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ABSTRACT: Remarkable optical properties are posed with gold nanoparticles
(AuNPs) due to the excitation of localized surface plasmon resonances, which makes
AuNPs affect strongly both the ground state and the excited state of adjacent organic
molecules. Compared with the ground state, the effect of AuNPs on excited state of
organic molecules is not always fully understood. Here, we performed transient UV—vis
absorption experiments to monitor the triplet excited state formation of three cationic
dyes and one anionic dye in the presence of two types of gold nanoparticles: the citrate-
stabilized AuNPs and ATP-protected AuNPs. It is found that the three cationic dyes can
cause efficient aggregation of citrate-stabilized AuNPs, leading to AuNPs aggregates with 00 02 04 o6 o8 10 12
varied size, whereas the ATP-protected AuNPs can be sustained in the monodispersed i
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state. By comparing the circumstances of aggregated AuNPs and monodispersed

AuNPs, we demonstrate that the enhancement effect on triplet excited state formation results from the aggregation of gold
nanoparticles and depends on the aggregation size. These findings reveal the aggregation induced plasmon field interaction of
AuNPs with excited state population dynamics and may enable new applications of aggregated metal nanoparticles, where

aggregates can serve as stronger plasmonic nanoantennas.

B INTRODUCTION

Metal nanoparticles have emerged as one of the most exciting
areas of scientific research in the past several decades due to its
unique optical, electronic, chemical, and magnetic properties.'
Excitation of the metal nanoparticle leads to a strong
absorption band in the UV—vis to near-infrared region, which
is originated from coherent oscillations of conduction electrons
excited by electromagnetic radiation known as localized surface
plasmon resonances (LSPRs), and this absorption band can be
tuned by altering the size, shape, and surroundings of the
nanoparticle.” Metal nanoparticles can strongly interact with
the adjacent organic molecules due to their LSPRs.> These
interactions are displayed in a variety of ways, including
electron transfer from the photoexcited organic dyes to the
metal nanoparticles,* energy transfer from metal nanoparticles
to surrounding molecules,”® and influence on both radiative
and nonradiative deactivation processes of excited states of
organic molecules.” These remarkable interactions make metal
nanoparticles ideal for use in surface-enhanced Raman
spectroscopy (SERS),*’ surface-enhanced fluorescence
(SEF),'® solar cells,"" and medical therapeutics."> A better
understanding of the interactions between metal nanoparticles
and organic molecules will enable effective utilization of metal
nanoparticles for various applications.

Normally, organic molecules are brought into the proximity
of metal nanoparticles through covalent binding or noncovalent
binding. In the former case, organic molecules or metal
nanoparticles are modified and bind together through func-
tional groups,13 such as amines, thiols, isothiocyanates, and
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silanes, etc., while in the latter case both organic molecules and
metal nanoparticles are unmodified and the binding occurs
through electrostatic interaction or van der Waals force. For the
noncovalent binding interactions between metal nanoparticles
and small molecules, it was found that the ground state UV—vis
absorption of a number of cationic thiazine dyes, such as
methylene blue (MB) and toluidine blue, can be enhanced up
to 10-fold by gold nanoparticles (AuNPs), when bounded to
the surface of AuNPs through electrostatic attraction.'* The
enhancement effect is not limited to ground state. Interestingly,
the formation of triplet excited state of methylene blue (*MB*)
was observed to be enhanced by the photochemically prepared
AuNPs, when the surface was largely unprotected.”” A
transmitter—receiver antenna model was proposed,'> where
the AuNPs served as antenna, enhancing the light absorption of
receiver MB such that an increased population of dye excited
singlet and then triplet state was resulted. Both of these two
instances mentioned the possible aggregation of AuNPs, which
can result from the charge neutralization between cationic dyes
and negatively charged AuNPs.

The optical properties of aggregated nanoparticles show
complex plasmonic resonance and significant deviation from
monodispersed nanoparticles.'®'” Aggregation will lead to the
strong coupling of nanoparticle surface plasmons between
neighboring nanoparticles'® and results in ordered multiscale
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organization toward the specific nano-optical functionalities'”
as well as in new physical and chemical properties.”® For
instance, previous studies have demonstrated that the
aggre§ated nanoparticles exhibit exciting SERS perform-
ance’”* and better SERS enhancement factor than mono-
dispersed nanoparticles.® Because of the strong interparticle
coupling, aggregated nanoparticles may play an important role
in electromagnetic enhancement and thus have a significant
influence on excited state population dynamics, which remains
untangled yet.

Here, in this work, we performed transient UV—vis
absorption experiments to monitor the triplet excited state
formation of three different cationic thiazine dyes and one
anionic dye (molecular structures shown in Scheme 1) in the

Scheme 1. Molecular Structure of MB, Azure A, Thionine,
and RB
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presence of AuNPs that were synthesized by the Turkevich
citrate reduction method. Under current experimental con-
ditions, the cationic dyes efficiently induced AuNPs to

aggregate upon mixing with negatively charged AuNPs. To
prevent aggregation and ensure monodispersion, AuNPs were
protected by the efficient surface-stabilization agent adenosine
triphosphate (ATP). By comparing the circumstances of
aggregated AuNPs and monodispersed AuNPs, we show that
the plasmon enhancement effect on triplet excited state
formation does not occur for monodispersed AuNPs but is
significant for aggregated AuNPs, and the enhancement effect is
highly correlated with the aggregation size and degree. These
findings reveal the aggregation-induced plasmon effect of
AuNPs on excited state population dynamics and may enable
new applications of aggregated metal nanoparticles.

B MATERIALS AND METHODS

Materials. Methylene blue, azure A, thionine, and Rose
Bengal were purchased from Sigma-Aldrich and used without
farther purification. Adenosine triphosphate (ATP) solution
was purchased from Beijing BioDee Bio Tech Corporation Ltd.
All glassware was cleaned in freshly prepared aqua regia
solution (HCI/HNO; = 3:1) and then rinsed by double
distilled water. HAuCl,-3H,0 and trisodium citrate at analytical
grade were purchased from Sinopharm Chemical Reagent
Beijing Corporation Ltd. and used without further purification.
Ultrapure water (18.2 M, purified by Millipore filtration) was
used for all synthesis and solution preparations.

Synthesis of Gold Nanoparticles. Solution of gold
nanoparticles was prepared according to typical method, as
described by Turkevich® and Frens.”* In brief, 143 mL of
aqueous HAuCl, (2.8 X 107 M) was prepared in a 250 mL
round-bottom flask. The solution was brought to boiling.
Under vigorous stirring, 7 mL of 38.8 mM aqueous sodium
citrate was added quickly. Then the solution underwent a series
of color changes before finally reached a red wine color. The
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Figure 1. (a) UV—vis spectra for pure sample of AuNPs (0.6 nM) and three cationic dyes (S #M) in aqueous solution. (b—d) UV—vis absorption
spectra for the mixed solutions of 5 uM (b) MB, (c) azure A, and (d) thionine with different concentrations of AuNPs. The dye spectra fall in
between the two plasmon bands: the 520 nm band for individual AuNPs and the 700—800 nm band for aggregated AuNPs. The background
absorption formed by the two plasmon bands increases with the AuNPs concentration, on top of which the enhanced dye absorption spectra are

superimposed.
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solution was kept boiling and stirring for 15 min and was then
cooled to room temperature. The prepared gold solution
consists of dispersed spherical particles with a mean diameter of
15 + 2 nm according to TEM characterization. The
concentration of the prepared gold solution was estimated to
be 2.2 nM based on the size of nanoparticles, the amount of
starting materials, and the final volume of stock solution.

Transmission Electron Microscopy Measurement.
TEM observations were carried out with a 300 keV Tecnai
F30 transmission electron microscope. The TEM sample was
prepared by dropping gold solution onto a copper grid.

Steady-State Spectral Measurements. Ground state
absorption spectra were recorded with a UV—vis spectrometer
(model U-3010, Hitachi). Quartz cuvettes of 1 cm path length
were used for all absorption measurements. For each of the
dyes, six samples were prepared in glassware cuvettes. In the
sample solutions, the dye concentration was fixed at S uM;
when mixed with AuNPs, the AuNPs concentration was varied
from 0.4 to 1.2 nM in 0.2 nM steps by mixing AuNPs stock
solution with ultrapure water, to give a final volume of 3.0 mL.
When AuNPs were protected by ATP, they were mixed with
ATP in a 1:1000 molar ratio for 5 min incubation at room
temperature. Each mixture was shaken and equilibrated at room
temperature for 1 min to ensure good mixing before the
measurement.

Laser Flash Photolysis. The transient UV—vis spectra and
triplet state kinetics were measured by nanosecond time-
resolved laser flash photolysis (LFP) setup that has been
described previously.*® Briefly, the instrument comprises a
Edinburgh LP920 spectrometer (Edinburgh Instrument Ltd.)
combined with an Nd:YAG laser (Surelite I, Continuum Inc.).
The excitation wavelength is 532 nm laser pulse from Q-
switched Nd:YAG laser (1 Hz, fwhm =7 ns, 10 m]J/pulse). The
analyzing light was from a 450 W pulsed xenon lamp. A
monochromator equipped with a photomultiplier for collecting
the spectral range from 350 to 850 nm was used to analyze
transient absorption spectra. The signals from the photo-
multiplier were displayed and recorded as a function of time on
a 100 Hz (1.25 Gs/s sampling rate) oscilloscope (Tektronix,
TDS 3012B), and the data were transferred to a personal
computer. Data were analyzed by the online software of the
LP920 spectrophotometer. The fitting quality was judged by
weighted residuals and reduced y* value. Sample solutions were
freshly prepared for each measurement. Quartz cuvettes of 1
cm path length were used for all LFP measurements. All LFP
experiments were performed in N,-saturated solution.

B RESULTS AND DISCUSSION

The synthesized gold nanoparticles (15 nm) were first
characterized by UV—vis absorption spectroscopy (Figure 1)
and transmission electron microscopy (Figure S1, Supporting
Information). As shown in Figure la, the pure sample of
AuNPs exhibits the characteristic plasmon resonance peak for
monodispersed particles at 520 nm. In addition, individual
AuNPs with spherical shape and being separated from each
other can be clearly seen in the TEM image (Figure Sla).
Synthesized by the Turkevich citrate reduction method, the
citrate-stabilized AuNPs are negatively charged and may form
large clusters or aggregates upon addition of cationic dyes due
to charge neutralization, ">’ causing a large and rapid change in
the ground state absorption spectra for cationic dyes.”**

As seen in the UV—vis absorption spectra (Figure 1la), pure
samples of the three cationic dyes (MB, azure A, and thionine)

exhibit characteristic absorption bands at 660, 630, and 600 nm,
respectively. Upon addition of AuNPs, significant changes were
observed (Figure 1b—d). Figure 1b shows the absorption
spectra of MB with addition of AuNPs at various concen-
trations. Compared with the spectrum for pure MB, the
addition of AuNPs to MB results in enhancement in the
absorption intensity and broadening of absorption band. With
the addition of 1.2 nM AuNPs, the MB absorbance at maxima
(660 nm) is enhanced nearly 2.4 times, after deducting the
background absorbance of AuNPs. Such absorption enhance-
ment and spectral broadening become more obvious with the
increasing of AuNPs concentration. On top of the MB spectra,
the plasmon band for monodispersed AuNPs at 520 nm is
present. As the concentration of AuNPs increases, a broad band
between 700 and 800 nm can be discerned, and it red-shifts at
increased AuNPs concentrations, indicating the occurrence of
aggregation.zg_e’1 Moreover, the TEM image reveals the
occurrence of AuNPs aggregation upon addition of MB. As
shown in Figure S1b, the AuNPs form close-packed nano-
clusters, which are composed of 2—6 nanoparticles.

Similar to MB, the addition of AuNPs to the dye solution of
azure A or thionine also leads to enhanced absorption and
broadening of spectral bands (Figure 1lc,d). Compared with
pure azure A and thionine, the absorbances at 630 and 600 nm
are increased ~2.5 and ~2.0 times, respectively, when mixed
with 1.2 nM AuNPs solution. In contrast to the system of MB,
the AuNPs aggregation is more noticeably seen in the dye
solution of azure A or thionine, as manifested by the obvious
presence of the broad band between 700 and 800 nm, and its
red-shift with increased AuNPs concentration, which is a typical
indication of aggregation.” ' The TEM images (Figure Slc,d)
coincide with the spectral results, showing clearly the
aggregation. When mixed with azure A, AuNPs form also
close-packed nanoclusters consisting of 6—10 nanoparticles,
larger than the MB case. While in the thionine solution, AuNPs
form large linear aggregate, which consists of tens of
nanoparticles. According to the UV—vis spectra and TEM
images, the size or degree of AuNPs aggregation in the
presence of different cationic dyes should follow the order of
thionine > azure A > MB.

Previously, Guo and co-workers have reported that S and 18
nm negatively charged AuNPs can form 45 and 84 nm
aggregates, respectively, when adsorbed with thionine.*® Chegel
and co-workers have found that organic compounds containing
thiol or amine groups, such as azure A or thionine, can strongly
promote the aggregation of citrate-stabilized AuNPs.*® These
studies are comparable with our results and further support the
aggregation that we observed. Moreover, it should be noted
that when the aggregation is induced by electrolytes, such as
KCl and NaCl, the nanoparticles are usually fused together due
to the collapse of electrical double layers.*’ In contrast, the
nanoclusters or aggregates are almost individually isolated when
they are induced by organic molecules.”®*® This is why the
aggregates that we observed in TEM images are separated from
each other.

The ground state UV—vis absorption spectra not only
provide compelling evidence that these cationic dyes lead to
aggregation of AuNPs but also show that the ground state
absorption of cationic dyes can be enhanced by AuNPs.
Presumably, the enhanced ground state absorbance obtained
for the cationic dyes could most readily result from the
electromagnetic enhancement brought by gold nanoparticles.
An interesting question emerges then. Would such effects also
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act on the excited states of dye molecules, leading to different
population dynamics in the presence of AuNPs? To explore this
issue, we monitored the transient absorption of triplet excited
state for the three cationic dyes in the absence and presence of
AuNPs after 532 nm laser excitation by laser flash photolysis.

In the nanosecond time-resolved UV—vis absorption spectra,
the citrate-stabilized AuNPs alone do not give a signal under
532 nm laser excitation because the AuNPs excitation signal has
been quenched completely at this time scale. For the three
cationic dyes, transient absorptions due to their triplet excited
states are present around 420 nm (transient absorption spectra
for the three dyes are shown in Figure S2). Therefore, the
decay behavior at 420 nm was monitored for *MB*, *azure A%,
and ‘thionine™®, respectively. In the absence of AuNPs, the
decay process can be reasonably fit with a single exponential,
and the lifetimes of MB¥*, 3azure A*, and 3thionine* are 88 +
1.5, 69 + 0.7, and 61 + 0.6 us, respectively, which are fairly
long-lived (Figure S3). Hence, no decay tendency is displayed
in the temporal curves at short time scales of 1.2 us for the pure
dye samples (black curves in Figure 2).

In contrast, a biexponential is required to fit the decay
kinetics in the presence of AuNPs, as shown with the temporal
traces in both the short (Figure 2) and long time scales (Figure
S3). For each of the three cationic dyes, the decay kinetics of
the triplet excited states shows a short decay component at the
initial 0.4 ps and then is followed by a long decay process. In

(a) 1.6 —MB
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1.2 —— MB+AuNPs(1.2nM)
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Figure 2. Decay kinetics of transient absorption at 420 nm for the
triplet excited states (a) MB*, (b) *azure A*, and (c) 3thionine* after
532 nm laser excitation of the dye solution (S #M) in the absence and
presence of different concentrations of AuNPs. The temporal traces
are displayed in short time scales (1.2 ys) to make the signal amplitude
enhancement clearly seen, while long time scale traces are displayed in
Figure S3. Red colors curves represent double-exponential fitting
results for the decay traces of dye triplets in the presence of AuNPs.
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addition, the short decay component is accompanied by
significant changes in the intensity of transient absorbance. In
the presence of 0.6 nM and 1.2 nM AuNPs, the transient
absorbance of *MB* at initial formation time is 2 and 2.5 times
enhanced, respectively, compared with that in the absence of
AuNPs (Figure 2a). Traces at different AuNPs concentrations
reveal that while the signal amplitude due to the fast decay
depends on the AuNPs concentration, the lifetime of short
decay component (7 = 80 + 10 ns) is largely unchanged. For
Sazure A¥, the transient absorbance is displayed with ~1.8 times
enhancement at initial formation time in the presence of 1.2
nM AuNPs (Figure 2b). The enhancement factor for *azure A*
is less than that for MB*. Like the decay of *MB¥*, the short
decay component (r = 90 + S ns) is only observed in the
presence of AuNPs. But quenching was also observed, as seen
by the decreased absorbance intensity lower than that of pure
Sazure A* after 0.4 us.

Since the ground state absorption spectra for the third dye,
thionine, show considerable overlap with the plasmon band of
AuNPs (Figure 1a), it is naturally to hypothesize that the triplet
excited state thionine* could be markedly enhanced by AuNPs
due to plasmon resonance. However, for ’thionine*, although
the short decay component (z = 80 + S ns) can also be
observed, the signal amplitude of the transient absorbance does
not show any enhancement in the presence of AuNPs (Figure
2¢c). Instead, after the short decay, the intensity of transient
absorbance of *thionine* is markedly lower than that in the
absence of AuNPs.

For the three cationic dyes, the presence of AuNPs has
enhanced the transient absorbance of MB* and azure A* at
initial formation time but does not exhibit enhancement effect
on >thionine*, although thionine has ground state absorption
partially in resonance with the 520 nm plasmon band of
AuNPs. This result indicates that the effect of AuNPs on triplet
excited state formation is not correlated with the plasmon
optical resonance but tends to be related to other mechanisms.

Plasmon field interactions, in particular, the transmitter—
receiver antenna interaction, may provide interpretations.15’32’33
Initially at laser excitation, AuNPs serve as antenna that can
enhance the ground state absorption of dye molecule, resulting
in enhancement in singlet excited state populations and then
triplet populations after intersystem crossing (ISC). The
cationic dyes adsorbed with AuNPs can be classified into
three categories in terms of distance. The dye molecules bound
to the surfaces of nanoparticles (the distance <2 nm) are
subject to fast surface quenching of excited state populations,
and there is no enhancement effect. For the dye molecules
close to the surface at the distance of 2—20 nm, the
enhancement effect is favored, but reaching surface for
quenching is also easy and thus accelerated due to the static
AuNPs quenching. Therefore, the short decay component and
its enhanced intensity observed for the triplet excited states of
cationic dyes in the presence of AuNPs (Figure 2) can be
attributed to these molecules close to the surface. The third
type is the remote dye molecules (the distance >20 nm), which
are mostly unaffected by plasmon effects. For these molecules,
their triplet excited state cannot be enhanced, but simply
quenched when colliding with AuNPs, undergoing the dynamic
quenching that accounts for the long decay component of
temporal traces (Figure S3).

Short decay components were observed for all three cationic
dyes, indicating that these three dye molecules are truly brought
into the proximity of AuNPs and the plasmon field effect takes
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Figure 3. Left panel: UV—vis absorption spectra of S M (a) MB, (b) azure A, and (c) thionine in the absence and presence of 1.2 nM ATP-
protected AuNPs. Right panel: UV—vis absorption spectra of S uM (d) MB, (e) azure A, and (f) thionine in the absence and presence of 1.2 nM

citrate-stabilized AuNPs.

place. But why do AuNPs display different effects for the three
cationic dyes? The enhancement factors of AuNPs on the
triplet yields follow the order of MB > azure A > thionine.
Noticeably, this order is just the opposite of the aggregation
degree of AuNPs caused by the three dyes. This leads to a
postulation that the enhancement effect is linked to the AuNPs
aggregation. To explore this issue, we performed well-
controlled experiments of monodispersed AuNPs to compare
with those already obtained for the aggregated AuNPs.

To prepare monodispersed AuNPs and prevent AuNPs
aggregation caused by cationic dyes, we adopted the method of
protecting citrate-stabilized AuNPs by the efficient surface-
stabilization agent, adenosine triphosphate (ATP), before they
were mixed with solutions of cationic dyes.>*~*° Unlike citrate-
stabilized AuNDPs, the ATP-protected AuNPs are even stable in
the presence of high salt concentrations. The extremely high
stability of the ATP-protected AuNPs may be due to the fact
that nucleotide can bind to citrate-stabilized AuNPs with the
displacement of weakly bound citrate ions,*® so that more
negatively charged phosphate groups increase the amount of
negative charge on the surface of AuNPs.>* This has been
verified by surface charge measurements: the negative charge of
ATP-protected AuNPs is greater than that of citrate-stabilized
AuNPs.*® Using the strategy of ATP-protected AuNPs, the
cationic dyes can still be adsorbed to the surface of negatively

charged AuNPs but will not cause AuNPs aggregation.
Furthermore, the absorption band of ATP is in the wavelength
range below 300 nm, which will not interfere with the dye
spectra at visible range and will not be excited by 532 nm laser
flash photolysis.

Ground state UV—vis spectra (Figure 3) were examined first
to verify that the ATP-protected AuNPs are still in
monodispersed state when mixed with cationic dyes. As clearly
shown in Figure 3a—c for the three dyes after addition of 1.2
nM ATP-protected AuNPs, the spectra are simply the sum of
the individual spectra of AuNPs and dyes. There are only the
absorption bands due to the monodispersed AuNPs at 520 nm
and dyes at longer wavelength. The typical 700—800 nm band
representing AuNPs aggregation is not present, demonstrating
that the ATP-protected AuNPs are still in monodispersed state
when mixed with cationic dyes. Moreover, the dye spectra
recorded at 30 min after addition of 1.2 nM ATP-protected
AuNPs remain the same as that recorded after 1 min mixing,
indicating the stability of the monodispersed state. In contrast,
for the three dyes after addition of 1.2 nM citrate-stabilized
AuNPs without being ATP-protected, the typical AuNPs
aggregation band between 700 and 800 nm (Figure 3d—f)
emerges, while the absorbance intensity of monodispersed band
at 520 nm decreases in the spectra. After 30 min mixing, the
spectra display essentially a decrease in intensity due to

dx.doi.org/10.1021/jp410369w | J. Phys. Chem. C 2013, 117, 27088—27095
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Figure 4. Decay kinetics of transient absorption at 420 nm for the triplet excited states of cationic dyes: (a) MB*, (b) *azure A*, (c) >thionine*,
after 532 nm laser excitation of the dye solution (S #M) in the absence and presence of 1.2 nM AuNPs with ATP protection (green curves) and
without ATP protection (blue curves). (d) Decay kinetics of transient absorption at 450 nm for the triplet excited state of the anionic dye *RB* in
the absence and presence of 1.2 nM AuNPs. Red colors curves represent double-exponential fitting results for the decay traces of dye triplets in the
presence of AuNPs without ATP protection. Decay of dye triplets by ATP-protected AuNPs is only visible at long time scale and their fitting results

are displayed in Figure S4.

formation of AuNPs aggregation that subsequently precipitated.
These results confirm that after mixing with cationic dyes the
ATP-protected AuNPs remain in dispersed form, but the
citrate-stabilized AuNPs undergo aggregation.

Interestingly, it shows here that when AuNPs are in the
monodispersed state (Figure 3a—c), the ground state
absorption intensities for the three cationic dyes are not
enhanced at all, with their absorbance retaining the same
intensity as individual dyes. The absorbance in the whole
spectra range is simply the sum of the individual absorbance of
AuNPs and dyes. This is very different from the case for the
aggregated AuNPs (Figure 3d—f), which exhibit obvious
enhancement for the ground state absorption intensities of
the three cationic dyes.

Ground state UV—vis spectra indicate totally different effects
of the monodispersed AuNPs from aggregated AuNPs. How
would the dispersion state of AuNPs affect excited state?
Similar transient UV—vis spectral measurements were
performed for the three cationic dyes in the presence of the
well-prepared monodispersed AuNPs to compare with those
already obtained for the aggregated AuNPs. As shown in Figure
4, the transient absorption for the three triplet excited states,
SMB*, 3azure A*, and 3thionine*, only exhibits quenching in
intensity after addingl.2 nM ATP-protected AuNPs (the
quenching is more noticeable at long time scale as shown in
Figure S4), while the decay kinetics remains largely unchanged
at the short time scale. Obviously, the short decay component
accompanied by the enhanced triplet intensity for the
aggregated AuNPs (also shown in Figure 4 for comparison)
was not obtained for the monodispersed AuNPs. It shows here
that the monodispersed AuNPs do not have enhancement
effect on the triplet excited state yield of the three cationic dyes,
consistent with the ground state results. Whether for ground or
triplet excited state of cationic dyes, the absence of the
enhancement effect from the monodispersed AuNPs, compared
with the obvious enhancement effect from the aggregated

27093

AuNPs, is a strong indication that the nanoparticle dispersion
state plays important roles in these processes.

To illustrate the important role of AuNPs aggregation, the
relationship between the aggregated nanoparticles and the
antenna effect should be considered. The plasmon antenna
effect depends not only on size, shape, environment, and wave
frequency of nanoparticles but also on the interparticle
distance.””” As a result of aggregation, the interparticle
distance becomes shorter, and the shorter distances facilitate
the formation of higher-order collective modes and strong
surface plasmon coupling between neighboring nanoparticles
because the interparticle coupling resulted from near-field is
inversely proportional to d°, where d is the distance between
the neighboring nanoparticles.>® Because of this strong
interparticle coupling, aggregate can dramatically enhance its
ability to concentrate electromagnetic energy.'® Furthermore,
the aggregated nanoparticles permit the formation of hot
spots,”” which dominate the nanoantenna system and is capable
of supporting resonances and amplifying light in the near-field.
For these reasons, the aggregated nanoparticles can act as better
antenna. Recently, self-assembled nanoantennas have been used
to obtain the better fluorescence enhancement.*’

Our experimental results indicate a mechanism of
aggregation induced plasmon field interaction for the enhance-
ment of triplet excited state formation. When the nanoparticles
are in monodispersed state, the antenna effect might not be
strong enough to enhance the initial light absorption of receiver
dye molecules so that no enhancement was observed for
ground state absorption and subsequent triplet excited state
formation. Whereas AuNPs aggregation results in stronger
antenna effect and can greatly enhance the light absorption,
leading to an increased population of excited singlet states.
These in turn partition between surface quenching and ISC that
yields triplet excited state. The triplet excited state is enhanced
by antenna effect, while its decay becomes faster due to
accelerated quenching. This is why a short decay component
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was observed with the enhancement of triplet yields (Figure 2).
However, the total enhancement factor for triplet excited state
is the result of a balance between enhancement effect and
surface quenching effect. Only when the enhancement effect is
stronger than the quenching effect, the increased formation of
triplet excited state can be observed. The similar lifetimes of
short decay components indicate that AuNPs have similar
surface quenching effect for the triplet excited states of three
cationic dyes. So the distinct enhancement factor exhibited for
the three dyes should be related to the size and structures of
AuNPs aggregation caused by different dyes, which are
important factors to affect the enhancement effect.

It shows here that the strongest enhancement effect has been
achieved for MB, which causes the formation of close-packed
AuNPs nanoclusters consisting of 2—6 nanoparticles. Following
the order of MB, azure A, thionine, the enhancement effect of
nanoantennas decreases when the aggregation size increases,
and the multidimensional and multilayer structures are formed.
For thionine, when tens of nanoparticles are packed together,
only the quenching effect on triplet excited state was observed.
The enhancement effect of aggregated nanoparticles on triplet
excited state formation is apparently dependent on the size and
structure of aggregates. These observations can find analogue in
SERS enhancement,*' which showed that the highest enhance-
ment factor with approximately 100 nm aggregated Ag
nanoparticles will decrease if the aggregation size increases
further.

Further evidence supporting the mechanism of aggregation-
induced plasmon field interaction can be obtained by
performing control experiments for the anionic dye, Rose
Bengal (RB), as shown in Figure 4d. In contrast to cationic
dyes, it is known that the anionic dyes can prevent aggregation
of the citrate-stabilized AuNPs.**** Because of electrostatic
repulsion, the anionic dye molecules cannot be adsorbed to the
surface of negatively charged AuNPs. For the triplet excited
state of RB, neither enhancement nor quenching effect was
observed.

B CONCLUSION

In summary, we have studied the enhancement effect of AuNPs
on the triplet excited state formation of three different cationic
thiazine dyes and one anionic dye. For fully understanding the
mechanism of this effect, we have performed well-controlled
experiments of monodispersed AuNPs, in comparison with the
case of aggregated AuNDPs. It is found that the three cationic
dyes can cause efficient aggregation of citrate-stabilized AuNPs,
leading to AuNPs aggregates with varied size, whereas the ATP-
protected AuNPs can be sustained in the monodispersed state.
For both of the ground state absorption and triplet excited state
formation of cationic dyes, the enhancement effect is only
exhibited with the aggregated AuNPs, but not with the
monodispersed AuNPs. The enhancement factor is shown to
be largely related with the aggregation size and structure. These
results suggest a mechanism of aggregation-induced plasmon
field interaction of AuNDPs, where AuNPs aggregates with
appropriate size and structure can act as stronger plasmonic
nanoantennas. While our studies have focused on triplet excited
state formation upon AuNPs interaction, what we have learned
may have implications for other surface-enhanced spectroscopic
and energy transformation processes as well.
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