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We found a unique spectroscopic property of silver
nanodisks covered with J-aggregate. The spectral hole around
the position of the J-band was remarkably observed in the
surface plasmon band. The origin of the peculiar phenom-
enon is presumed to be the suppressive interaction between
the surface plasmon and Frenkel exciton.

Optics and spectroscopy of molecular aggregates have
attracted considerable attention in connection with molecular
photonic materials and model systems of light-harvesting.'?
J-Aggregate of cyanine dye is a molecular aggregate arranged
in brick-stone structure and the spectroscopic properties, such
as an extraordinary sharp absorption band (J-band) which is
largely red-shifted from monomer band and resonance fluo-
rescence, are characterized by the excitation of the Frenkel
exciton.? On the other hand, spectroscopic properties of noble
metal nanoparticles are characterized by the excitation of the
surface plasmon which is the collective oscillation of electrons
on the metal surface.’ If the molecular aggregate and noble
metal nanoparticle are located close together, the system would
be expected to show new spectroscopic properties and photo-
functions originating from the coupling of the exciton and
the surface plasmon. Although many studies on the optical
properties of noble metal nanoparticles covered with dye such
as rhodamine have been done since the 1980s,* there are not
many studies using molecular aggregates, whose spectroscopic
properties are characterized by the excitation of the exciton.®13

Previously, we reported that the extinction spectrum of noble
metal nanoparticles covered with J-aggregate of cyanine dye is
not a simple superposition of the individual spectra of the noble
metal nanoparticles and J-aggregate of cyanine dye, and there is
a spectral dip in the surface plasmon band around the position
of the J-band.® We assumed that this phenomenon was related
to the interaction of the Frenkel exciton and the surface
plasmon. However, the effect was small and not clear in the
former paper, in which we used gradually aggregated spherical
silver nanoparticles. The reason why the effect was small is
presumed that the interaction of the exciton and surface
plasmon is not very strong because the directions of the
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transition dipole moments of the exciton and surface plasmon
are not arranged in one direction. Therefore, we predict that this
anomalous effect becomes more remarkable by using silver
nanodisks. In this case, uniform and large J-aggregate can be
formed on a nanodisk with two wide and flat planes which are
in parallel to the transition dipole moment of the surface
plasmon, and then it is possible to make the exciton and surface
plasmon more wide-ranging excitation which means they have
larger transition dipole moments. The exciton—surface plasmon
interaction would increase because the transition dipole mo-
ments of the exciton and surface plasmon become larger and
their directions are arranged in one direction. Therefore, we
have tried to make silver nanodisks covered with J-aggregate of
cyanine dye and examined the extinction spectra.

Experimental

Silver nanodisks were prepared based on a method reported
by Brus et al. in 2003.'* Briefly, to make a suspension of
spherical silver nanoparticles, 0.5 mL of ice-cold 25 mM NaBH,4
aqueous solution was added to 20.5 mL of a solution containing
9.8 mM sodium citrate and 0.12mM AgNOs3, and the reaction
mixture was stirred for 5 min. Then the suspension was kept in
the dark for more than 12 h. To make a growth solution, 1 mL of
this suspension of silver nanoparticles was added to 9mL of a
solution containing 0.56—1.5 mM sodium citrate and 0.28 mM
AgNOs. In order to prepare a suspension of silver nanodisks, the
growth solution in the quartz cell (light path length 1cm)
was exposed for 4-7h with two emission lines (546/577 nm)
from a 500 W super high-pressure mercury lamp (Ushio HB-
50106AA-A/500 W). The two emission lines were selected
by cut off filter Y51 (Asahi techno glass) and the power of the
light was 100 mW cm~2. The shape of silver nanodisks was
confirmed by transmission electron microscope (JEOL JEM-
100CX). Cyanine dye (TCC) shown in Figure 1 was adsorbed
on the surface of silver nanodisks by adding 0.1 mL of a
solution containing 0.02-0.05mM TCC and 2-5mM NaCl or
KCI (in 1:1 by volume water and ethanol) to 0.3 mL of the
suspension of silver nanodisks. The J-band of TCC is located
around A = 650-660nm. The extinction spectra of the TCC
adsorbed silver nanodisks were measured with a Shimadzu
spectrophotometer (UV-260) without purification. The light
path length of the cell used for spectroscopic measurements
was usually 2-10 mm, according to the optical density of the
solutions. The extinction spectra in the figures have been given
as if the cell length for every solution were 10 mm.

Results and Discussion

The change of extinction spectrum of the growth solution by
7 h irradiation is shown in Figure 2. Before irradiation, there is
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Figure 1. Cyanine dye used in this study.
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Figure 2. Extinction spectra of growth solution before (a)
and after (b) 7h irradiation. [Ag] = 0.26 mM and [sodium
citrate] = 1.5 mM.
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Figure 3. TEM image of silver nanodisks.

an extinction peak at A = 400 nm, which is assigned to the sur-
face plasmon band of spherical silver nanoparticles. After irra-
diation, the extinction peak at A = 400 nm was hardly seen, and
a strong extinction peak at A = 635nm and a sharp extinction
peak at A = 330 nm appeared. These extinction bands should be
assigned to the surface plasmon extinction of silver nanodisks.
The shape and the size of silver nanoparticles were evaluated by
transmission electron microscopy (TEM). Silver nanoparticles
before irradiation were spherical and 8 nm in average diameter.
Silver nanoparticles after irradiation for 7h were hexagonal or
triangle tabular particles as shown in Figure 3. The average
diameter was 50nm and thickness was 5-10nm. Mirkin and
Schatz evaluated the extinction spectrum of the silver triangle
pillar (nanoprism), 100 nm in edge length and 16 nm thick, by
solving the Maxwell equation.'> Referring to their results,
extinction bands at A = 635nm and A = 330nm are assigned
to dipole in plane and quadrupole out of plane, respectively.
The change of the extinction spectrum of the suspension of
silver nanodisks by adding a solution of 0.03mM TCC and
5mM NaCl is shown in Figure 4. To normalize the concen-
tration of the silver nanodisks, the spectrum before adding the
solution was multiplied by 0.75. Considering Lambert—Beer’s
law, it is generally supposed that the extinction spectrum of
silver nanodisks after adsorbing J-aggregate of TCC would be
simple superposition of the individual spectra of the nanodisks
(dashed line a) and the J-aggregate (dotted line d).'® Actually,
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Figure 4. Extinction spectra of suspension of silver nano-
disks before (dashed line a) and after (solid line b)
adsoption of TCC. (b) [Ag] =0.2mM, [TCC]= 0.0075
mM, [NaCl] = 1.3 mM, and [sodium citrate] = 1.1 mM in
7:1 by volume water and ethanol. (c) Absorption spectrum
of TCC solution. [TCC] = 0.004 mM, [NaCl] = 1.3 mM,
and [sodium citrate] = 1.1mM in 7:1 by volume water
and ethanol. (d) Spectrum of reflection absorbance of
J-aggregate monolayer of TCC on the Au(111) covered
with cysteamine monolayer.” This spectrum is drawn in
order to show the approximate position and shape of the
J-band of TCC. Because the position of the J-band depend
on the aggregational state of TCC, the position of the J-
band of TCC on silver nanodisks is not necessarily exactly
the same as that shown in this spectum.

however, an anomalous spectral hole at A = 655 nm appeared
in the surface plasmon extinction band (solid line b). The
anomalous hole is more remarkable than that reported in our
previous paper, in which TCC was adsorbed on the gradually
aggregated spherical silver nanoparticles. Because of the
agreement of the position of the spectral hole and the J-band
of TCC aggregate, we infer that the spectral hole is caused by J-
aggregate of TCC adsorbed on the silver nanodisks. The origin
of the peculiar phenomenon is presumed to be the suppressive
interaction of the Frenkel exciton and surface plasmon. On the
other hand, a large portion of the extinction peaks at A = 552
and 514nm are assigned to TCC monomer left in the solu-
tion without adsorbing on the silver nanodisks, which was
confirmed by a spectrophotometric analysis of the centrifuged
supernatant of the suspension of the silver nanodisks after
adsorption of TCC. In our study, we did not evaluate the
spectroscopic interaction between TCC monomer adsorbed on
the silver nanodisk and the surface plasmon. Because the
extinction band of adsorbed TCC monomer considerably
overlaps the extinction band of TCC monomer left in the
solution (Mg, band). While, in contrast, because the J-band
does not overlap the Mg, band, it is easy to observe the
spectroscopic interaction between the J-aggregate adsorbed on
the silver nanodisk and the surface plasmon, even if a large
amount of monomer is left in the solution.

Under our experimental conditions, TCC did not form J-
aggregate in the solution without silver nanodisks, even in the
presence of NaCl (Figure 4 dotted line ¢). Whereas, even in the
presence of the silver nanodisks, TCC did not adsorb and form
J-aggregate on the silver nanodisks in the suspension without
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the chloride ion CI™, as a result, the anomalous hole was not
observed (Figure S1 in Supporting Information). Therefore, it
is safe to say that TCC does adsorb and form J-aggregate only
when both the silver nanodisks and Cl1~ are present in the TCC
solution, and J-aggregate can be formed only by the TCC
adsorbed on the silver nanodisks under our conditions.
According to detailed studies using silver thin films, which
can be regarded as a model system of the silver nanodisk, C1~
has a very important role for TCC adsorption and J-aggregate
formation on the surface of silver.'”!® The surface of the silver
films in water is covered with less ordered OH™ monolayer and
the OH™ monolayer can be substitutionally replaced by a well-
ordered Cl~ monolayer in solutions containing CI~.!7 In our
case, at first, the surface of the silver nanodisks is randomly
covered with citrate ion RCOO™. As well as OH™, the RCOO~
can be also substituted for C1~,'” which forms CI~ monolayer
in an orderly manner on the silver nanodisk. TCC adsorption
and J-aggregate formation on the silver nanodisks is also
thought to be analogous with that on silver thin films.'® By
electrostatic interaction between the cationic chromophore of
TCC and the negative surface charge from orderly adsorbed
CI~, TCC adsorbs orderly on the surface of silver nanodisks in
the direction where the chromophore touches the surface of the
nanodisks and the sulfopropyl groups are at the outermost
surface, and the densely ordered TCC forms two-dimensional
J-aggregate monolayer on the surface.

The change of extinction spectrum of the suspension of the
ca. 8 nm spherical silver nanoparticles by adding a solution of
0.03mM TCC and 5mM NaCl is shown in Figure S2 (Sup-
porting Information). The spectrum change around A = 650 nm,
which means the formation of J-aggregate, is hardly seen. This
is because there is insufficient surface space to form J-aggregate
on a small spherical particle. On the other hand, as shown in our
previous paper,’ extinction spectrum of gradually aggregated
spherical silver nanoparticles covered with J-aggregate of TCC
showed a spectral dip in the surface plasmon band around the
position of the J-band. However, the appearance of the dip was
not remarkable like the hole shown in Figure 4. Meanwhile, we
attempted TCC adsorption in suspensions of silver nanodisks
whose polydispersities of size and shape distribution were
intentionally larger than that of silver nanodisks shown in
Figures 2 and 4. In any case, the observed holes were more
remarkable (Figure S3 in Supporting Information) than above-
mentioned results for the spherical silver nanoparticle or
gradually aggregated spherical silver nanoparticles with TCC.
Whether polydispersity is large or small, the superiority of silver
nanodisks with large flat surfaces remains the same, although
the size and shape distributions of silver nanodisks used for
Figures 24 in this study were not small. Of course, uniform
silver nanodisks are preferable for quantitative investigation of
the anomalous phenomenon shown in this study. However,
because our main purpose in this report is to show the
anomalous phenomenon can be observed more remarkably
by using the nanodisks, we used such non-uniform silver
nanodisks as they were. Preparation and use of more uniform
nanodisks for quantitative study is an issue for the future.

In summary, silver nanodisks were prepared by visible light
irradiation to a suspension of spherical silver nanoparticles in
the presence of sodium citrate and AgNOs. The typical shape of
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the nanodisks was tabular triangle or a hexagon, whose size was
50nm in diameter and 5-10nm in thickness. By adsorbing
J-aggregate of cyanine dye on the surface of the silver
nanodisks, a remarkable spectral hole in the surface plasmon
band appeared around the position of the J-band. The
anomalous hole in the extinction spectrum appears more clearly
than that reported in our previous paper.” After the first finding
of the anomalous phenomenon, some groups have also paid
attention to this anomalous phenomenon and studied in various
ways. %13 The method of using nanodisks is better than that of
using spherical particles. We believe that the method shown in
this study can contribute to the elucidation of this anomalous
phenomenon and the exciton—surface plasmon interaction.

This work was partially supported by a Grant-in-Aid for
Scientific Research (C) (No. 16550117) from the Ministry of
Education, Culture, Sports, Science and Technology (MEXT),
Japan.

Supporting Information

Additional extinction spectra of various suspensions of
silver nanodisks and spherical silver nanoparticles with TCC.
This material is available free of charge on the web at http://
www.csj.jp/journals/bcsj/.
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