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In situ synthesis of inorganic clusters in polyelectrolyte multilayers (PEMs) has typically relied on
free carboxylic acid groups as the binding sites, limiting the scheme to the loading of cationic precursor
reagents. The use of amine groups for similar purposes has not been demonstrated because of the challenge
of incorporating free amine groups that are not paired with the oppositely charged groups residing on the
polyanion of the PEM. In this paper, we use specific PEM assembly conditions to produce ultrathin
conformal films of PAH/PAA (poly(allylamine hydrochloride)/poly(acrylic acid)) and PAH/PSS
(poly(styrene sulfonate)) that upon suitable postassembly treatment undergo substantial molecular
rearrangements that generate free amine groups in the films. These PEMs are capable of binding anionic
precursors including complexes widely used for the synthesis of gold nanoparticles. On the basis of our
understanding of the gold binding mechanisms, we demonstrate systematic control over the size and
spatial distribution of gold nanoparticles in the films by changing the PEM assembly and postassembly
treatment conditions.

Introduction

Much of the interest in the layer-by-layer assembly of
polyelectrolyte multilayers (PEMs) arises from the ease by
which the molecular architecture of the resultant thin film
can be controlled through adjustments of assembly and
postassembly treatment conditions.1-11 The precise control
over the molecular architecture of the PEMs facilitates the
incorporation of inorganic nanoparticles into the films, which
have a broad range of potential applications due to the
optical,12-14 catalytic,15,16 and magnetic17 properties that

arise from the nanoparticles’ large surface-area-to-volume
ratios and quantum confinement effects.18-20

PEM/nanoparticle composites have been synthesized via
the layer-by-layer assembly of prefabricated inorganic nano-
particles or polyelectrolyte-stabilized metal ion complexes
with an oppositely charged polyelectrolyte.21-26 The as-
sembly of PEM/gold nanoparticle composites,12,14,22,27-29

in particular, has been demonstrated and may provide a route
to potential biological applications due to the nontoxicity,
biocompatibility, ease of imaging and versatility of surface
chemistry of gold nanoparticles. The use of PEMs as
nanoreactors offers the promise for precise control over the
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in situ growth of inorganic nanoparticles in preformed,
conformal PEM coatings on a variety of substrate materials
of essentially any size and shape.2 In this approach, the PEMs
are typically assembled to contain free functional groups that
can bind inorganic ion precursors. One of the common
methods involves the incorporation of free carboxylic acid
groups that serve as binding sites for cationic precursors,
which are then reduced to inorganic nanoparticles.2,30-32

However, the use of free carboxylic acid groups is limited
to the binding of cationic precursors (e.g., Ag+) and therefore
cannot be used to bind anionic precursors such as gold
complex ions (e.g., AuCl4

-).
Polymers containing amine groups have been widely used

as the source of binding sites for anionic gold complex
ions and as capping agents limiting nanoparticle growth and
agglomeration.27,33-35 However, for the case of PEMs, the
application of these amine-gold chemistries in the in situ
synthesis of gold nanoparticles has not been demonstrated.
The challenge in doing so lies in the fact that under typical
assembly conditions, most amine groups in PEMs are ionized
and paired with oppositely charged groups residing on the
polyanion that is used in the PEM assembly, for example
poly(acrylic acid) (PAA) or poly(styrene sulfonate) (PSS),
which prevents their binding to other ions. The successful
incorporation of free amine groups in PEMs is complicated
by the fact that the high assembly pH required to produce
free amine groups often renders commonly used polycations,
such as poly(allylamine hydrochloride) (PAH), insoluble. In
this paper, we overcome these challenges by generating free
amine groups using specific postassembly processing condi-
tions that introduce molecular rearrangements that produce
the free amine groups needed for nanoparticle synthesis.
These molecular rearrangements only occur in PEMs as-
sembled under very specific conditions, such as (PAH7.5/
PAA3.5) and (PAH9.3/PSS9.3), where the numbers represent
the polyelectrolyte solution pH during layer-by-layer as-
sembly. We demonstrate that an understanding of these
postassembly transitions can be used to control the in situ
synthesis of gold nanoparticles.

Experimental Section

Materials. Poly(allylamine hydrochloride) (PAH) (Mw 70 000)
(Sigma-Aldrich, product no. 283223, subsequently labeled by the
company as having Mw ∼56 000) was used as the polycation;
poly(acrylic acid) (PAA) (Mw 90 000, 25% aqueous solution)
(Polysciences, catalog no. 03326-250, subsequently labeled by the
company as having Mw >200 000) and poly(sodium-4-styrene
sulfonate) (PSS) (Mw 70 000) (Sigma-Aldrich) were used as
polyanions. All polyelectrolytes were used as received without
further purification and were prepared as 1 × 10-2 M solutions

(based on the repeat-unit molecular weight) in ultrapure 18 MΩ · cm
deionized water (Millipore Milli-Q). The polyelectrolyte solutions
were adjusted to the desired pH ((0.01) with 1 M HCl or 1 M
NaOH. The substrates used for PEM assembly were glass slides
(VWR International), polished single-crystal (〈100〉) silicon wafers
(WaferNet), and tissue-culture polystyrene (PS) (Nalge Nunc
International). Gold(III) chloride trihydrate (HAuCl4 ·3H2O) (Sigma-
Aldrich) was prepared as 5 mM solutions (pH 2.3) with Millipore
water and stored away from light.

PEM Assembly and Characterization. PEMs were formed by
immersing substrates into a polycation solution (PAH) for 15 min
followed by three water rinsing steps (2, 1, 1 min), using a
programmable slide stainer (Zeiss). The substrates were then
immersed into a polyanion solution (PAA or PSS) for 15 min
followed by identical rinsing steps. A single adsorption of polycation
followed by polyanion on the substrate is defined as a bilayer. A
PEM notation of (PolyA x/ PolyB y)z is used, where PolyA
represents the first polyelectrolyte adsorbed onto the substrate; its
assembly pH, x; the second polyelectrolyte, PolyB; its assembly
pH, y; and the total number of bilayers, z. In this study, all PEMs
were processed and characterized immediately after film assembly.
Dry film thickness was measured using a Tencor P10 profilometer.
In some cases, film thickness, in contact with a selected aqueous
solution, was measured in situ using a quartz cell and a J.A.Woollam
Co., Inc. VASE spectroscopic ellipsometer. In situ ellipsometry
measurements were collected 10 min after the sample was immersed
in the desired solution. Data were collected between 300 and 1000
nm at a 70° incidence angle and analyzed with WVASE32 software
package, fitted with a Cauchy model, which assumes the real part
of the refractive index, nf, as a function of wavelength, λ, to be
nf(λ) ) An+Bn/λ2+Cn/λ4, where An, Bn, and Cn are constants. The
refractive index of 5 mM gold salt solution was assumed to be
close to that of water (1.33). The extent of swelling of the PEMs
in solution was defined as

Extent of swelling)
Film thickness in solution- Film thickness in dry state

Film thickness in dry state
×

100%

Gold Loading and Reduction. PEMs were immersed in gold
salt solutions (5 mM) at the desired pH in the dark for 15 min,
followed by three water rinse steps (2, 1, 1 min), and then air-
dried at room temperature. The gold salt solution was adjusted to
the desired pH ((0.01) with 1 M HCl or 1 M NaOH. The gold-
salt-loaded samples were then irradiated with an ultraviolet (UV)
lamp (365 nm, UVL-28 EL series, UVP, 1300 µW/cm2) for 35 h.
It should be noted that at a higher UV intensity, the reduction time
can be greatly reduced to an upper bound of 12 h.

Gold Nanoparticle Characterization. UV-Vis Spectrophotom-
etry. Optical transmission measurements were conducted using a
Varian Cary5E spectrophotometer using air as the baseline. The
absorbance values are from specimens with PEMs on both sides
of the glass substrates. Transmission Electron Microscopy (TEM).
PEMs assembled on PS substrates were embedded in epoxy (Ladd
Research LR white resin) and stored at ambient conditions for 24 h
prior to microtoming using a RMC MT-X ultramicrotome with a
diamond knife (Diatome) at room temperature. Samples microtomed
at approximately 60 nm (cross-sectional thickness) were floated
on a trough of DI water, collected on copper TEM grids (Structure
Probe, Inc.), blotted dry, and coated with approximately 10 Å carbon
using a sputter coater. TEM imaging was performed using either
JEOL 200CX or JEOL 2011, operated at 200 kV. Particle size was
measured for each sample using UTHSCSA ImageTool software.
The TEM images are always oriented such that the PEM is
sandwiched between the epoxy on the top and the substrate on the
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bottom. The reported particle sizes are the number average (µ) from
at least 1000 particles. These values should be used as upper bound
estimates because larger particles were more likely to be counted
because of higher contrast. The standard devations (σ) for these
values are also included. The particle diameters were measured by
hand using software without thresholding, thereby eliminating the
possibility of any software-induced bias. The particle size distribu-
tion was also generated manually on the basis of the measured
particle diameters.

Results and Discussion

Role of PEM Assembly pH on Nanoparticle Growth.
The assembly of PAH with various polyanions is typically
carried out in the pH range of 3-8. Under these assembly
conditions, the resultant PEM is comprised of fully ionized
ammonium groups that are electrostatically bound to the
oppositely charged polyelectrolyte.36 To demonstrate that
assembly under these conditions does not produce the
concentration of free amine groups needed for gold nano-
particle synthesis, we attempted to grow nanoparticles in two
representative multilayer systems: (PAH3.5/PAA3.5) and
(PAH4.0/PSS4.0). (In this paper, the term “free” is used to
denote the availability of the amine/ammonium groups to
bind to other functional groups.) Both PEMs were immersed
in gold salt solutions (5 mM HAuCl4 at pH 2.3 for 15 min),
rinsed with deionized (DI) water (pH ∼5.5 for 2, 1, 1 min),
exposed to UV light and then characterized with UV-vis
spectrophotometry (see the Supporting Information). In both
cases, the absence of any detectable surface plasmon
resonance (SPR)37-41 absorption bands attributable to gold
nanoparticles confirmed that binding of the gold complex
anions was unsuccessful. The intensity and wavelength at
maximum intensity (λmax) of SPR bands are known to
correlate with nanoparticle size and concentration.39,42-46

We then examined two other multilayer systems known to
undergo postassembly molecular rearrangements with low pH
treatments: (PAH7.5/PAA3.5) and (PAH9.3/PSS9.3).1,3,36,47-49

Both PEMs were immersed in gold salt solutions at different
pH levels, rinsed with DI water, exposed to UV light, and
characterized with UV-vis spectrophotometry. As seen in
Figure 1, detectable SPR bands with λmax values located
between 500 and 600 nm were observed in all films

regardless of the solution pH used to load the gold salt.
However, a dramatic increase in the peak intensities of the
SPR bands was observed below a critical loading pH of ca.
2.5 for the (PAH7.5/PAA3.5) multilayer system and ca. 5.0
for the (PAH9.3/PSS9.3) multilayer system. These results
indicate that some free amine groups are present in the as-
assembled multilayers and that a significant increase in free
amine group concentration occurs below a critical loading
pH. We refer to loading at pH below and above the critical
loading pHs as the high and low binding regimes, respectively.

Gold Salt Binding Mechanism. On the basis of previous
studies with these particular multilayer systems,1,3,36,47-49

we put forth the following explanations for the pH-dependent
assembly and gold-salt-loading behavior of (PAH7.5/
PAA3.5) and (PAH9.3/PSS9.3) thin films. Schematics of the
mechanism of gold nanoparticle formation are shown in
Scheme 1.

(PAH7.5/PAA3.5) Multilayer System. As assembled, the
internal structure of this multilayer system is mostly com-
prised of fully ionized, electrostatically paired functional
groups, and a small fraction of protonated free amine groups.
In the low binding regime (pH >2.5), the relatively small
concentration of protonated free amine groups can bind to
the gold complex ions, resulting in the formation of a low
concentration of gold nanoparticles after suitable UV reduc-
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Figure 1. UV-vis absorbance spectra of (a) (PAH7.5/PAA3.5)20 and (b)
(PAH9.3/PSS9.3)20 PEMs loaded with gold salt at pH levels between 1.8
and 6.1, rinsed with DI water and UV-reduced. Insets: Maximum intensity
(closed circles) and λmax (open circles) of the SPR absorbance spectra as a
function of gold salt loading pH.
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tion (Figure 1a). In the high binding regime (pH e2.5), the
strong acidic condition converts carboxylate groups into
protonated carboxylic acid groups, thereby breaking the
COO--NH3

+ electrostatic linkages formed during multilayer
assembly. This process, in turn, renders the ammonium
groups available for gold salt binding (Scheme 1a, Step 1).
When a sufficient number of COO--NH3

+ electrostatic
linkages are broken, the film undergoes a spinodal decom-
position-type of molecular rearrangement that in earlier
studies was shown to result in a porosity transition.1,3,49 This
process further generates free ammonium groups and in-
creases the binding capacity of the film dramatically, as
indicated from the peak intensity and λmax values of the SPR
bands (Figure 1a). The DI water rinse steps (pH ∼5.5 for 2,
1, 1 min) removes unbound gold complex ions and depro-
tonates carboxylic acid groups into carboxylates which then
bind to some of the ammonium groups to reform COO-

-NH3
+ electrostatic linkages, thereby maintaining the overall

integrity of the film (Step 2). Subsequent UV irradiation reduces
gold complex ions into Au0 atoms while possibly oxidizing
ammonium ions into imines, deprotonating them into amines,
or allowing them to electrostatically bind to the carboxylates
(Step 3).50 The formation of Au0 atoms facilitates nucleation
and growth, with their relative rates determining the final density
and size of the gold nanoparticles.51,52

(PAH9.3/PSS9.3) Multilayer System. Because of the high
assembly pH, this multilayer film comprises a high concen-
tration of free amine groups that are clustered in hydrophobic
domains and, as a result, exhibit an unusually low pKa (ca.
4).36 In the low binding regime (pH >5.0), only a small
fraction of the free amine groups in these hydrophobic
domains are protonated and hence available to bind the gold
complex ions; this situation results in the binding of a low

concentration of gold complex ions. In the high binding
regime (pH e5.0), the strong acidic condition protonates the
amine groups into ammonium groups. The strong charge
repulsion among the ammonium groups overcomes the
hydrophobic interactions and the film undergoes a molecular
rearrangement to produce a high concentration of free
ammonium groups and a dramatic swelling transition (Scheme
1b, Step 1).36,48 As a result, the gold salt binding capacity
of the film increases dramatically, as indicated from the peak
intensities and λmax values of the SPR bands (Figure 1b).

Controlling Gold Nanoparticle Size and Spatial Dis-
tribution with Postassembly Processing Conditions. As
discussed above, the significant increase in the gold salt
loading capability and ultimately gold nanoparticle concen-
tration for these two particular PAH-based multilayer systems
is a direct consequence of molecular rearrangements that
occur with low pH treatments. Given the quite different
mechanisms underlying these molecular rearrangements, we
set out to determine how this would influence the size and
spatial distribution of the resultant gold nanoparticles.

(PAH7.5/PAA3.5) Multilayer System. We have previously
found that multilayers of this type will undergo a transition
to either a nanoporous or microporous state depending on
the pH and salt concentration of the treatment solution.1,3,49

The sensitivity of these molecular rearrangements to both
parameters is demonstrated in two different postassembly
processes leading to different types of porosity transitions,
depending on the presence of gold complex ions. In
particular, the multilayers were either (i) directly immersed
in a gold salt solution at pH 1.8, which induces a nanopo-
rosity transition to a higher extent than that at pH 2.3, or (ii)
first immersed in acidic water (pH 2.5), which induces a
microporosity transition in the multilayers before gold salt
loading.

(i) Inducing Increased Nanoporosity with Gold Salt Load-
ing at pH 1.8. As seen in Figure 1(a), a dramatic increase in
the maximum intensity and λmax value of the gold nanopar-

(50) Richardson, M. J.; Johnston, J. H.; Borrmann, T. Eur. J. Inorg. Chem.
2006, 2618–2623.

(51) Mallick, K.; Witcomb, M. J.; Scurrell, M. S. Appl. Phys. A: Mater.
Sci. Process. 2005, 80, 395–398.

(52) Kane, R. S.; Cohen, R. E.; Silbey, R. Langmuir 1999, 15, 39–43.

Scheme 1. Gold Binding and Reduction Mechanism in (a) (PAH7.5/PAA3.5) and (b) (PAH9.3/PSS9.3) PEMsa

a (1) Gold salt loading, (2) water rinse, and (3) UV reduction. Electrostatically bound functional groups are shaded. For illustration purposes, AuCl4
-

represents all negatively-charged gold complex ions, whereas the amine groups after Step 3 represent all possible functional groups with different oxidation
states (e.g., imine groups).
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ticle SPR band occurs in this multilayer system when the
gold salt loading pH changes from 2.3 to 1.8. Significant
differences are observed in the cross-sectional TEM images
of the films loaded at pH 1.8 (Figure 2) compared to those
loaded at pH 2.3 (Figure 3), including (i) a much larger
particle size with broader size distribution (33.4 ( 19.2 and
5.5 ( 1.9 nm, respectively), (ii) migration of nanoparticles
toward the PEM surfaces, and (iii) a more apparent indication
of development of a nanoporous structure. Migration of
nanoparticles to multilayer surfaces and interfaces (Figure
2) has been reported in the literature, and is attributed to
minimization of energy of the nanoparticles.53 The formation
of a nanoporous structure after the gold salt loading (pH 1.8)
is confirmed by (i) an increase in the dry film thickness, (ii)
a decrease in the dry film refractive index, and (iii) the
transparent appearance of the film (see the Supporting
Information). These changes were observed after gold salt
loading at pH 2.3 to a much lesser extent. It therefore appears
that with the presence of gold complex ions, the nanoporosity
transition is partially triggered at pH 2.3 and proceeds to a
much higher extent at pH 1.8. It had been reported that
without gold complex ions, a microporosity transition occurs
at pH 2.5, which is apparent from the translucent appearance
of the film.1,3,49 In our case, the multilayers remain transpar-
ent after immersion in gold salt solution at pH 2.3, which
indicates that a transition to the nanoporous state as opposed
to a microporous state is facilitated by the presence of the
gold complex ions. These observations are consistent with
previous findings, which demonstrated the sensitivity of the

length scale of the porosity transitions to both pH and salt
concentration of the treatment solutions.1,3,49 For instance,
immersing the films in acidic water at pH 1.8 and 2.5 triggers
porosity transitions in the nanometer and micron scales,
respectively, indicated from the transparent and translucent
appearances (respectively) of the films. With the presence
of salt (pH 2.4, 0.05 M MgCl2), however, the film appeared
transparent, and it was found that the porosity transition
length scale had shifted to the nanometer range.

Polymers containing amine groups function as gold
nanoparticle stabilizing and capping agents in solution-based
gold nanoparticle syntheses.35,54 In general, a high amine-
to-gold complex ion ratio leads to the formation of gold
nanoparticles of smaller sizes because of the effective
stabilization of the gold nanoparticles by the amine groups.
On the other hand, at a low amine-to-gold complex ion ratio,
the nanoparticles formed are larger and tend to aggregate
because of an inadequate number of amine groups stabilizing
the gold nanoparticles. In our case, the dramatic molecular
rearrangements that occur during the porosity transition at
pH 1.8 (with the presence of gold complex ions) lead to the
binding of a high concentration of gold complex ions to the
free ammonium groups that are spatially sparser, resulting
in gold nanoparticles that are less effectively stabilized and
hence the significant increase in particle size (ca. 33 nm, up
to 100 nm) and the aggregation of nanoparticles compared
to those loaded at pH 2.3. Comparisons of the UV-vis
absorbance spectra of the films immersed in gold salt
solutions at pH 1.8, 2.3, and 5.2 without UV reduction (see
the Supporting Information) confirm the significant increase
in the concentration of gold complex ions bound to the films
at lower pH levels. The porosity transition during gold salt
loading (pH 1.8) is confirmed by a 2-fold dry film thickness
increase from 290 to 580 nm. When exposed to UV light,
the previously expanded multilayer structure collapses as
indicated by the dry film thickness decrease from 580 to 360
nm. Control experiments eliminated the possibility of
convective heating from the UV lamp and demonstrated that
the dry film thickness decrease is only observed for films
that had been previously immersed in solutions containing
gold salt. The densification of the multilayer film can be
attributed to the electrostatic binding of carboxylates to
ammonium groups that were previously bound to the gold
complex ions; reduction of gold complex ions into Au0 atoms
upon UV irradiation renders the ammonium groups free for
binding.

Utilizing the changes in the dry film thickness with gold
salt loading and reduction, we demonstrate a method of
constructing 3-D patterns on PEMs by immersing the films
into a gold salt solution (pH 1.8, 15 min) and subsequently
exposing the film to UV light through a photomask (20 µm
holes, 50 µm apart). The plan view of stacked confocal
microscopy images (Figure 4) shows circular patterns which
represent the UV-reduced region; the remaining portions of
the film are regions loaded with unreduced gold complex
ions. From the plan view image, the latter regions indicate
a mostly porous structure (consistent with the decrease in

(53) Joly, S.; Kane, R.; Radzilowski, L.; Wang, T.; Wu, A.; Cohen, R. E.;
Thomas, E. L.; Rubner, M. F. Langmuir 2000, 16, 1354–1359.

(54) Kuo, P. L.; Chen, C. C.; Jao, M. W. J. Phys. Chem. B 2005, 109,
9445–9450.

Figure 2. (a) Cross-sectional TEM image of a (PAH7.5/PAA3.5)20 PEM
(as-assembled dry film thickness 292 nm) loaded with pH 1.8 gold salt and
UV-reduced. (b) TEM image at higher magnification. Inset: Particle size
distribution. The average particle size is 33.4 ( 19.2 nm.

Figure 3. (a) Cross-sectional TEM image of a (PAH7.5/PAA3.5)20 PEM
(as-assembled dry film thickness 292 nm) loaded with pH 2.3 gold salt and
UV-reduced. (b) TEM image at higher magnification. Inset: Particle size
distribution. The average particle size is 5.5 ( 1.9 nm.
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the refractive index) which appears to densify in regions
exposed to UV light. The average diameter and depth of
the cylindrical holes are 40 µm and 183 nm, respectively.
The larger feature size on the sample compared to that
of the photomask is most likely due to nonunidirectional UV
irradiation past the photomask.

(ii) Inducing Microporosity in the Multilayers Prior to
Gold Salt Loading. As mentioned above, at a gold salt
loading pH of 1.8, the nanoporosity transition generates free
ammonium groups that are spatially sparse, thereby resulting
in larger gold nanoparticles that tend to aggregate. As an
alternative approach to controlling the spatial density of the
ammonium groups, we first immersed the films in acidic
water (pH 2.5), which triggers a microporosity transition in
the multilayers.1,3,49 The microporous structure of the film
was confirmed from the 2-fold thickness increase (from 293
to 575 nm) and the translucent appearance of the film due
to light scattering from the pores. We then examined gold
salt loading in the microporous films at three pH levels: 1.8,
2.3, and 5.2. We observed very similar trends in the UV-vis
absorbance spectra (see the Supporting Information) com-
pared to those of the as-prepared multilayers. In particular,
both the SPR intensity and λmax values increase with
decreasing loading pH, with a significant increase at pH 1.8.
It thus appears that similar to the as-prepared films, successful
gold salt loading in the preformed microporous films requires
the breaking of the electrostatic bonds between the carboxy-
lates and ammonium groups at a low pH. We also observed

from the cross-sectional TEM images that the gold nano-
particles formed in the microporous films at a loading pH
of 2.3 are larger (µ ) 17.3 ( 9.0 nm, Figure 5) than those
formed in the as-prepared films at this same pH (µ ) 5.5 (
1.9 nm, Figure 3), which is attributed to the lower spatial
density of ammonium groups in the microporous film. The
lighter regions in the TEM image (Figure 5) are indicative
of the microporous structure in the film.

(PAH9.3/PSS9.3) Multilayer System. As discussed above,
in this multilayer system, molecular rearrangements triggered
by low pH treatments lead to a swelling transition and a
substantial increase in gold salt loading capability. We now
explore how this transition influences the resulting gold
nanoparticle size and spatial distribution by comparing the
results obtained when the swelling transition is triggered with
or without the presence of gold complex ions.

(i) Inducing the Swelling Transition with Gold Salt
Loading. In this case, the multilayer films were directly
loaded with gold salt at pH levels above and below the
critical loading pH for this system and then exposed to UV
light. Cross-sectional TEM images of the resulting multilayer
films show that the gold nanoparticles formed at a loading
pH of 2.3 (µ ) 20.3 ( 5.6 nm, Figure 6) are much larger
than those formed at pH 5.2 (µ ) 4.7 ( 1.7 nm, Figure 7),
because of the dramatic increase in the concentration of gold
complex ions bound to the film during the low pH-triggered
swelling transition, which is confirmed by the UV-vis
absorbance spectra of the films loaded with gold salt solutions
at different pH levels without UV reduction (see the
Supporting Information). The increase in nanoparticle size
also correlates with the extent of swelling of the film which
increases from 42 to 99% as the loading pH changes from

Figure 4. Confocal microscopy plan view image of a (PAH7.5/PAA3.5)20

PEM loaded with pH 1.8 gold salt and UV-irradiated through a photomask
(20 µm diameter holes, 50 µm apart). Below: Thickness profile averaged
over 10 µm (rectangular box height).

Figure 5. Cross-sectional TEM image of a (PAH7.5/PAA3.5)20 PEM
immersed in acidic water (pH 2.5) prior to gold salt loading (pH 2.3) and
UV reduction. Inset: Particle size distribution. The average particle size is
17.3 ( 9.0 nm.

Figure 6. (a) Cross-sectional TEM images of (PAH9.3/PSS9.3)20 PEMs
immersed in gold salt at pH 2.3 and UV reduced. (b) TEM image at higher
magnification. Inset: Particle size distribution. The average particle size is
20.3 ( 5.6 nm.

Figure 7. (a) Cross-sectional TEM images of (PAH9.3/PSS9.3)20 PEMs
immersed in gold salt at pH 5.2 and UV reduced. (b) TEM image at higher
magnification. Inset: Particle size distribution. The average particle size is
4.7 ( 1.7 nm.
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5.2 to 2.3 (see the Supporting Information). It is worth noting
that these extents of swelling are still much lower than that
of a film immersed in acidic water (pH 2.5) without gold
complex ions (611%). As in the case of the microporosity
transition in the (PAH7.5/PAA3.5) multilayer system, we
find that the presence of gold complex ions influences the
process. Further work is needed to understand how the
swelling transition is influenced by the presence of gold
complex ions in the (PAH9.3/PSS9.3) multilayer system,
although it is likely that electrostatic shielding effects are
playing an important role.

(ii) Inducing the Swelling Transition Prior to Gold Salt
Loading. We demonstrate here a method of generating gold
nanoparticles of a different size and spatial distribution,
which involves first inducing the swelling transition by acidic
water (pH 2.5) without the presence of gold complex ions
prior to gold salt loading. Previous work on this multilayer
system showed that after an acidic water treatment, the film
retains its swollen state even when immersed in solutions
of higher pH, up to ca. 10.5.48 The preservation of the extent
of swelling of the films after immersion in acidic water and
subsequently the gold salt solution was confirmed by the
similarity of the film thicknesses in both solutions (see the
Supporting Information). We therefore expected the con-
centrations of gold complex ions bound to the preswollen
multilayers to be similar across loading pH 2-6, which was

confirmed by UV-vis spectrophotometry (see the Supporting
Information). As expected, the UV-vis absorbance spectra
of the loaded and reduced multilayers (Figure 8a) show
similar SPR intensities across the pH levels studied. The λmax

values, however, increase with decreasing loading pH, thus
suggesting an increase in the particle size at a lower loading
pH. Comparisons of the UV-vis absorbance spectra of both
preswollen and not-preswollen films (Figure 8b) reveal that
the SPR maximum intensity and λmax values of the preswollen
films are slightly higher than those of the not-preswollen
films in the low gold binding regime (pH >5.0), but lower
in the high gold binding regime (pH e5.0). It therefore
indicates that the preloading swelling transition (without gold
complex ions) increases the gold binding capacity of the
multilayers when loaded in the low gold binding regime,
but decreases it in the high gold binding regime, which was
confirmed by UV-vis spectrophotometry (see the Supporting
Information). Consistent to the former trend, cross-sectional
TEM images of multilayers loaded in the low gold binding
regime (pH 5.2) show that the gold nanoparticles formed in
the preswollen films (µ ) 6.4 ( 2.8 nm, Figure 9) are
somewhat larger than those formed in the not-preswollen
films (µ ) 4.7 ( 1.7 nm, Figure 7). We speculate that the
decrease in the gold binding capacity of the preswollen
multilayers arises from the binding of ammonium groups
with Cl- ions from the preloading acidic treatment; a
dramatic decrease in the binding of gold complex ions by
polymeric amine/ammonium groups due to saturation by Cl-

ions has been reported in literature.50

Design Rules for Systematic Control over the Size,
Size Distribution, and Spatial Distribution of Gold Nano-
particles. We discuss in this section design parameters that
allow systematic control over the size, size distribution, and
spatial distribution of gold nanoparticles synthesized in situ
in the two multilayer systems. Overall, the gold nanoparticles
can exhibit two distinct sizes and spatial distributions
depending on the postassembly processing conditions. In the
first case, the nanoparticles are smaller with a relatively
narrow size distribution, and are evenly distributed across

Figure 8. (a) UV-vis absorbance spectra of preswollen (PAH9.3/PSS9.3)20 PEMs treated with acidic water (pH 2.5), immersed in gold salt solutions at
different pH levels and UV reduced. Inset: SPR maximum intensity (closed diamonds) and λmax (open diamonds) from the SPR absorbance spectra as a
function of gold loading pH. (b) UV-vis absorbance spectra of both preswollen and not-pre-swollen (PAH9.3/PSS9.3)20 PEMs immersed in gold salt
solutions at different pH levels and UV reduced. Inset: SPR maximum intensity (closed) and λmax (open) from the SPR absorbance spectra as a function of
gold loading pH. Red, preswollen; black, not preswollen.

Figure 9. (a) Cross-sectional TEM image of a (PAH9.3/PSS9.3)20 PEM
immersed in acidic water (pH 2.5) followed by gold solution (pH 5.2) and
then UV-reduced. (b) TEM image at higher magnification. Inset: Particle
size distribution. The average particle size is 6.4 ( 2.8 nm.
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the film cross-sectional area. These characteristics are very
similar to those observed in the carboxylic-acid-based in
situ silver nanoparticle synthesis in the (PAH3.5/PAA3.5)
multilayer system.2,30,31 In this study, these characteristics
were always observed in the (PAH9.3/PSS9.3) multilayer
system within the gold salt loading pH levels studied (pH
1.8 to 6.1), but only observed in the (PAH7.5/PAA3.5)
multilayer system at gold salt loading pHg2.3. In the second
case, the nanoparticles have a significantly larger size with
relatively broad size distribution, and tend to migrate to the
multilayer surfaces. These characteristics can be generated
in the (PAH7.5/PAA3.5) multilayer system through two
processes: (i) by loading the multilayers in gold salt at pH
1.8, or (ii) by prefabricating a porous structure in the
multilayers by an acidic water treatment (pH 2.5), followed
by gold salt loading at pH e2.3. Thus it appears that the
key factors dictating the gold nanoparticle size and spatial
distribution are the concentration of gold complex ions bound
to the film and the density of the amine/ammonium groups
they reside on, which can be manipulated through the film
assembly and postassembly processing conditions.

Conclusions

We demonstrate that successful in situ synthesis of gold
nanoparticles in PEMs can be achieved provided the films,
assembled at specific pH conditions, can generate free
ammonium groups under suitable postassembly processing
conditions. In particular, we show that in both (PAH7.5/
PAA3.5) and (PAH9.3/PSS9.3) multilayer systems, the gold
binding capacities of the films increase dramatically below
pH values of about 2.5 and 5.0, respectively, compared to
that at higher loading pH levels. These substantial differences
in gold binding capacity arise from molecular rearrange-

ments in the films that result in porosity and swelling
transitions in the PEMs. The proposed gold binding mech-
anisms in both high and low gold salt binding regimes are
supported by previous studies of postassembly molecular
rearrangements in the same multilayer systems. Based on
these gold binding mechanisms, the film assembly (e.g., pH)
and postassembly processing conditions (e.g., gold salt
loading pH and prefabrication of a porous structure prior to
gold salt loading) can be manipulated for systematic control
over the size and spatial distribution of the gold nanoparticles
in the multilayers.
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PAA3.5), (PAH9.3/PSS9.3), and (PAH4.0/PSS4.0) PEMs. Dry film
thicknesses of (PAH7.5/PAA3.5)20 PEMs immersed in gold salt
solutions at different pH levels, measured before and after UV
irradiation. UV-vis absorbance spectra of (PAH7.5/PAA3.5)20

PEMs immersed in gold salt solutions at different pH levels,
measured before UV irradiation. UV-vis absorbance spectra of
(PAH7.5/PAA3.5)20 PEMs first immersed in acidic water, then in
gold salt solutions at different pH levels and UV-reduced. UV-vis
absorbance spectra of preswollen and not-preswollen (PAH9.3/
PSS9.3)20 PEMs immersed in gold salt solutions at different pH
levels, measured before UV irradiation. Extent of swelling of
(PAH9.3/PSS9.3)20 PEMs in dry state, water, and gold salt solutions
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