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ABSTRACT: Plasmon coupling is known to enhance the two-photon excitation photoluminescence of metal nanoparticles
significantly. Here, Au and Ag nanospheres of different sizes were prepared to systematically investigate the effects of particle size
on plasmon coupling enhanced two-photon excitation photoluminescence. An oppositely charged polyelectrolyte,
poly(diallyldimethylammonium chloride) (PDDA), was used to induce the coupling of Au and Ag nanospheres. The two-
photon excitation photoluminescence enhancement factor was found to first increase and then decrease with the increasing
particle size for both Au and Ag nanospheres. Optimum enhancement factors of 25-fold and 14-fold were obtained for coupled
55-nm Au nanospheres and 50-nm Ag nanospheres, respectively. The coupled Au and Ag nanospheres displayed two-photon
action cross sections of up to 9 × 104 GM per particle (where 1 GM = 10−50 cm4 s/photon). Similar to Ag nanoparticles, Au
nanoparticles also displayed large coupling induced enhancement of two-photon excitation photoluminescence. Considering
their excellent biocompatibility, high inertness, and easy preparation, Au nanoparticles are expected to find many new
applications in two-photon biosensing and bioimaging.

KEYWORDS: metal nanoparticles, plasmon resonance, two-photon excitation photoluminescence, size dependence,
fluorescence enhancement, multiphoton excitation

■ INTRODUCTION

Metal nanoparticles (NPs), such as Au and Ag, have found wide
applications in various fields such as biosensing,1 bioimag-
ing,2−5 electronics, and nonlinear optics,6−9 because of their
unique optical properties known as surface plasmon resonance
(SPR). SPR arises from the collective oscillation of conduction
band electrons and is sensitive to size, shape, and the
surrounding medium environment of the metal NPs.10−14 In
addition, SPR can also be tuned by plasmon coupling of closely
spaced metal NPs. The plasmon coupling can lead to red-
shifted SPR bands and dramatically enhanced local electrical
fields within the gap region.15 The intense local field
enhancement has been widely utilized to amplify the
fluorescence, surface-enhanced Raman scattering (SERS),
second-harmonic generation (SHG), and two-photon excita-
tion photoluminescence (TPPL) properties of various materi-
als.2,16−25

Two-photon excitation is important for many applications
such as bioimaging, sensing, and phototherapy. Two-photon
excitation based applications have many unique advantages over
the traditional one-photon counterparts, such as three-dimen-
sional (3D) selectivity, reduced photobleaching, and deep
penetration into biological tissues.26−28 TPPL from metal NPs
is initiated by the excitation of electrons from the d-valence
band to the sp-conduction band via two-photon absorption,
followed by intraband scattering relaxation of the excited
electron to the states near the Fermi surface before electrons
and holes recombine radiatively.19,29,30 Au and Ag NPs are
generally considered to be nonfluorescent, because of their low
quantum efficiency. The emission quantum efficiency of Au and
Ag nanospheres were reported to be on the magnitude of 10−6
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and 10−3, respectively.13,31 Although they are poor light
emitters under one-photon excitation, Au and Ag nanorods,
and coupled Au or Ag nanostructures were found to exhibit
strong emission under two-photon excitation.32,33 The
longitudinal SPR band of these nanostructures provides
enhanced local field as well as an intermediate state, which
enhances two-photon excitation processes. These longitudinal
plasmon modes are located in the near-IR region, coincident
with the biological transparency window, which makes metal
NPs attractive agents for in vivo biosensing, bioimaging, and
phototherapy.2−5,33,34

Our group has previously reported significantly enhanced
TPPL in coupled Ag NPs. The enhancement was ascribed to
enhanced two-photon excitation, owing to formation of a
longitudinal plasmon mode and enhanced local field at the
excitation wavelength. The plasmon-coupling-enhanced TPPL
of Ag NPs was further utilized to develop a new two-photon
sensing platform for mercury detection with improved
sensitivity and selectivity compared to the conventional
colorimetric method.34 Compared to Ag NPs, Au NPs are
more attractive for biological applications, because of their low
cytotoxicity and high inertness to the biological environment.
In our previous work, 13-nm Au nanospheres (NSs) displayed
much lower coupling-induced enhancement, compared to that
of 37-nm Ag NSs.32 Previous single-particle scattering studies
revealed that local field enhancement was strongly dependent
on the particle size and interparticle spacing.35,36 Herein, we
systematically investigated the influence of particle size on the
coupling-induced TPPL enhancement. Au NSs of eight
different sizes (from 20 nm to 120 nm) and Ag NSs of five
different sizes (from 15 nm to 100 nm) were prepared to
investigate the particle-size-dependent enhancement effects. A

positively charged polyelectrolyte, poly(diallyldimethyl-
ammonium chloride) (PDDA), was used to induce the
coupling of negatively charged Au and Ag NSs. The results
show that Au NPs displayed similar TPPL enhancement
magnitude as Ag NPs. These studies are expected to provide
useful insight on improving TPPL enhancement of metal NPs
and their practical applications such as bioimaging and sensing.

■ EXPERIMENTAL SECTION
Materials. Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%),

silver nitrate (AgNO3, 99.9%), poly(diallyldimethylammonium
chloride) (PDDA, Mw 400 000−500 000, 20 wt % in H2O) were
purchased from Sigma−Aldrich. Trisodium citrate dihydrate (99%)
was purchased from Fluka. Ascorbic acid was purchased from Alfa
Aesar. All regents were analytical grade and used as received without
further purification. All aqueous solutions were prepared in deionized
water.

Preparation of Au Nanospheres (Au NSs). Au NSs were
prepared following a kinetically controlled seeded growth strategy via
reduction of HAuCl4 by trisodium citrate.37 Briefly, 2.2 mM trisodium
citrate solution (37.5 mL) was heated to boiling under vigorous
stirring, followed by the injection of a 25 mM HAuCl4 solution (250
μL). The gold seeds were obtained when the solution color turned
wine-red. Once the seed solution was cooled to 90 °C, 0.25 mL of 25
mM HAuCl4 solution was injected and the reaction was allowed to
proceed for 30 min. This step was repeated twice. The solution was
then diluted by adding 13.25 mL of deionized water and 0.5 mL of 60
mM trisodium citrate into 13.75 mL of the sample solution. This
diluted solution was used as a seed solution to obtain Au NSs of
different sizes by controlling the number of repeating steps.

Synthesis of Silver Nanospheres (Ag NSs). Ag NSs were
prepared by chemical reduction of silver nitrate using ascorbic acid.38

Briefly, 10 mg AgNO3 and 30 mg trisodum citrate were dissolved in 50
mL of deionized water. 10, 20, 100, 500, or 1000 μL of 0.1 N NaOH

Figure 1. (A, B) Normalized extinction spectra and (C, D) TEM images of isolated Au NSs (panels A and C) and Ag NSs (panels B and D) of
different sizes.
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was added under stirring. Ten milliliters (10 mL) of solution
containing 20 mg of ascorbic acid was then added dropwise. The
mixture solution was stirred for another 1 h to obtain Ag NSs of
different sizes.
Instrumentations and Characterizations. Transmission elec-

tron microscopy (TEM) images of nanoparticles were taken from a
Philips Model CM10 TEM microscope (at an accelerating voltage of
100 kV). Ultraviolet−visible (UV−vis) extinction spectra were
measured by using a Shimadzu Model UV-2550 spectrophotometer.
The two-photon excitation photoluminescence measurements were
performed using an Avesta Model TiF-100 M femtosecond (fs)
Ti:sapphire oscillator as the excitation source. The output laser pulses
have a central wavelength of 820 nm, with a pulse duration of 80 fs and
a repetition rate of 84.5 MHz. The laser beam was focused onto the
samples using a lens with a focus length of 3.0 cm. The emission was
collected at an angle of 90° to the direction of the excitation beam, to
minimize the scattering. The emission signal was directed into a CCD
(Princeton Instruments, Model Pixis 100B) coupled monochromator
(Acton, Model Spectra Pro 2300i) with an optical fiber. A 750-nm
short pass filter was placed before the spectrometer to minimize the
scattering from the excitation light.

■ RESULTS AND DISCUSSION

Au NSs of eight different sizes (average diameters of 20, 30, 40,
55, 80, 95, 110, and 120 nm) and Ag NSs of five different sizes
(average diameters of 15, 30, 50, 75, and 100 nm) were
prepared to investigate the particle-size-dependent enhance-
ment effects. Their extinction spectra and TEM images are
shown in Figure 1. The obtained Au NSs (Figure 1c) are
uniform with quasi-spherical shapes. Ag NSs (Figure 1D) have
relative broader size distributions. As the particle size increases,
the surface plasmon resonance (SPR) band of both Au and Ag
NSs gradually shifted to red, accompanied with spectra
broadening. The SPR band maximum changed from 523 to
594 nm for Au NSs as the particle size increased from 20 nm to
120 nm, and from 389 nm to 506 nm for Ag NSs as the particle
size increased from 15 nm to 100 nm. The shoulder at 400 nm
in the extinction spectra of 75- and 100-nm Ag NSs is the
characteristic quadrupole SPR mode, which is typical for large-
sized nanoparticles.37,39

A positively charged polyelectrolyte, PDDA, was employed
to induce the coupling of negatively charged metal NPs, which
is due to electrostatic interaction. PDDA is a saturated polymer

Figure 2. (A, B) UV−vis extinction spectra and (C, D) TEM images of 55-nm Au NSs (panels A and C) and 50-nm Ag NSs (panels B and D) in the
presence of 1.25 μM of PDDA; The molecular structure of PDDA is shown in the middle of the figure.

Figure 3. Two-photon excitation photoluminescence spectra of (A) 55-nm Au NSs and (B) 50-nm Ag NSs, in the presence of different amounts of
PDDA.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am301121k | ACS Appl. Mater. Interfaces 2012, 4, 4746−47514748



that has no absorption in the visible to near-IR range, which
excludes the possible complications that are due to potential
resonant interactions between the metal NPs and polymers. All
the nanoparticles were centrifuged to remove the excess sodium
citrate then diluted to an extinction maxima of 0.5 before the
addition of PDDA. Upon the addition of oppositely charged
PDDA, the metal NPs solution rapidly changed the color,
indicating the formation of aggregates. The TEM images
indicated the formation of chainlike nanoaggregates. All the
samples displayed similar trends after the addition of PDDA
(see the Supporting Information) and the results of 55-nm Au
NSs and 50-nm Ag NSs are presented for illustration purposes
(Figure 2). The aggregation was induced by the electrostatic
interactions between the negatively charged metal NPs and the
positively charged PDDA. The resulted plasmon coupling was
confirmed by their extinction spectra (see Figures 2A and 2B).
The addition of PDDA resulted in a decrease in the original
SPR band of Au and Ag NPs, accompanied by the appearance
of a new SPR band at the longer wavelength range. The new
SPR band at longer wavelength further shifted to red gradually
with the increasing concentration of PDDA. This new SPR
band corresponds to the longitudinal SPR mode along the long
axis of coupled nanostructures. The further red-shifted
longitudinal bands indicate the formation of aggregates with
increasing length.
TPPL spectra of Au and Ag NPs before and after the

addition of PDDA were measured by using 820-nm fs laser
pulses as the excitation source. Figure 3 shows the
representative TPPL spectra of 55-nm Au NSs and 50-nm Ag
NSs in the presence of different amounts of PDDA. The TPPL
spectra of all Au and Ag NPs were rather broad, because of the
formation of aggregates with a wide size distribution. The
TPPL intensity of the coupled nanoparticles steadily increased
upon the gradual addition of PDDA and became saturated as an
excess amount of PDDA was added (see Figures S3 and S4 in
the Supporting Information). A maximum enhancement of 25-
fold was obtained for coupled 55-nm Au NSs and 14-fold for
coupled 50-nm Ag NSs. The enhanced TPPL could be
explained as a result of increased extinction at the excitation
wavelength, as plasmon coupling in the aggregated metal NPs
results in the formation of a strong longitudinal band that is
resonant with the excitation wavelength. This new longitudinal
band provides an intermediate state that greatly promotes two-
photon excitation processes.34 On the other hand, the
enhanced local electric field near the excitation wavelength
due to plasmon coupling also contributes to the enhanced
TPPL. Increasing concentration of PDDA results in the

formation of more coupled nanostructures and increased
extinction in the near-IR range, consequently enhancing the
two-photon absorption efficiency at the excitation wavelength.
This is consistent with the previous calculation by Bouhelier et
al. that the field enhancement maximum coincides with the
plasmon resonance of a gold nanoparticle dimer.40 In addition
to the broad TPPL, a strong sharp peak was also observed at
410 nm in the Ag samples, which is due to enhanced second-
harmonic generation (SHG) of the aggregated nanostructures.
The enhancement in SHG is much larger in Ag NPs, compared
to Au NPs. The enhanced SHG can also be ascribed to an
enhanced local field and increased asymmetry after particle
coupling. Detailed discussion of the SHG is beyond the scope
of this paper and will not be further pursued here.
Figure 4 shows the maximum TPPL enhancement factors

versus the particle size for both Au and Ag samples. As the size
of isolated nanoparticles increased, the TPPL enhancement
factor of coupled nanoparticles increased first and then
decreased for both Au and Ag NSs. The optimum size for
TPPL enhancement was found to be 55 nm for Au NSs (with a
maximum enhancement factor of 25-fold) and 50 nm for Ag
NSs (with a maximum enhancement factor of 14-fold). The
lower enhancement factor for PDDA-induced Ag nano-
aggregates than the previously reported conjugated polymer-
induced Ag nanoaggregates32 is likely due to the different
extent of coupling and possible resonant interactions between
conjugated polymers and metal NPs. The size-dependent
enhancement factor can be understood from two different
aspects: first is the size-dependent electric field enhancement;
second is the change in extinction at the excitation wavelength
(820 nm). It is known that plasmon-induced electric field is
size-dependent and will increase for larger nanoparticles for a
fixed junction width.41 In addition, the near fields extend
further out from the metal and cause stronger plasmon
coupling and larger electric field enhancement, as the size of
metal particle increases.38 However, the particle radiative
damping rate increases with particle size, which leads to a
large broadening of the plasmon line at the largest nanoparticle
sizes studied (as evidenced by the extinction spectra shown in
Figures 1A and 1B). The increase of radiation damping implies
an increased dephasing of the coupled plasmon mode and thus
tends to decrease the local field enhancement in the space
between the particles.42 The electric field and TPPL enhance-
ment factor are thus expected to first increase with the particle
size and then decrease for very large metal nanoparticles. On
the other hand, as the particle size increases, the coupled
nanoparticles show a larger increase at the excitation wave-

Figure 4. Size-dependent TPPL enhancement factors for (A) coupled Au NSs and (B) coupled Ag NSs.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am301121k | ACS Appl. Mater. Interfaces 2012, 4, 4746−47514749



length, which provides more intermediate states to promote
two-photon excitation processes. However, if the particle size is
too big, the tail of the plasmon resonance of isolated
nanoparticles starts to overlap with the excitation wavelength;
consequently, the isolated nanoparticles themselves starts to
display strong TPPL background (see Figures 5A and 5B),
resulting in reduced enhancement factors in the coupled
nanostructures.
The aggregation-induced TPPL enhancement could be

utilized in two-photon excitation imaging and sensing.34 Two-
photon excitation-based applications have many unique
advantages, such as three-dimensional (3D) selectivity, reduced
photobleaching, and deep penetration into biological tissues.
The wide applications of these techniques require high
brightness under two-photon excitation. TPPL brightness is
generally quantitatively characterized by two-photon action
cross section (φ2p= σ2p × η), where σ2p is the two-photon
absorption cross section and η is the emission quantum
efficiency. The applications of two-photon techniques have
been limited by the small two-photon action cross sections of
small organic molecules. The two-photon action cross section
of these coupled metal nanoparticles was calculated using Au
nanorods with an aspect ratio of 4 (φ2p = 30 000 GM at 820
nm) as the reference.43 [Note: 1 GM = 10−50 cm4 s/photon.]
Both isolated and coupled Au and Ag NPs exhibited increasing
φ2p values with the increasing particle sizes, as shown in Figure
5. The two-photon action cross section of isolated 120-nm Au
NSs and 100-nm Ag NSs were determined to be 1.8 × 104 and
1.4 × 104 per particle, comparable to that of Au nanorods. The
two-photon action cross section of coupled 120-nm Au NSs
and 100-nm Ag NSs reached up to 9.1 × 104 and 7.8 × 104 per
NS. Considering that the formed nanoaggregates have a wide
distribution of different sizes and structures, the optimum
structures are expected to have even larger two-photon action
cross sections, which will motivate us to search for

nanostructures with extremely high two-photon absorption
cross sections and explores their potential applications. The
huge two-photon action cross sections of aggregated metal
nanostructures are expected to open many new pathways for
developing two-photon-based applications.
In summary, the two-photon excitation photoluminescence

(TPPL) of Au and Ag NSs was found to be significantly
enhanced upon coupling induced by PDDA. The TPPL
enhancement factors were determined to increase first and
then decrease as the particle size increased for both Au and Ag
NPs. The highest TPPL enhancement was obtained for coupled
55-nm Au NSs and 50-nm Ag NSs, with enhancement factors
of 25- and 14-fold, respectively. The coupled Au and Ag NPs
displayed two-photon action cross sections of up to 9 × 104

GM per particle. Similar to Ag nanoparticles, Au NPs also
displayed large coupling induced TPPL enhancement. Consid-
ering their excellent biocompatibility, high inertness, and easy
preparation, Au NPs are expected to find many new
applications in two-photon biosensing and bioimaging to fully
take unique advantage of the two-photon excitation.
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(37) Bastuś, N. G.; Comenge, J.; Puntes, V. Langmuir 2011, 27,
11098−11105.
(38) Zhang, J.; Fu, Y.; Chowdhury, M. H.; Lakowicz, J. R. J. Phys.
Chem. C 2007, 112, 18−26.
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