hand, the large values of 1,5 and EFgy

Pty it :
N .
£ 1.0 °
=
g 0.8 s ° e
5067 .
= [ ] g e
£ 041 o .
Eo.z— ¢
0.0

460 480 500 520 540 560
exctation wavalength (nm)

Fig. 7. Excitation spectra for PDI dye near SNC (black filled circle) and in dye thin
film (red one), and excitation wavelength dependence of the emission enhancement
factor (black square). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

can be expected when the LSPR band overlaps with the absorption
and fluorescence bands of a dye molecule. In the present case of
SNC-PDI hybrid films, both the absorption and emission bands of
PDI overlap the LSPR of SNC, as shown in Figs. 2 and 4. Therefore, we
cannot conclude whether the LSPR modifications of the excitation
and emission processes are dominant in EFy, as far as considering
the enhancement of the total fluorescence intensity.

An important aspect of Eq. (5) is the frequency (wavelength)
dependence of EFy. If we assume that EF has a similar frequency
dependence on the LSPR band, the value of EFgy; (w¢) becomes large
at wavelengths close to the peak of the LSPR band. This consid-
eration predicts the spectral shape modulation of the enhanced
fluorescence by SNC, and it agrees with the experimental obser-
vation in Fig. 6. Therefore, we can consider that electromagnetic
field enhancement of the radiative emission rate occurs in the
present system of SNCs covered with a PDI thin film. Most stud-
ies on fluorescence modification by LSPR deal with the intensity
enhancement factor of the dye fluorescence, but few studies con-
centrate on the modification of the shape of the emission spectra.
Le Ru et al. recently reported that the emission from the Franck-
Condon excited state (vibrationally unrelaxed excited states) of
dyes adsorbed on silver nanoparticles exhibits a large spectral
shape modulation, and that the spectral profile is affected by relax-
ation dynamics in the excited state [31]. However, the present work
indicates that the fluorescence spectral shape of the relaxed excited
state can be modified by the LSPR.

On the other hand, Eq. (5) demonstrates the wavelength depen-
dence of the photoexcitation modulation by LSPR. We examined
the excitation spectrum of the modulation emission by SNC and
compared it to that of the PDI film without SNCs. The intensity of
the modulated emission at various excitation wavelengths were
measured for the same single SNC and the dependence was plotted
in Fig. 7. To check photodegradation of the sample, we compared
the emission intensities before and after the measurement, and
confirmed that the difference of the intensity was less than 3%.
The wavelength dependence was the similar to that of the PDI
film, while the fluorescence intensity enhancement degree, Alf,
was slightly dependent on the excitation wavelength. The values
became large at wavelengths longer than 520 nm, which suggests
that the photoexcitation process is also enhanced by the LSPR of
SNC.

4. Conclusions

In conclusion, the modification of the excimer emission of PDI
thin films by single SNCs of 100-170 nm in size was demonstrated
by single-nanoparticle fluorescence/light scattering microspec-
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troscopy. We observed the intensity enhancement as well as
spectral shape modification of PDI emission near SNC depen-
dent on the LSPR band peak position. The modulated emission
peak wavelength increased with the LSPR band peak, indicating to
the electromagnetic field enhancement of the radiative transition
rate of the excimer emission. This work ensures that the fluores-
cence spectral shape of relaxed excited states can be modified by
the LSPR.
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