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Investigations on optical and dielectric properties of hybrid ultrathin layer-by-layer (LbL) films of gold
nanoparticles (AuNPs) and polyelectrolytes under different pH conditions resulted in surface plasmon resonance
(SPR) signal enhancement under attenuated total reflection (ATR) spectroscopy conditions. Theoretical
considerations on the basis of the Maxwell-Garnett theory were made to compare with experimental results.
LbL films with different layer architectures were fabricated from AuNPs and two polyelectrolytes: poly(allylamine hydrochloride) (PAH) and poly(styrene sulfonate) (PSS) on Au and Ag thin film substrates for
ATR. UV-vis spectroscopy and SPR spectroscopy were applied to study LbL film growth and monitor SPR
shift upon pH switching. The (PAH/AuNPs)x multilayers showed an interesting dual-responsive SPR change
as a function of pH and distance between AuNP layers and metal film. The addition of (PAH/PSS)y layers
was found to act as an effective cushion to enhance this SPR response due to the significant swelling/shrinking
of the film. In the case of [(PAH/PSS)y + (PAH/AuNPs)x], both theoretical calculations and experimental
results showed that the SPR response can either (a) move toward lower incident angle with a sharp peak
shape upon swelling in pH ) 2 or (b) shift to a higher angle with a broadened peak shape after contraction
in pH ) 10. This effect was found to be opposite to what is expected from LbL films made up of the
polyelectrolytes alone. Moreover, increasing the distance between AuNPs and the metal films also decouples
this enhancement effect. A two-wavelength experiment (red and green lasers) was used to quantitatively
demonstrate this SPR response to pH switching. Finally, SPR imaging was employed to monitor the SPR
change with pH switching between 2 and 10 on the [(PAH/PSS)4 + (PAH/AuNPs)2] film. Thus, on the basis
of the SPR spectroscopic and SPR imaging pH response, a reproducible and stable sensing system can be
successfully fabricated with these films.

Introduction
The optical properties of gold nanoparticles (AuNPs) are of
great interest for nanoscale science and practical sensing
applications.1 The fabrication of three-dimensional arrays of
AuNPs on flat substrates or thin films can be employed to tune
and manipulate their optical properties. This also allows for
characterization using surface sensitive spectroscopic and
microscopic analytical methods. Because the excitation of
surface plasmons (SP) at the surface can largely enhance the
local optical field, they also have the potential for sensor
applications.2 Recently, Minko and co-workers have reported a
nanosensor on the basis of the swelling-shrinking effect of
polymer brushes, poly (2-vinylpyridine) (P2VP) with AuNPs.3
Due to the thickness change of the polymer brushes induced
by pH change, the surface plasmon absorption bands significantly shifted due to the aggregation properties of the AuNPs.
More recently, Sugimoto and co-workers have also shown a
film swelling property with AuNPs applied to an SPR biosensor
chips.4 They reported the fabrication of molecularly imprinted
* Author to whom correspondence should be addressed. E-mail:
radvincula@uh.edu.
† University of Houston.
‡ Center for Transdisciplinary Research, Niigata University.
§ Department of Electrical and Electronic Engineering, Niigata University.

polymer gels with embedded AuNPs, which caused signal enhancement due to the film swelling on the event of analyte
binding.
The layer-by-layer (LbL) self-assembly is one of most
convenient techniques to fabricate molecularly controlled multilayer films with multifunctional properties.5 The adsorption
process involves alternate deposition of cationic and anionic
species such as polyelectrolytes and charged nanoparticles from
solution. Recently, Rubner and co-workers reported a reversible
molecular memory effect on the basis of pH-switchable swelling/
shrinking transitions of LbL films assembled with a weak
polyelectrolyte poly(allylamine hydrochloride) (PAH) and a
strong polyelectrolyte poly(styrene sulfonate) (PSS), envisioning
the possibility for drug delivery applications.6 On the other hand,
Kotov et al. investigated the dispersion behavior of AuNPs
within LBL films affecting the surface plasmon absorption
strongly by manipulating interparticle interactions.7
In the present study, LbL films with different architectures
[(PAH/AuNP)x], [(PAH/PSS)x + (PAH/AuNPs)y], and [(PAH/
AuNPs)x + (PAH/PSS)y] were fabricated from PAH, PSS, and
AuNP aqueous solutions. Theoretical optical properties of UVvis and SPR spectroscopy for these films were first considered.
The spacing/interaction between AuNPs and the distance
between the AuNPs and ATR substrates (Au and Ag films)
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played an important role in tuning their optical and dielectric
properties. Drude’s free electron model and the MaxwellGarnett model were used for the theoretical estimation of UVvis and SPR curves for AuNPs dispersed in a polyelectrolyte
cushion system. The experimental results from SPR spectroscopy were found to match indeed with the theoretical estimation.
Furthermore, pH-switchable swelling/shrinking transition experiments were done to demonstrate tuning of their optical
properties. Finally, SPR imaging was performed to detect the
reflectivity change in response to pH on a micropatterned array
format, giving further evidence of the enhanced optical properties of the hybrid AuNP/polyelectrolyte film.
Experimental Section
Materials. All materials were used without further purification. Poly(allylamine hydrochloride) (PAH, MW ) 70 000
g/mol), poly(sodium 4-styrenesulfonate), (PSS, MW ) 70 000
g/mol), 3-mercapto-1-propanesulfonic acid (MPS), tetrabutylammonium borohydride (TBAB), decanoic acid (DA), 11mercaptoundecanoic acid (MUA), and (3-aminopropyl)triethoxy
silane (APS) were purchased from Aldrich. Didodecyldimethylammonium bromide (DDAB) was supplied by Acros Organics.
Gold chloride (AuCl3, 99.99%) was obtained from Alfa Aesar.
MUA stabilized gold nanoparticles (6 nm) were synthesized
following Peng’s procedure.8
Multilayer Preparation. Deionized water used in all of the
experiments and cleaning steps was purified by a Millipore
filtration unit (Milli-Q Academic system, Millipore Corp)
equipped with a 0.22 µm Millistack filter at the outlet. The
resistivity was 18.0 MΩ‚cm. Glass substrates (LaSFN9, n )
1.85 at λ ) 633 nm) were cleaned by sonicating with 2%
Hellmanex solution, Milli-Q water, and ethanol and stored in
ethanol prior to use. The surface of the dried, clean glass
substrates was functionalized by submerging into freshly
distilled toluene along with 0.5 wt % APS at 95 °C for 2 h. To
remove the physically adsorbed species, the solution was
discarded and the substrates were sonicated in three successive
steps by adding freshly distilled toluene, 1:1 acetone/toluene,
and acetone for 15, 10, and 10 min, respectively. They were
finally dried with pure N2 and stored in 0.01 M HCl solution
overnight (surface charging).
Thin gold and silver films with a thickness of 40-50 nm
were prepared by thermal evaporation on LaSFN9 glass under
high vacuum (10-7 Torr). The films were then modified by
immersing in a 1 mM MPS ethanol solution followed by rinsing
with copious amounts of ethanol and dried with N2 gas,
affording a negatively charged surface. Solutions of 1 mg/mL
PAH and PSS were used for deposition. AuNPs (∼4.8 mg) were
dissolved in 50 mL of Milli-Q water. Prior to the LBL
deposition, the pH of AuNPs, PAH, and PSS aqueous solutions
were adjusted to 10.5 ( 0.5, 9.5 ( 0.2, and 9.5 ( 0.2,
respectively, with concentrated NaOH and HCl. It should be
noted that the concentrations of the AuNPs and the polyelectrolytes solutions were slightly changed after this adjustment.
The functionalized glass/Au/Ag slides were dipped in PAH and
PSS solutions for 15 min and AuNPs solution for 20-30 min,
with rinsing, drying, and measurements taken in between.
UV-vis Spectrometry. UV-vis solution and film spectra
were recorded using an Agilent 8453 spectrometer to monitor
the SPR peak of MUA capped AuNPs, multilayer growth (up
to 7 bilayers) of PAH/AuNPs and surface plasmon absorbance
peak shift upon pH switching.
Atomic Force Microscopy (AFM) Profilometry. After
scratching carefully on the 9-bilayer PAH/AuNPs on gold
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Figure 1. AuNPs dispersed medium used in MG calculation.

substrates, the thickness of the film was measured with Pt coated
Si3N4 cantilevers using contact mode (CM) AFM [PicoPlus
System, Molecular Imaging (now Agilent Technologies), Tempe,
AZ]. Results are shown in the Supporting Information.
SPR Spectroscopy. The spectra and deposition of LbL PAH/
AuNPs films on a gold thin film were measured by angularreflectivity scanning based on an attenuated total reflection
(ATR) setup. This setup was used for the excitation of surface
plasmons (noble metal films) or propagating surface plasmons
in the classical Kretschmann configuration. The film thicknesses
and dielectric constants were calculated by fitting the SPR curves
with a Fresnel formula algorithm using the Winspall software
(version 2.20, developed at the Max Planck Institute for Polymer
Research, Mainz, Germany). SPR kinetics (with time) and full
angle-reflectivity measurements were performed to study the
LbL deposition of PAH/AuNPs and monitor pH induced
swelling/shrinking of the films with different compositions.9
SPR Imaging. SPR imaging10 was carried out to study the
swelling/shrinking properties on a patterned surface. A setup
used for the SPR imaging experiments has been previously
reported.11 A He-Ne laser (632.8 nm) passed through a special
filter was irradiated on the patterned samples, and the reflected
light was detected and imaged via CCD camera (Hamamatsu
C5405). In this experiment, a micropatterned (PAH/PSS)4+
(PAH/AuNPs)2 film on a Ag film substrate was used. The
patterned Ag films (∼45 nm thick) were prepared by evaporating
Ag onto LaSFN9 glass slides covered by copper masks. The
area not covered by the copper masks is where the Ag films
deposited and the multilayer films were built up on these islands.
The gridding size is about 400 microns. Prior to multilayer
fabrication, the patterned films were dipped in a 1 mM MPS
ethanol solution to modify the surface charge.
Results and Discussions
Theoretical Consideration: Optical Properties of Gold
Nanoparticles Dispersed Medium (Surface Plasmon Absorption Band). In order to estimate the optical properties of AuNPs
in a dispersed medium, the effective dielectric function on the
basis of the Maxwell-Garnett (MG) theory12 and the effective
medium approximation were used for simulation.13 Figure 1
shows the modeled system, i.e., AuNPs dispersed medium.
The effective dielectric function derived from MG theory is
given by14

f (ω) ) f′ + f′′ ) m +
f(′au - m){m + β(′au -m) -f(γ′au - m)} +
f′′au(β′′au - fγ′′au)

+
{m + β(′au - m) - f(γ′au - m)}2 +
(β′′au - fγ′′au)2
f′′au{m + β(′au - m) - f(γ′au - m)} f(′au - m)(β′′au - fγ′′au)
i)
(1)
{m + β(′au - m) - f(γ′au - m)}2 +
(β′′au - fγ′′au)2

{

where γ is defined as

}
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Parameter K represents the rate between the electric field
generated by adjacent particles. When K ) 0, it indicates that
the dipole-dipole interaction between the particles is negligible.
β is the parameter of the particle’s shape. When the particle is
a sphere, β becomes 1/3. From this equation, the complex
effective dielectric constant of the AuNPs dispersed medium
can be calculated. The optical absorption spectrum of the AuNPs
dispersed medium can also be derived from the effective
dielectric function and is given by

4πk(ω) 4π
)
R)
λ
λ

(

)

x′f(ω)2 + ′′f (ω)2 + ′f(ω)
2

1/2

(3)

where k(ω) is extinction coefficient as a function of wavenumber.
The calculated absorption spectrum of AuNPs dispersed
medium as a function of wavelength and filling factor, f, is
shown in Figure 2 . The absorption peak, i.e., surface plasmon
band (localized surface plasmon), is clearly identifiable, shifting
in absorbance and wavelength with variable filling factor. As
previously reported, the surface plasmon band broadens and
shifts toward higher wavelength with increase of the filling
factor,9 providing for a high contrast in SPR spectroscopy. This
is deemed useful for sensor applications or monitoring AuNPs
adsorption properties. Very recently, a similar simulation was
done to estimate the AuNPs (diameter 20 nm)-DNA density
on a flat Au surface.15
In this paper, we calculated the SPR curves (propagating SPR)
as a function of filling factor of the AuNPs (localized SPR) in
order to understand the AuNPs induced signal enhancement in
the swelling-shrinking transition of the ultrathin films.
Theoretical SPR Properties of AuNPs Adsorbed onto Flat
Au Thin Film. On the basis of the calculated effective dielectric
function of AuNPs-dispersed medium using the MG model as
shown above, the shift of SPR curves due to adsorption of
AuNPs on a flat gold thin film was estimated by Fresnel
calculation. The system used in this calculation is shown in
Figure 3. This Kretschmann ATR geometry consists of prism/
glass (LaSFN9), flat gold film (45 nm), gold nanoparticles
(diameter 6 nm), and buffer (water). In this case, the effective
dielectric constant of AuNPs dispersed layer is calculated from
eq 1 as a function of filling factor and detailed further in the
Supporting Information, Figure 1. The SPR curve calculation
was carried out at the fixed wavelengths of 543 and 632.8 nm
as a function of filling factor, f, ranging from 0.1 to 1.0 for
comparison with experimental results (Figure 4). In the case of
λ ) 543 nm (green laser), from f ) 0.1 to 0.5, the SPR curves
shift toward higher incident angle (angle at the minimum) with
increasing reflectivity at the minimum. When f is 0.5-0.7, the
SPR curves still move to higher angles but the reflectivity at
the minimum starts to decrease. Finally, the SPR curves shift
to lower incident angle while the reflectivity at the minimum
keeps decreasing. The saturation in terms of increase in the
reflectivity at the minimum and its corresponding incident angle
shift may be due to the high dielectric constant originating from
the presence of the AuNPs and the propagating surface plasmon
on the metal film/substrate. Since the effective dielectric constant
shows a metal-like value when f is greater than 0.9 (very high
density of AuNPs), the SPR resonance minimum appears at a
lower angle than or comparable to the minimum of bare gold
(Figure 4a). On the other hand, theoretical SPR curves at λ )

Figure 2. Calculated absorption spectrum of gold nanoparticles
dispersed medium as functions of wavelength and filling factor. (a value
of 6 nm was used for the diameter of nanoparticles).

Figure 3. Prism/Au thin film/Au nanoparticle /buffer system used in
the calculation.

632.8 nm (red laser) shifts toward higher angle with increase
of the filling factor until f ) 0.7. Then both the reflectivity at
the minimum of the SPR curve and the SPR incident angle
decrease from f ) 0.8 to 1.0 (Figure 4b). It is obvious from
these calculations that the use of two wavelengths for excitation
together with a densely packed AuNPs dispersion shows
independent enhancement of the SPR signals, i.e., big changes
in the resonance angle and minima, which should be very useful
for sensor applications.
Figure 5 demonstrates the calculated SPR curves for the
prism/Au flat thin film/ PAH-AuNPs/ water subphase system.
The f values of the AuNPs in this configuration were assumed
to be 0.1 and 0.2 before and after shrinking of the PAH film.
As shown in this figure, the shrinking of the PAH film causes
a densely packed AuNPs state in the multilayer system, so that
the SPR curve shifts toward higher angles and broadens because
the f of AuNPs increases with shrinking, while the SPR curve
shifts to lower angle when the film swells. This calculation
predicts that the sensitivity of the SPR curves is high even if
the swelling-shrinking property is small. It should be noted
that the direction of the minimum angle shift is opposite to the
film swelling-shrinking property without the presence of
AuNPs in the polyelectrolyte film.
Fabrication of (PAH/AuNPs)x, (PAH/PSS)y + (PAH/
AuNPs)x, and (PAH/AuNPs)x + (PAH/PSS)y LbL Ultrathin
Films. The deposition of PAH/PSS LbL films assembled at pH
9.5 solutions was studied6 along with their thickness ∼5 nm
for each bilayer. At first, UV-vis spectroscopy was used to
monitor the PAH/AuNPs multilayer film growth. As seen from
Figure 6, the PAH/AuNPs deposition resulted in a stepwise
increase in the UV-vis absorbance, suggesting a linear growth
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Figure 5. Calculated SPR curves of PAH/AuNPs before and after
shrinking.

Figure 4. Calculated SPR curves of prism/Au thin film/god nanoparticles/buffer system as a function of filling factor of gold nanoparticles
under different light sources: (a) green laser, λ ) 543 nm; (b) red
laser, λ ) 632.8 nm.

with respect to the film thickness when assembling the multilayers. The solution UV-vis spectrum of MUA-capped AuNPs
(pH ) 10-11) showed the surface plasmon peak to be centered
at 515-530 nm (Figure 2 in the Supporting Information). On
the other hand, the main absorption band in the thin solid film
is ∼25-35 nm red-shifted, which could be due to an increase
of f (packing density), usually observed from AuNPs/ polyelectrolyte films.16 In addition, the center of the peak had a slight
red shift with an increase in film thickness, indicating an
enhancement of interparticle interactions due to the added
dielectric layers17 during the PAH/AuNPs LbL assembly.
SPR (ATR) spectroscopy was employed to study the film
properties in terms of film thickness and dielectric constant.
However, from the SPR angular curve, the film thickness cannot
be readily determined because it depends on the assumption of
a dielectric constant and vice versa. To determine the ultrathin
film thickness and dielectric constant independently from SPR
spectroscopy, two-color or multisubphase media methods are
needed.18 In the present study, independent thickness determination of the film was achieved using AFM profilometry. The
9-bilayer film was carefully scratched, and the thickness was
determined using step-depth analysis. This thickness data was
then used for the simulation of the corresponding SPR curve,
giving the dielectric constant of the film. Finally, the calculated
dielectric constant was applied to estimate the thicknesses of
all other multilayered PAH/AuNPs films from 1 to 8 bilayers
from the SPR angular curves. The film thickness for the
9-bilayer film by AFM profilometry was 75 ( 7 nm, giving an

Figure 6. UV-vis spectrum of PAH/AuNPs LbL film on glass slide.
The maximum absorption peak red-shifted from 550 nm on the first
bilayer to around 560 nm on the seventh bilayer. The inset shows a
linear increase of absorption intensity at the maximum peak with the
increase of the film thickness.

average of 8.3 ( 0.8 nm thickness for each bilayer using this
method (Figure 3 in the Supporting Information). Therefore, in
the simulation of the SPR curve, the thickness value of the
9-bilayer PAH/AuNPs film (75 nm) was fixed to estimate the
average dielectric constant of the LbL film. On the basis of the
Fresnel equation, the SPR angular curve for a 9-bilayer PAH/
AuNPs film in water medium was simulated and the dielectric
constant was determined to be 1.932. This dielectric constant
value was then used for all of the other PAH/AuNPs films. As
shown in Figure 7, the film thickness increases in a linear
manner during the assembly. The average film thickness from
the SPR angular scans was calculated to be ∼8.0 nm per bilayer,
which is reasonable considering the dimension of PAH and the
AuNPs size contribution.
pH-Switchable Swelling/Shrinking Transition Experiments by UV-vis Spectroscopy: Surface Plasmon Resonance Spectroscopy and Imaging. Recently, pH-responsive

SPR in AuNPs/Polyelectrolyte Ultrathin Films

J. Phys. Chem. C, Vol. 111, No. 50, 2007 18691

Figure 8. UV-vis spectra of the surface plasmons peaks of gold
nanoparticles from the LbL film [(PAH/AuNPs)10]under different
conditions (air, pH 6, 2, and 12).

Figure 7. SPR angular curves of PAH/AuNPs 9-bilayer film (a), which
gives an averaged 8.0 nm in thickness for each bilayer (b) by assuming
the dielectric constant of the film to be 1.932, obtained from the SPR
simulation of 9-bilayer film with 75 nm in thickness.

multilayered hybrid AuNPs/PAH microcapsules have been
demonstrated.19 The multilayered microcapsules assembled with
carboxylic acid functionalized AuNPs and amino groups on
PAH exhibits a dual pH-responsive property at both low and
high pH. The swelling/shrinking transition experiments were
initially attempted on a (AuNPs/PAH)10 film assembled on BK7
glass slide for the detection of the SPR peak shift under pH 2
and 12 conditions. As observed from the UV-vis spectra in
Figure 8, the film (AuNPs/PAH)10 gives the SPR peak at ∼545
nm in air. This wavelength is ∼15 nm lower than the previous
one as shown in Figure 6. This variation always exists,
depending on many factors, such as size distribution of the
initially prepared AuNPs and packing density of the AuNPs
inside the film. When the contact medium was changed from
pH 6 to 2, the center of the SPR peak moved from 545 to 537
nm. Upon changing the pH from 2 to 12, the peak further blueshifted from 537 to 527 nm. Both blue shifts under low and
high pH indicate a larger separation of the AuNPs distance,
which is consistent with the previous study.19 At pH ) 2, the
PAH layers were protonated and hence the charge density
increased, leading to swelling of the polyelectrolyte layers. As
a consequence, the alternated AuNPs layers were more separated. However, under pH 12, the PAH layers were deprotonated
and the electrostatic interaction between the PAH films and the
AuNPs layers was weakened. The weakening of the electrostatic
interaction indirectly increased the charge density on the
periphery of the AuNPs, leading to more repulsion among

nanoparticles. Thus, this resulted in weaker surface plasmon
interactions among the AuNPs within each single layer.
SPR spectroscopy under ATR conditions is very sensitive to
changes of the thin film properties in terms of thickness and
dielectric constant. In the following SPR experiments, red and
green lasers were used. Ag thin films on glass substrates were
used due to the weak SPR of the gold film under green laser.
Another modification was the introduction of PAH/PSS multilayer which acts as a cushion to PAH/AuNPs layers in the
film. Compared to the [(AuNPs/PAH)10] films alone on a glass
substrate in the UV-vis study, the [(PAH/PSS)5 + (PAH/
AuNPs)5] film on Ag substrate was fabricated for SPR swelling/
shrinking transition experiments. With these modifications, welldefined SPR curves can be expected both under red and green
lasers. Moreover, the distance from the AuNPs layers to the
silver substrate can be tuned by adjusting the extent of shrinking/
swelling of PAH/PSS cushion layers. The surface plasmon
interactions between the AuNPs and the silver film can therefore
be controlled. Therefore, both localized surface plasmon resonance from the nanoparticle and the propagating surface plasmon
resonance from the ATR experiment can be accounted for.
Figure 9a shows the SPR angular spectra for [(PAH/PSS)5 +
(PAH/AuNPs)5] LbL film in several switching pH cycles (pH
) 6 f 2 f12 f 2 f ...). The minimum angle of the reflectance
plasmon curve shifted from ∼70° to lower incidence angle
(∼60°) at pH ) 2. Meanwhile, the curve shape turned to be
very sharp and the SPR minima moved deeper. Then, the SPR
curve shifted to higher angle (∼62 °) and broadened after
changing the aqueous subphase to pH 12. By taking into account
the theoretical estimations shown in Figures 4 and 5, the shift
to higher angle and broadened curve indicates the existence of
more densely packed AuNPs, i.e., shrinking effect of the films,
whereas the shift to lower angle originates from a swelling
effect. The other contribution is the stronger surface plasmon
resonance coupling between AuNPs and the metal substrate, as
reported by Tokareva et al.3 This result agrees with other reports
that PAH/PSS LbL films swell in lower pH (acidic) conditions
and shrink in higher pH (basic) environment.6 The AuNPs
mutually enhanced the reflectivity SPR signals suggesting the
possibility of a highly sensitive detection of swelling/shrinking
switch, in which the nanoparticles can be independently
functionalized while the overall response of the SPR signal in
an ATR experiment can be monitored.
Moreover, the response properties of the AuNPs-enhanced
SPR in terms of sensitivity and swelling/shrinking reversibility
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Figure 9. SPR measurements of [(PAH/PSS)5 + (PAH/AuNPs)5]LbL
film upon pH changing. (a) Angular measurements of the film in pH
6, 2, and 12. The angular curves were taken after the injection of pH
2 and 12; (b) kinetic curve of the film upon pH switch between 2 and
12. The switch was repeated three times.

are of crucial importance in the sensing applications. Figure 9b
shows the SPR reflectivity change at fixed angle of 59° in three
cycles between pH 2 and 12. The reflectivity increased rapidly
upon shrinking during the first minute and then increased much
more slowly with time. In a similar way, when the system was
switched to pH 2, the reflectivity decreased drastically and then
further decreased in a much slower manner. The fast response
of this LbL film offers a rather simple and powerful sensing
system. However, as we see from the amplitude, it gradually
decreased with further cycling. It is not unreasonable if we
consider that the degree of swelling/shrinking of the film is
lower than the previous one as it goes toward an equilibrium
state. However, this problem can be solved by simply elongating
the first swelling/shrinking cycle time (Figure 4 in the Supporting Information). In order to investigate the time-dependent
swelling/shrinking induced SPR properties, angular SPR curves
were measured after 1, 60, 100, 120, 180, and 210 min in pH
12, as shown in Figure 10a. The SPR curves turned broader
and shifted to higher angle with increasing time, indicating a
continuous strengthening of SPR due to more closely packed
AuNPs and shorter distance between the AuNPs and the silver
substrate. This shrinking-induced SPR change was not found
from the same LbL film assembled at pH 7.5 (data not shown),
which indicates that the degree of ionization of weak polyelectrolytes in LbL films is insensitive to pH 2-12 switching unless
the films are first assembled in a specific pH range.6 Calculated
SPR curves for different thickness of the PAH/PSS layers during
the swelling/shrinking transition experiment were illustrated in
Figure 10c. It is clear that with continuous shrinking of the film,
the SPR curve shifts to higher incident angle and broadens

Figure 10. Time-dependent shrinking of [(PAH/PSS)5 + (PAH/
AuNPs)5]LbL film in pH 12. (a) SPR angular measurements under pH
2 and 12 at different measured time; (b) the swelling/shrinking transition
scheme corresponding to the experiment in (a); (c) calculated SPR
curves for different thickness of the PAH/PSS layers during the
swelling/shrinking transition experiment in the prism/Ag/PAH-PSS/
AuNPs/buffer system.

simultaneously. It is known that PAH/PSS film thickness can
swell up to 5 times that of its original state as suggested from
early studies.6b As seen from Figure 10c, as the PAH/PSS film
swells from 30 to 150 nm, the SPR angle shifts from ∼69° to
∼61°. The 8° shift is highly comparable to the experimental
data between pH 2 and 12 after 210 min in Figure 10a, indicting
that the cushion layer PAH/PSS actually plays an important role
in the tuning the SPR signal.
SPR two-color measurements were performed on the LbL
films with different combinations: [(PAH/PSS)2 + (PAH/
AuNPs)2], [(PAH/PSS)2 + (PAH/AuNPs)1], and [(PAH/
AuNPs)2 + (PAH/PSS)2]. In these control experiments, the
distance between AuNPs and metal substrate plays an important
role in the SPR angular change during swelling/shrinking. A
recent study by He et al. on colloidal gold nanoparticles
amplified SPR signals proposed that the distance (dielectric
spacer) change between the AuNPs and noble metal substrates
is more responsible for the SPR angle shifts than electromagnetic
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Figure 11. SPR two-color angular measurements on the LbL film
[(PAH/PSS)2 + (PAH/AuNPs)2] under pH 6, 2, and 10. The injection
order is pH 6 to 2 to 10. The light sources used here are red laser at
633 nm and green laser at 543 nm, respectively.

Figure 12. SPR imaging measurement on the film [(PAH/PSS)4+(PAH/AuNPs)2] under different pH conditions. The images were
assigned to (a) pH 6, (b) 2, (c) 10, (d) 2, (e) 10, and (f) 2 in a continuous
order. Each image was taken 10 min after changing the different pH
water except the first image was obtained immediately after pH 6 water
was injected. All of the images were taken at a fixed angle of 57.6°.
The lateral distance between each two pattern is about 400 µm. The
substrate is ∼45 nm Ag thin film.

coupling.20 As discussed previously, the SPR between the gold
nanoparticles and the noble metal substrate increases after
shrinking in basic condition (>pH 10) and decreases after
swelling under an acidic environment (<pH 3). Figure 11 shows
SPR angular measurements on the film [(PAH/PSS)2 + (PAH/
AuNPs)2] by changing the pH from 6 to 2 to 10 under red laser
at λ ) 633 nm and green laser at λ ) 543 nm. The result shown
in Figure 11a is very similar to a previous experiment as shown
in Figure 9a. One difference is that in Figure 11 the angular
scanning was taken 2 h after each aqueous subphase (solution)
injection considering the tendency toward an equilibrium state
(maximum shrinking or swelling). The other difference is that
the injected base solution is pH 10 instead of pH 12. Since pH
12 causes more shrinking of the film than pH 10, meaning higher
angle shift, a larger separation between the pH 2 and 12 would
be expected. Therefore, doing the angular scanning at a relatively
long period of time after each pH water injection a larger
separation between pH 2 and 10 angular curves can be expected
(Figure 11). Thus, the SPR minima position and shape of the
curves are dependent on the shrunken/swollen state of the film.
The injection of the acidic and basic solution induces a continuous swelling and shrinking, affecting the AuNPs interaction.
As shown in Figure 11, the SPR curve was remarkably
broader at the contracted state and became much sharper at the
swollen state at 543 nm. This is because it is closer to the
absorption peak of the initial state of AuNPs LbL film. Since
the width of the SPR curve mostly depends on the imaginary
part, ′′, of dielectric constant or extinction coefficient, i.e.,

absorption, this indicates that the absorption peak of the film is
significantly changed between swollen and shrunk states.
In case of SPR angular measurements on the films [(PAH/
PSS)2+(PAH/AuNPs)1] (Figure 5a,b in the Supporting Information), i.e., less AuNPs layers, we can see similar results except
that there is a smaller angle shift and less broadening after
shrinking from the previously swollen state. However, when
the film structure is [(PAH/AuNPs)2+(PAH/PSS)2] (Figure 5c
in the Supporting Information), i.e., the AuNPs are spaced from
the Ag film with the cushion layers, no occurrence of this pH
dependent SPR shift was found similar to the previous case.
Instead, only the expected swelling/shrinking effects similar to
a pure polyelectrolyte (PAH/PSS)2 were observed. This is
because the distance between the AuNPs and the silver film is
increased (∼4-16 nm), decoupling the localized SPR of the
AuNPs from the propagating SPR by the ATR experiment. This
is another good proof that the distance between AuNPs and the
substrate is a major factor for the SPR curve change. Thus, the
SPR signal can also be easily tuned and enhanced by varying
the (PAH/PSS) cushion layers between the noble metal substrate
and AuNPs containing layers.
Surface Plasmon Resonance Imaging. SPR imaging offers
a direct visual observation of the SPR change for the AuNPs
containing LbL films upon swelling/shrinking. Since the
propagating SPR signal can be readily tuned by the electromagnetic coupling between AuNPs and the gold film, it can
also be used for SPR imaging on patterned surfaces.2a, 21 The
LbL film with a composition [(PAH/PSS)4+(PAH/AuNPs)2]
was deposited on the patterned Ag substrate. In our SPR imaging
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experiment, the incident angle was fixed at 57.6° and the CCD
camera detected the intensity change of the reflected light under
different pH conditions. As shown in Figure 12, after the
injection of pH 2 solution, the bright area turned to dark, which
is indicative of a shift to lower angle of the SPR curve. Then
these dark patterns turned bright again upon pH 10 solution
injection but still less bright than the image taken in pH 6, which
supported the previous experimental results from the films
[(PAH/PSS)5 + (PAH/AuNPs)5] and [(PAH/PSS)2 + (PAH/
AuNPs)2]. The pH switching was repeated three times with very
good reproducibility. It is possible to quantitatively analyze the
brightness change from the CCD, although the intensity change
can be readily and qualitatively correlated to the SPR angular
curves measured on the films [(PAH/PSS)5 + (PAH/AuNPs)5]
and [(PAH/PSS)2 + (PAH/AuNPs)2]. At the fixed angle of
57.6°, the reflectivity is the highest under pH 6. Upon pH 2
solution injection (swelling), the SPR minima moved to a lower
angle than 57.6°. When a pH 10 solution was injected, the SPR
curve shifted toward a higher angle. The reflectivity therefore
changes within the vicinity of 57.6°, showing brighter patterns
at higher pH, when the films contracts and lessening of
brightness with swelling. However, they were still darker
compared to the image at pH 6, which was at the most
contracted state and has the highest SPR reflectance at this
particular fixed angle (Figure 9a).
Conclusions
Gold nanoparticles were used as a key component for SPR
(ATR) signal enhancement in hybrid ultrathin films systems
constructed using LbL deposition of a weak polyelectrolyte
(PAH), a strong polyelectrolyte (PSS), and AuNPs. Theoretical
calculations on the basis of MG theory were taken for elucidating the role of AuNPs in the SPR angular shift under different
local environments as influenced by pH. Different LbL film
architectures [(PAH/AuNPs)x], [(PAH/PSS)x + (PAH/AuNPs)y],
and [(PAH/AuNPs)x + (PAH/PSS)y] were designed for UVvis and SPR spectroscopy studies at different pH conditions.
Two different wavelengths for excitation of the propagating
plasmons (green and red) were used to better demonstrate the
SPR signal enhancement. SPR imaging was finally applied as
an alternative detection scheme for demonstrating the previous
SPR properties of [(PAH/PSS)4 + (PAH/AuNPs)2] films.
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