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ABSTRACT: Gold nanoparticles (AuNPs) have unique optical
properties because of their characteristic localized surface plasmon
resonances (LSPRs). Upon the excitation of LSPR, AuNPs can
affect the adjacent organic molecules strongly in both the ground
state and the excited state. Previously, only 2−3 fold of the
plasmon enhancement effect on triplet state formation was
displayed because of the random and uncontrollable formation of
AuNP aggregates. Here, we utilize polymer PDDA to assemble
AuNPs forming aggregates with strong plasmonic resonance. By
means of transient UV−visible absorption spectroscopy, the
triplet state of rose bengal enhanced by PDDA−AuNPs is directly
monitored and the maximum enhancement is found to be ∼10
fold. The large enhancement should be mainly resulted from the
plasmon effect of AuNP aggregates. Additionally, it is found that
the triplet state enhancement effect of PDDA-assembled AuNPs is sensitive to concentration of the polymer and the size of
AuNPs. These findings shed light on the applications of AuNPs in triplet−triplet energy transfer, triplet exciton harvesting, and
photodynamic therapy.

■ INTRODUCTION

Metal nanoparticles (NPs), such as silver and gold, can
strongly interact with the adjacent organic molecules because
of their unique localized surface plasmon resonances (LSPRs),
which have received extensive attention in recent years.1 These
interactions include electron transfer from photo-excited
molecules to metallic NPs2,3 and energy transfer from metallic
NPs to adjacent molecules.4,5 Additionally, they can influence
on the deactivation processes of excited molecules,6 which
make metallic NPs suitable for applications in surface-
enhanced Raman scattering (SERS),7−13 metal-enhanced
fluorescence,14−18 second-harmonic generation19,20 two-pho-
ton excitation photoluminescence (TPPL),21−24 and so forth.
Nevertheless, the enhancement effect is not limited to the
singlet excited state emission. Similar enhancement effects on
triplet excited state formation should also be anticipated via
intersystem crossing (ISC) from the excited singlet state, as
reported for metal-enhanced phosphorescence (MEP).25

Normally, the triplet excited state of molecules can be
detected by phosphorescence or transient absorption. Geddes
et al. reported MEP using rose bengal (RB) at low temperature
(77 K). Silver island films (SiFs) in close proximity to RB
significantly enhanced phosphorescence emission intensity by
fivefold, suggesting that surface plasmon coupled to triplet
states can enhance phosphorescence yields.25 Li et al. observed
a 330 times enhanced phosphorescence from 3MLCT of

[Ru(bpy)3]
2+ by silver core silica shell-isolated NPs in the solid

state.26 Obviously, the experimental condition under very low
temperature or under the solid phase are required to measure
phosphorescence, which is not feasible for monitoring the
triplet excited states of the sample in the liquid phase.
By using transient absorption spectroscopy, Scaiano et al.

first reported the triplet state enhancement of methylene blue
(3MB*) by a factor of ∼2.2 upon addition of gold NPs
(AuNPs).27 Recently, we demonstrated that the enhancement
effect on the triplet excited state resulted from the aggregation
of AuNPs by comparing the circumstances of aggregated
AuNPs and monodispersed AuNPs.28 The triplet state
enhancement effect was ascribed to the coupled electro-
magnetic fields of AuNPs, namely, hot spots, which resulted
from AuNPs aggregation after addition of cationic dye
molecules,28 whereas the distribution of the dye in the
unprotected AuNP aggregates was random and disordered.
In this situation, the plasmonic field was not strong enough,
and a smaller enhancement effect on the triplet state was
displayed with only 2−3 times at initial formation time.
Additionally, although the cationic organic compounds can
strongly promote the aggregation by breaking of repulsive
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interaction of the negative citrate-stabilized AuNPs due to
charge neutralization, this type of aggregated metal NPs was
not stable. As time goes on, the aggregated metal NPs all
precipitated.
In order to regulate the formation of aggregates, many

methods have been utilized, such as surfactants,29,30 bifunc-
tional organic molecules,30−32 polyelectrolytes7,21,22 and DNA
double strands.33 Polavarapu and Xu adopted water-soluble
cationic conjugated polymer PFP to induce formation of chain-
like AuNP aggregates,7 by which a huge reproducible SERS
enhancement factor of 8.4 × 109 was obtained. Another
positively charged polymer poly(diallyldimethylammonium
chloride), PDDA, has been used to assemble AuNPs as a
colorimetric sensor in quantitative analysis of biomolecules
such as proteins.34,35 Xu et al. also utilized PDDA to induce
AuNPs with different size to form chainlike Au aggregates,
which achieved 25-fold enhancement on the TPPL.22

Intrigued by such strategies, herein, we use PDDA to
assemble citrate-stabilized AuNPs forming dense aggregates.
The zeta potential measurement indicates that PDDA−AuNPs
assemblies are positively charged and have the ability to adsorb
the anionic dye molecules RB. By means of time-resolved UV−
visible absorption spectroscopy, the triplet state of RB is
observed to be enhanced by a maximum of ∼10-fold in the
presence of PDDA−AuNPs. The higher enhancement on the
triplet excited state might be mainly caused by the strong
plasmon effect brought by the PDDA−AuNPs aggregates, in
addition to the external heavy atom effect because of the close
proximity between RB and Au particles. These results have
prospect on the applications of AuNPs triplet−triplet (T−T)
annihilation up conversion,36−38 triplet exciton harvesting,4,39

and photodynamic therapy.40,41

■ EXPERIMENTAL SECTION

Materials. Tetrachloroauric acid (HAuCl4·3H2O, ≥99.9%)
was purchased from Sinopharm Chemical Reagent Beijing
Corporation Ltd. Sodium citrate tribasic dihydrate (ACS
Reagent, ≥99.0%) and PDDA solution (average Mw 400 000−
500 000, 20 wt % in H2O) were purchased from Sigma-
Aldrich. RB was purchased from Alfa Aesar. All the reagents
were used without further purification. Ultrapure water (18.2
MΩ cm, Milli-Q water, Millipore) was used in the chemical
synthesis and aqueous solution preparation steps. All glassware
was cleaned by aqua regia solution (HCl/HNO3 = 3:1) and
then rinsed by ultrapure water thoroughly.
Synthesis of AuNPs. The AuNP solution was prepared by

the standard sodium citrate reduction method.42,43 Briefly, 150
mL of tetrachloroauric acid solution was prepared in a 250 mL
flask and brought with boiling and refluxing under vigorous
stirring. Then, sodium citrate dihydrate solution was quickly

added into the flask. The solution was kept boiling and stirring
for 20 min after it turned dark red in a few minutes. After that,
the solution was cooled down to room temperature and
stocked in the dark place. Larger-sized AuNPs were
synthesized by the seed-mediated growth method as reported
elsewhere with some modifications.44 The Au seeds were
prepared as mentioned above. The reaction temperature was
cooled down to 70 °C. Then, 120 mL of AuNPs solution was
extracted and 110 mL of H2O was added. After that, 3.5 mL of
60 mM sodium citrate solution was added and 1 mL of 25 mM
of a HAuCl4 solution was sequentially injected after 2 min. The
reaction was finished in 30 min. This process was repeated
again. After that, the sample (55 mL) was extracted and diluted
by using 51 mL of water and 2 mL of 60 mM sodium citrate.
The process was repeated several times to obtain different-size
AuNPs.

Transmission Electron Microscopy Measurement. The
diameter of different-sized AuNPs was characterized by FEI
Talos F200S transmission electron microscopy (TEM). The
NP sample was prepared by dropping gold solution on the
carbon-coated copper grids and then dried at room temper-
ature.

UV−Vis Absorption Spectroscopy. The absorption
spectra of RB, AuNPs, and their mixtures were measured by
using the UV−vis spectrometer (model U-3900, Hitachi). The
quartz cuvettes with 1 cm thickness were used in experimental
detections. The concentration of RB was fixed at 5 μM. PDDA
repeat units were fixed at 10 and 20 μM respectively. The SPR
absorption intensity was fixed at 0.5 for different-sized AuNPs.
Each mixture was shaken and equilibrated at room temperature
for 1 min to ensure good mixing before the measurement.

Dynamic Light Scattering and Zeta Potential Meas-
urements. To measure the hydrodynamic sizes and zeta
potential of AuNPs, dynamic light scattering (DLS) and zeta
potential measurements were conducted by using a Zetasizer
Nano ZS (Malvern Instruments Ltd., UK) equipped with a 633
nm laser. All the measurements equilibrated with 120 s in 25
°C water. In each measurement, the number of runs and
duration were set automatically.

Time-Resolved UV−Visible Absorption Spectroscopy.
The nanosecond time-resolved laser flash photolysis was used
to measure the decay kinetics of triplet RB and their transient
UV−visible spectra which has been described elsewhere.45 In
brief, an LP980 spectrometer (Edinburgh Instruments, UK) is
synchronized with a commercial Nd:YAG laser (Lab 170,
Spectral Physics Inc.). Laser pulse (532 nm) (1 Hz, fwhm ≈ 7
ns, 20 mJ/pulse) was used to irradiate the sample solution in 1
cm thickness quartz cuvettes. A 150 W pulsed xenon lamp was
used as the probe light. A photomultiplier (PMT) comprising a
monochromator was used to collect the kinetic traces at certain

Figure 1. (a) UV−visible absorption spectra of citrate-stabilized AuNPs. Black line: 15 nm AuNPs, red line: 35 nm AuNPs, and blue line: 50 nm
AuNPs. (b) TEM images of citrate-stabilized AuNPs of three sizes: (A) 15 nm AuNPs, (B) 35 nm AuNPs, and (C) 50 nm AuNPs.
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absorption wavelengths. The transient absorption spectra
range from 350 to 750 nm was detected alternatively by
intensified Andor iStar charge-coupled device camera. The
signals from PMT were recorded by a 100 MHz oscilloscope
(Tektronix, TDS 3012C). The data were analyzed and fitted
by L900 software of the LP980 spectrophotometer. All the
sample solutions were freshly prepared and saturated with
nitrogen for each measurement.

■ RESULTS AND DISCUSSION

Characterization of AuNPs and PDDA−AuNPs As-
sembly. AuNPs with different sizes were synthesized. As
shown in Figure 1a, AuNPs with distinct diameters of 15 ± 2,
35 ± 2, and 50 ± 4 nm exhibit single peak at 519, 524, and 532
nm respectively, which is in good agreement with the previous
study.46 The size of AuNPs is determined by TEM from at
least five randomly selected locations. From Figure 1b, it is
clearly shown that the AuNPs present spherical shape and are

separated from each other. The DLS measurements demon-
strate the hydrodynamic sizes of AuNPs which agree with the
results of UV−vis spectra and TEM measurements (Figure
S1).
The AuNPs are negatively charged with the protection of

excess citrate in the solution. PDDA, a positively charged
polymer, can be utilized to assemble AuNPs, forming the
aggregates through electrostatic interaction.22 Furthermore,
PDDA has no light absorption from the visible to near-IR
range and thus has no interference for spectral detection.22

The color of AuNPs solution turned purple quickly after
adding PDDA, indicating AuNP aggregates have been
formed.22 As shown in Figure 2, the addition of PDDA to
AuNPs solution may cause the decrease of the original SPR
absorption of AuNPs at ∼530 nm, accompanying with a new
spectral band centered at around 650 nm appeared in the UV−
vis spectra.47,48 According to the previous results, the longer
wavelength peak at 650 nm is interpreted as arising from

Figure 2. UV−visible absorption spectra of AuNPs. (a,d) 15 nm AuNPs; (b,e) 35 nm AuNPs; (c,f) 50 nm AuNPs. Black line: AuNPs; red line: RB;
blue line: PDDA−AuNPs; and green line: RB with PDDA−AuNPs. The concentrations of repeat units PDDA were 10 μM for (a−c) and 20 μM
for (d−f), respectively. The asterisk in the figure represents the plasmon band of the AuNPs aggregates.

Figure 3. TEM images of PDDA−AuNPs. (a,d) 15 nm AuNPs; (b,e) 35 nm AuNPs; (c,f) 50 nm AuNPs. The concentration of repeat units PDDA
was 10 μM for (a−c) and 20 μM for (d−f), respectively.
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longitudinal resonance absorption similar to the gold nanorods
in the case of chainlike aggregation of the individual NPs. The
shorter wavelength band at ∼530 nm is associated with the
transverse modes of the chain structures with slight red shift
relative to initial single particle resonance.7,21,22 Furthermore,
TEM measurements also demonstrate that PDDA successfully
assemble AuNPs-forming AuNP aggregates (Figure 3). From
Figure 3, it is obvious that the degree of 15 nm AuNP
aggregates assembled by PDDA is much larger than 35 and 50
nm AuNPs. The extent of AuNP aggregation can be also
reflected by the UV−vis spectra, where larger aggregates have a
broader aggregation plasmon peak.49,50 As shown in Figure 2a
compared with 2b,c, the 650 nm plasmon band of the
aggregates is much broader which looks like an offset from the
baseline because much larger aggregates are obtained for the
15 nm AuNP assembled by PDDA. Additionally, the scattering
effect of AuNP aggregates assembled by PDDA could also
contribute to the much broader plasmon band from 600 to 800
nm.1 After adding PDDA into isolated AuNPs solution, the
hydrodynamic sizes of AuNPs became larger and size
distribution became broader. These phenomena demonstrate
further the AuNP aggregate formation which is in agreement
with the UV−vis spectra and TEM image (Figure S2).
To ensure the anionic dye and the commonly used

photosensitizer, RB, to be adsorbed by the AuNPs aggregates,
zeta potential measurements were performed and the results
are listed in Table 1. Adding PDDA into the citrate-stabilized

AuNPs, zeta potential changed from a negative value to a
positive value. The positively charged PDDA−AuNPs
assembly can thus allow for the adsorption of anionic
molecules. While adding RB into the PDDA−AuNPs, zeta
potential of PDDA−AuNPs decreased, which confirms that RB
molecules are adsorbed to the PDDA−AuNPs because of
electrostatic attraction. On the contrary, for the citrate-

stabilized AuNPs, RB molecules could not be adsorbed as
indicated by the more negative zeta potential of AuNPs after
the addition of RB (Table 1). This is understandable because
of electrostatic repulsion between the citrate-stabilized AuNPs
and the anionic dye RB.

Triplet Excited State Enhancement by PDDA−AuNPs.
According to the ground-state UV−vis spectra (Figure 2), the
PDDA−AuNPs has no enhancement effect on the absorption
of the ground state of RB. After deducting the absorption
intensity of PDDA−AuNPs (blue line) from that of PDDA−
AuNPs−RB (green line), the absorption intensity of RB in the
presence of AuNPs is obtained, which is nearly unchanged
compared to that of RB alone. There is no evidence showing
that the plasmon acts as an antenna to enhance the absorption.
Upon 532 nm laser irradiation, RB is pumped to the singlet

excited state and further populated to the triplet excited state
via ISC. The triplet state of RB was then monitored by
nanosecond time-resolved UV−vis absorption spectroscopy as
shown in Figure S3. In the transient spectra (Figure 4a), the
negative peak at 540 nm is ascribed to the ground-state
bleaching of RB. It is obvious that the triplet RB has very broad
and flat T−T absorption from 380 to 750 nm in the spectra,
with three resolved small peaks at 380, 465, and 590 nm. The
spectral feature here agrees with the previous results.51

Additionally, these transient features can be effectively
quenched by molecular oxygen through T−T energy transfer
(TTET) (Figure S4), further confirming the assignment of the
triplet excited state of RB. For the 532 nm excitation of AuNPs
alone, neither the isolated nor the PDDA-aggregated AuNPs
display any signal in the ns transient spectra because the
ultrafast photophysical processes of AuNPs have completed in
ns and longer time scale.52 This provides a neat background.
In the presence of 15 nm citrate-stabilized AuNPs, there is

almost no enhancement effect on the triplet excited state of
RB, as seen by the red line and black line in Figure 4a. For RB
in the presence of PDDA−AuNPs assembly (the repeat unit
concentration of PDDA is 20 μM), the triplet state signal of
RB is greatly enhanced as can be seen from the blue line of
Figure 4a at initial time delay (50 ns). The negative band of
ground state bleach is superimposed on the top of the
enhanced signal of the triplet state. The whole T−T absorption
spectra of RB span from 380 to 750 nm, which are remarkably
broad and overlap mostly with that of the ground state
bleach.51 Under the AuNPs interaction, the triplet signal of RB
is enhanced in the whole spectra range during the initial several
hundred nanoseconds after laser excitation. Only at long delay
times (>300 ns) after the complete decay of the enhanced

Table 1. Zeta Potential (mV) for AuNPs, PDDA−AuNPs
Assembly at Two Concentrations of PDDA (10 and 20 μM),
and for AuNPs or PDDA−AuNPs after Adding RB

PDDA concentration (μM) 0 10 20

15 nm AuNPs −28.1 3.19 6.98
15 nm AuNPs−RB −33.5 −11.65 3.7
35 nm AuNPs −32.7 11.05 11.85
35 nm AuNPs−RB −34.8 1.24 7.78
50 nm AuNPs −20.7 12.35 13.25
50 nm AuNPs−RB −36.3 1.96 7.81

Figure 4. (a) Transient UV−vis absorption spectra of 5 μM RB (black line), RB in 15 nm AuNPs (red line) and RB in the PDDA−AuNPs (blue
line), and time delay 50 ns after 532 nm laser excitation. (b,c) Decay kinetics of transient absorption at 590 nm for the triplet excited states of RB at
1.5 μs short time scale (b) and 200 μs long time scale (c).
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triplet signals (Figure S5), the negative peak of ground state
bleach becomes clear in the transient spectra.
To quantitatively evaluate the triplet state enhancement

factor, characteristic kinetics curves of the triplet peak of RB at
590 nm were measured (Figure 4b), where the triplet signal is
not mixed with ground state bleach. Interestingly, in the
presence of the PDDA (20 μM)−AuNPs (15 nm), the initial
triplet signal intensity of the RB is significantly enhanced
compared to that in the absence of AuNPs or in the presence
of citrate-stabilized AuNPs, as shown in Figure 4b. The
enhancement factor is ∼10-fold, which is larger than previous
results (2−3 times).27,28

It should be noted here that because of the overlap of the
ground state bleach with the triplet-state absorption of RB, the
ground-state bleach kinetics alone could not be obtained. The
transient signal of the negative peak at 540 nm comprises the
signals of both the triplet and ground states. In the presence of
PDDA−AuNPs, the ground-state bleach signal is mostly
buried by the enhanced positive triplet signal, which makes
the initial 300 ns kinetics of 540 nm resemble that of the 590
nm. After the decay of the enhanced triplet signal is complete
(>300 ns), the kinetics of 540 nm starts to show the recovery
of ground state bleach, which matches with the slow triplet
decay kinetics of 590 nm (Figure S6). The slow phase (>300
ns) kinetics simply correspond to RB molecules unabsorbed
and thus not interacted by AuNPs as described below.
At longer time scale of 200 μs as shown in Figure 4c, in the

absence of AuNPs, the decay curve of RB can be fitted by a
single exponential function and the triplet lifetime is ∼124 μs
(black line). A similar temporal curve (red line) is obtained for
the RB in the citrate AuNPs, meaning that the citrate AuNPs
has no evident effect on the triplet state of RB. When adding
RB into the PDDA (20 μM)−AuNPs (15 nm), biexponential
fitting is required to illustrate the decay kinetics, which is
composed of the short decay lifetime component of ∼104 ns as
shown in Figure 4b and the long-time decay lifetime of ∼120
μs. The short decay component accompanied by ∼10-fold

enhancement of the triplet should correspond to the RB
molecules that are truly brought into the proximity of AuNPs.
The longer lifetime of ∼120 μs is similar to triplet lifetime of
free RB which should then correspond to the RB molecules
not in the vicinity of AuNPs.

Mechanism of the Enhancement Effect on Triplet by
PDDA−AuNPs. Upon 532 nm laser excitation, the plasmon of
metal NPs is excited and then affects the excited state process
of nearby molecules, which can result in the enhancement of
singlet excited state populations and then further populating to
triplet excited state via ISC. The interparticle distance of
AuNPs becomes shorter due to aggregation, which can
promote the generation of higher order collective plasmonic
resonance between neighboring NPs. The plasmonic reso-
nance resulted from near field of AuNPs is inversely
proportional to d3, where d is the distance between closely
spaced NPs.53 Owing to the intense interparticle coupling,
aggregated metal NPs can form extremely intense electro-
magnetic field called “hot-spots” which can greatly influence
the excitation of adjacent molecules.9,11,54,55

When adding RB into the citrate AuNP, no aggregation
happened because of the electrostatic repulsion between
anionic RB and AuNP. In this case, AuNPs are isolated and
there is no interparticle plasmon coupling. Moreover, RB
cannot be adsorbed to the surface of AuNP because of
electrostatic repulsion. This explains why the triplet state of RB
in citrate AuNP cannot be enhanced.
In contrast, the PDDA-assembled AuNPs (15 nm) display

obvious enhancement effect (∼10-fold) for the triplet signal of
RB. This is probably because of the formation of dense
aggregates in this case. As shown in Figures 2d and 3d, there is
a strong aggregation peak at ∼650 nm and apparent dense
AuNPs aggregates being observed. Hence, there should be
strong interparticle coupling, and RB adsorbed in the
interparticle range will be effectively modulated by strong
plasmonic field, leading to triplet state enhancement. More-
over, there could be an external heavy atom effect of Au

Figure 5. Triplet kinetic curves of RB adsorbed on PDDA−AuNPs. (a) RB in the 15 nm AuNP aggregates assembled by 10 μM PDDA; (b) RB in
the 35 nm AuNP aggregates assembled by 10 μM PDDA; (c) RB in the 50 nm AuNP aggregates assembled 10 μM PDDA; (d) RB in the 15 nm
AuNP assembled induced by 20 μM PDDA; (e) RB in the 35 nm AuNP aggregates assembled by 20 μM PDDA; (f) RB in the 50 nm AuNP
aggregates assembled by 20 μM PDDA. In each graph, black lines represent the triplet decay kinetics of RB (5 μM); red lines represent the triplet
decay kinetics of RB in AuNPs; blue lines represent the triplet decay kinetics of RB in the PDDA−AuNPs.
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particle affecting RB molecules in proximity. However, if the
heavy atom effect dominates the triplet enhancement but not
the plasmonic effects, the enhancement factor should have no
relationship with the extent of AuNP aggregation assembled by
PDDA. According to our experiment results, the triplet
enhancement factor is quite sensitive to the extent of AuNP
aggregation assembled by PDDA. Therefore, the plasmon
effect mainly contributes to the triplet state enhancement and
the heavy atom effect should be minor.
In principle, the plasmonic effect of AuNPs can accelerate

the ISC from S1 to T1, resulting in the enhanced triplet
formation yield.37 Although the enhanced S1 to T1 rate could
not be observed in the ns time range, we see the accelerated
ISC process of T1 to S0, as manifested by the dramatically
shortened decay component (∼104 ns) accompanied with
∼10-fold triplet signal enhancement. This gives clear evidence
for the acceleration of ISC by AuNP plasmon. Meanwhile, the
enhancement of the cross section for T−T absorption cross
section may also contribute to the enhanced triplet signal.
Interestingly, when the different size of AuNPs was

assembled by PDDA, a different enhancement effect was
observed (Figure 5). When using PDDA (repeat unit
concentration of 20 μM) to assemble AuNPs of 15, 35 and
50 nm, as shown in Figure 5d−f, there is a decreased
enhancement factor of the triplet state from 15 nm (10 fold),
to 35 nm (6 fold), and 50 nm (2.4 fold).
This seems to be related to the capability of PDDA in

assembling different sizes of AuNPs. As shown in Figures 2e,f
and 3e,f, as the size of AuNPs increases from 15 nm, to 35 nm,
and 50 nm, the AuNP aggregation peak intensity at ∼650 nm
decreases and TEM shows a loose structure of AuNPs
aggregates. Therefore, less interparticle coupling is formed
for larger AuNPs assembled by PDDA and there is less
enhancement effect.
Meanwhile, the overall enhancement effect on the triplet

state of RB is the balance of enhancement and quenching by
the adjacent AuNPs.26,28 The increased formation of the triplet
excited state of RB can be observed just in the situation when
the enhancement effect is stronger than the quenching effect.
The larger quenching effect for larger AuNPs should be
another factor that renders the less enhancement triplet effect
from larger AuNPs assembled by PDDA. As shown in Figure 5,
the triplet signal of RB in the presence of AuNPs is slightly
weaker than that of RB itself, meaning less formation of triplet
RB initially. This quenching is more obvious for the larger size
of AuNPs (50 nm) and does not affect the decay dynamics,
indicating it is some sort of static effect, most likely, because of
the shielding of RB molecules by the large 50 nm AuNPs
which reduces the number of molecules excited by the laser
and probed by the xenon lamp. Therefore, to obtain higher
enhancement factors on the triplet excited state, it is necessary
to consider the appropriate NP size and its surface property.
Additionally, the influence of PDDA concentration is also

considered. On adding 5 μM PDDA in 15 nm AuNPs solution,
the zeta potential of PDDA−AuNPs still displays a negative
value. The anionic RB could not be effectively adsorbed in the
vicinity of AuNPs because of electrostatic repulsion, and there
is no triplet state enhancement by AuNPs being observed. The
triplet state enhance factor could reach 6.5- and 10-fold after
the addition of 10 and 20 μM PDDA into the 15 nm AuNPs
solution, respectively, as shown in Figure 5a,d. For the small
size of AuNPs, larger concentration of PDDA is more suitable
to assemble AuNPs forming aggregates. As shown in Figure 2d,

there is a stronger aggregation peak at 650 nm and denser
aggregate structure observed for 20 μM PDDA-assembled
AuNPs (15 nm). For the larger size of AuNPs (35 or 50 nm),
it appears that smaller concentration of PDDA (10 μM) is
favorable for the formation of AuNPs aggregates, as shown by
the stronger peak at 650 nm in Figure 2b,c compared to 2e,f.
This can also be seen by the TEM image in Figure 3b,c
compared to 3e,f. These results explain the decrease of the
triplet state enhancement factor from 8.5- to 6-fold after the
addition of 10 and 20 μM PDDA into 35 nm AuNPs solution
(Figure 5b,e).
In general, both the AuNPs size and the PDDA

concentration can affect the degree of aggregation, while the
degree of AuNP aggregation is closely related to the triplet
enhancement factors. The polymer has both the effects of
flocculation that promotes aggregation and steric stability that
prevents aggregation. For the smaller particle size of 15 nm
AuNPs with a larger surface area, larger concentration PDDA
to neutralize surface charge of AuNPs are favorable for the
formation of higher degree of AuNP aggregates. For the larger
size AuNPs with a smaller surface area, smaller concentration
of PDDA is needed to neutralize surface charge of AuNPs.
Further addition of PDDA then has the steric stability effect
that prevents aggregation. Therefore, higher concentration of
PDDA is not beneficial for the formation of aggregates for the
larger size of AuNPs. These observations provide insights for
guiding the practical regulation of NP aggregation by the
polymer, which is a useful strategy enhancing the AuNPs
plasmon effect.
As indicated above, the formation of AuNP aggregates upon

the addition of a positively charged polymer PDDA is the most
important factor for the enhancement of the triplet state of dye
molecules adjacent to the AuNPs. The PDDA can well regulate
the formation of aggregates such that a higher enhancement
effect of AuNP plasmon has been achieved. This is in contrast
to previous results,27,28 where only 2−3 times of the triplet
state enhancement effect was displayed for the cationic dye
molecules (methylene blue) adsorbed by the citrate coated
AuNPs. Obviously, the simple increasing of the dye molecule
interaction with the AuNPs due to a change in surface charge
cannot have a large enhancement effect. Our findings point to
the possibilities of using polymer assembled AuNPs to enhance
the triplet state formation, which is the key transient governing
many spectroscopic and energy transformation processes.

■ CONCLUSIONS
In this work, water soluble cationic polymer PDDA is applied
to assemble the AuNPs forming aggregates (PDDA−AuNPs).
After adding PDDA, the zeta potential of PDDA−AuNPs is
obviously changed, indicating the adsorption of anionic dye
molecule RB onto AuNPs through electrostatic attraction. The
triplet formation of RB upon 532 nm pulsed laser excitation
was directly monitored by means of time-resolved UV−visible
absorption spectroscopy. Maximum ∼10 fold enhancement
effect on the triplet formation of RB is obtained. The large
enhancement should be resulted from the PDDA−AuNPs
aggregation mainly through the plasmon effect. Additionally, it
is found that the triplet state enhancement effect of PDDA-
assembled AuNPs is sensitive to the concentration of the
polymer and the size of AuNPs. As the size of AuNPs increases
from 15 nm, to 35 nm, and 50 nm, there is a decreased
enhancement effect because the larger size AuNPs are less
densely assembled by PDDA and there are less interparticle
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coupling. Meanwhile, for the small size of AuNPs, larger
concentration of PDDA is more suitable to assemble AuNPs
forming aggregates and thus displays a larger enhancement
effect. These findings reveal the strong interaction of plasmon
affecting the triplet excited state population dynamics. Plenty
of new applications can thus be enabled using the polymer-
assembled AuNP aggregates on TTET, triplet exciton
harvesting and photodynamic therapy, and so forth.
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