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ABSTRACT: Most research on polymer composites has focused on
adding discrete inorganic nanofillers to a polymer matrix to impart
properties not found in polymers alone. However, properties such as
ion conductivity and mechanical reinforcement would be greatly
improved if the composite exhibited an interconnected network of
inorganic and polymer phases. Here, we fabricate bicontinuous
polymer-infiltrated scaffold metal (PrISM) composites by infiltrating
polymer into nanoporous gold (NPG) films. Polystyrene (PS) and
poly(2-vinylpyridine) (P2VP) films are infiltrated into the ∼43 nm
diameter NPG pores via capillary forces during thermal annealing
above the polymer glass transition temperature (Tg). The infiltration process is characterized in situ using spectroscopic ellipsometry.
PS and P2VP, which have different affinities for the metal scaffold, exhibit slower segmental dynamics compared to their bulk
counterparts when confined within the nanopores, as measured through Tg. The more attractive P2VP shows a 20 °C increase in Tg
relative to its bulk, while PS only shows a 6 °C increase at a comparable molecular weight. The infiltrated polymer, in turn, stabilizes
the gold nanopores against temporal coarsening. The broad tunability of these polymer/metal hybrids represents a unique template
for designing functional network composite structures with applications ranging from flexible electronics to fuel cell membranes.
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■ INTRODUCTION

Polymer nanocomposites (PNCs), broadly defined as materials
containing both an organic polymer phase and an inorganic
nanofiller phase, have been extensively investigated for their
unique properties.1,2 PNCs have been fabricated for
applications ranging from gas separations3,4 and optical
response materials5−7 to mechanical reinforcement8,9 and ion
conduction membranes.10 The design of functional PNC
materials goes beyond identifying properties of the individual
components, as the composite properties are intricately tied to
the dispersion state of the nanofiller within the polymer
matrix11,12 as well as the geometry and interfacial properties,
given the large number of interfaces generated.13−15 For
example, nanoparticles (NPs) can be directed to phase
separate to the interfaces within polymer blends, resulting in
bicontinuous structures with a quenched domain size;16,17 NPs
can also be directed toward the interfaces of self-assembled
block copolymers.18 Hore et al. have shown that nanorod
aggregation can be utilized to vary absorption properties across
the visible spectrum.6,7 Kumar et al. have also shown that the
storage modulus of PNCs heavily depends on the morphology
of the particles and is tunable through their dispersion in the
polymer phase.19−21

While the target application may dictate the desired PNC
morphology, several applications benefit from having a

percolated network of inorganic and organic phases, i.e., a
bicontinuous structure. For example, the mechanical reinforce-
ment in percolated cellulose nanofiber/polymer composites
can be increased by up to 3 decades relative to the neat
polymer, attributed to the connectivity of the high aspect ratio
“whiskers”.22−24 Carbon nanotube networks created through
selective alignment have displayed mechanical reinforcement
as well as increased electrical25,26 and thermal27 conductivities.
The impact of nanofiller percolation on polymer properties has
additionally been studied in the context of developing
materials with superior ionic conductivity. Marećhal et al.28

demonstrated that the percolation of the conducting inorganic
and organic hybrid aggregates significantly increased ion
conduction. Percolation of the inorganic domains has also
been linked to performance enhancements in dielectric29,30

and gas diffusion31 properties.
Typical synthetic pathways to create percolated PNCs can

be challenging and rely on mixing discrete inorganic materials
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with a polymer host. To achieve percolation, the NPs must
meet one or more requirements including: (I) large size, (II)
high aspect ratio, or (III) high loading (>20 vol %). However,
each of these requirements presents their own challenges. For
example, utilizing large NPs decreases the surface-area-to-
volume ratio of the filler material, affecting their functionality.
High aspect ratio NPs are generally more expensive to
produce, with some notable exceptions (e.g., carbon nano-
tubes25,26 and methyl cellulose22−24). Lastly, PNCs fabricated
by loading a large volume fraction of inorganic filler into the
polymer host tend to be extremely brittle and have poor NP
dispersion, leading to agglomeration rather than percolation,
which complicates both their fabrication and character-
ization.32−34 As a result, only a few prominent examples of
high-inorganic-phase loading PNCs have been demonstra-
ted.35,36 In these studies, PNCs were prepared through the
capillary rise infiltration (CaRI) of polymers into films of
randomly packed NPs, resulting in a network of nanopores
whose size is set by the diameter of the NP. While directed
self-assembly of the NP phase, through NP/polymer
interactions37 or via external fields,38,39 may be an attractive
method to generate percolated PNCs, these methodologies
require additional processing steps and are often imperfect.
The rational design of a polymer composite with percolated
domains without the need of complex chemistry or laborious
processing conditions thus remains an open challenge.
In this work, we fabricate and characterize a polymer-

infiltrated scaffold metal (PrISM), a new class of percolated
polymer nanocomposites. More specifically, we generate
bicontinuous films of nanoporous metal filled with polymer.
Our approach differs from previous polymer composites

significantly: instead of using discrete NP materials, we begin
with an inorganic f iller that is intrinsically percolated, thereby
circumventing the limitations imposed by the conventional
blending approach and avoiding bottlenecks to achieving
percolation. We take advantage of the extensive work on
nanoporous metal synthesis and characterization demonstrat-
ing the ability to tune both the metal porosity and size
distribution40−42 as well as its electrochemical perform-
ance.43,44 The use of this architecture for polymer composite
applications is relatively nascent, with only a few studies
exploring the mechanical45−48 or electrochemical49−51 proper-
ties of these materials. Therefore, there is a large potential for
these materials as facile media to systematically design and
study a wide array of percolated PNCs.
Using this novel scaffold approach, we investigate the

imbibement of polystyrene (PS) and poly(2-vinylpyridine)
(P2VP) into nanoporous gold (NPG) films by adapting the
thermally induced capillary rise method previously de-
scribed.35,36 Here, PS and P2VP were chosen due to their
relatively hydrophobic and hydrophilic nature, respectively,
allowing for the investigation of changes in confinement
behavior due to interactions between polymer and metal
scaffold through the minimization of monomer size, backbone
stiffness, and bulk glass transition effects. We show that both
PS and P2VP readily infiltrate into the NPG after annealing at
150 °C for 3 h, provided that their radius of gyration (Rg) is
less than the pore radius. In contrast, PS chains with an Rg
larger than the nanopore radius (i.e., >Mw ≈ 750 kDa)
infiltrate at a much slower rate and are unable to completely fill
the pores without a substantial increase in temperature and
imbibement time. Interestingly, at 150 °C for comparable low

Figure 1. Structural characterization of NPG thin films. (A, B) AFM images (A) as-cast and (B) after coarsening at 175 °C for 3 h. The
interligament distance increases by approximately 20 nm during coarsening. (C) Small-angle X-ray scattering from the as-cast and coarsened NPG.
The single, broad peak corresponds to the interligament distance and correlates with AFM image analysis. The data for coarsened NPG is shifted
vertically for clarity. (D) SEM image of the NPG film surface. The ligament structure is clearly visible with feature sizes comparable to AFM and
SAXS.
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Mw (ca. 50 kDa), PS is found to infiltrate the gold scaffold 10×
faster than P2VP. For both PS and P2VP, the glass transition
temperature (Tg) increases when confined in NPG. While the
Tg increases as much as 6 °C for PS, P2VP shows up to a 20
°C increase. This is attributed to P2VP’s stronger affinity for
gold than PS, which has been demonstrated in the literature to
be a result of the coordination between the gold and the
nitrogen atom in the pyridine group of P2VP.18,52−54

Furthermore, whereas the unfilled NPG undergoes coarsening,
the pore size of NPG infiltrated with polymer remains constant
over 200 days at room temperature. This enhanced
morphological stability may address an outstanding limitation
when using nanoporous metals as electrodes in battery
applications.

■ RESULTS AND DISCUSSION
Characterization of the Nanoporous Gold Scaffold.

We focus first on characterizing the structure of the NPG thin
films. NPG films are readily fabricated by free corrosion
dealloying of a ∼100-nm-thick gold/silver precursor film with
composition Au35Ag65 at %. Here, nanoporosity is formed
during the selective leaching of Ag from the Au35Ag65 at %
alloy via a spinodal decomposition pathway (details provided
in the Materials and Methods section). Recently, Detsi et al.
have performed a thorough investigation of the micro-
structures of these nanoporous materials, including the pore
size distribution, pore curvature, and specific surface area.55

Figure 1A shows an atomic force microscopy (AFM, Agilent
5420) image of the NPG after the dealloying process, where
the quasirandom structure reminiscent of spinodal decom-
position is visible. Image analysis via a radial autocorrelation
function using Gwyddion software (see Supporting Informa-
tion) shows an average ligament−ligament spacing of 59 ± 4
nm, similar to previous observations on these materials.55,56

Spectroscopic ellipsometry (SE, Woollam M2000) character-
ization of these materials (see Supporting Information) can
also yield the porosity of the NPG, which we measure as 53 ±
4%. This value is in the vicinity of the atomic percent of silver

in the precursor alloy film, indicating complete dealloying.
From these values, we estimate the nanopores have a diameter
of 0.53 × 59.0 = 29.7 nm.55,57

Subsequent infiltration of the polymer chains into the NPG
films requires thermal annealing at temperatures well above the
polymer Tg. Therefore, we investigated the effect of thermal
annealing on the structure of the gold ligaments, which are
expected to coarsen at elevated temperatures,56−58 to
determine the stability of the pore structure. Figure 1B
shows an AFM image of the same NPG film after thermal
annealing at 175 °C for 3 h. Here, the average ligament−
ligament distance increases by approximately 25 nm during
heat treatment to 81 ± 8 nm, which corresponds to a nanopore
size of ∼43 nm and is consistent with results from comparable
annealing procedures.43 Measurements of the ligament−
ligament distance in the as-cast and coarsened NPG films via
small-angle X-ray scattering (SAXS, Xenocs Xeuss 2.0, Dual
Source and Environmental X-ray Scattering facility of the
Laboratory for Research on the Structure of Matter) are shown
in Figure 1C. We observe a single, broad scattering feature that
represents a characteristic dimension of the gold ligament
structure;55 the breadth of this feature is indicative of the
dispersity in ligament size. The measured ligament−ligament
distance of the as-cast (56 ± 1 nm) and coarsened (86 ± 1
nm) NPG agree with our AFM analysis. This suggests that a
single gold ligament oriented perpendicular to the film surface
would nearly span the film in thickness, which can be
qualitatively seen via scanning electron microscopy (SEM,
FEI Quanta 600, Nanoscale Characterization Facility of the
Singh Center for Nanotechnology) in Figure 1D.

Polymer Infiltration Characterization, Kinetics, and
NPG Stability. Polymers were infiltrated into the pores of the
NPG by adapting the capillary rise infiltration procedure used
in past work to infiltrate macromolecules into porous
structures.36,59 Herein, the NPG film was deposited over a
polymer film and heated above the polymers’ Tg to induce
infiltration via capillary forces. The initial polymer film
thickness is chosen to be comparable to that of the NPG

Figure 2. (A) Cross-sectional SEM images and AFM phase images of (top) the NPG/PS-64 bilayer before infiltration and (bottom) infiltrated
NPG after annealing at 150 °C for 3 h. After annealing, the PS-64 film is not visible, and the AFM phase contrast is significantly reduced. (B) AFM
root-mean-square surface roughness of the composites after infiltration as a function of molecular weight. Roughness is measured across an area of
2 × 2 μm2. The dashed line represents the surface roughness of as-cast NPG before polymer infiltration. (C) Schematic showing the importance of
polymer chain dimension relative to the NPG pore during infiltration.
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film to ensure that there is enough polymer to completely fill
the porous structure. Figure 2A shows cross-sectional SEM and
AFM (phase) images for a bilayer of 100 nm NPG over ∼100
nm PS-64 (see Table 1) before and after annealing at 150 °C

for 3 h. Before infiltration (Figure 2A, top), the gold ligament
structure is clearly visible on the surface of the bilayer, with no
PS signature present in the AFM image. The corresponding
cross-sectional image shows a dark band below the NPG,
indicative of the PS layer. This layer is noticeably absent after
annealing (Figure 2A, bottom), suggesting that the PS has
infiltrated into the porous NPG film. Figure S21 shows a
corresponding high-resolution cross-sectional SEM image after
infiltration of PS-64 where the nanopores are completely filled
with polymer throughout the NPG thickness.
Surface roughness was quantified by analyzing the AFM

height images of the annealed films and used to determine
whether the NPG is fully infiltrated with polymer (see
Supporting Information). Before complete infiltration, the
NPG films have a high surface roughness, as the AFM probe
only interacts with the gold ligaments. As polymer infiltrates
from the bottom of the NPG, fills the inner pores, and then
reaches the surface of the NPG to fill the surface pores, the
roughness decreases and approaches a constant value as
detected via AFM. For infiltration of PS and P2VP with
molecular weights (Mw) from 50 to 20 000 kDa, Figure 2B
shows that the surface roughness increases after 3 h of
annealing at 150 °C. Below 650 kDa, the surface roughness is
relatively small (ca. 5 nm), which is consistent with complete
polymer infiltration within 3 h. However, under the same
annealing conditions, larger molecules are unable to fully
infiltrate the NPG and reach the surface, resulting in a large
roughness value comparable to that of the unfilled NPG (ca.
26 nm).
We attribute the strong dependence of infiltration time on

molecular weight in part to the size of the nanopore relative to
that of the polymers’ Rg. Here, this ratio is described by Lpore/
2Rg, where Lpore is the diameter of a single nanopore (ca. 43
nm). This ratio is comparable to those previously used to
investigate the transport of dilute polymer chains through
cylindrical pores.46 Figure 2B suggests that chains with 2Rg <
Lpore readily infiltrate into the pores, while chains larger than
this critical size will be highly confined and infiltrate slower
under the same annealing conditions. For our system, the
polymer molecular weight corresponding to 2Rg = Lpore is
∼750 kDa, which correlates well with the experimentally
observed transition, in which chains larger than this Mw are
unable to fully infiltrate the NPG for the experimental
conditions investigated.

Here, it is useful to compare (I) the characteristic time
required for an unconfined polymer chain to diffuse via
reptation a distance equal to the thickness of the NPG film (ca.
100 nm) and (II) how this time scale compares with whether
chains of a given molecular weight have fully infiltrated into
NPG after 3 h of annealing. Here, the diffusion time scales as

∼ l
D

2
, where D is the polymer diffusion coefficient and l is the

film thickness (note: the tortuosity of the pores is neglected in
this analysis). Using reptation theory and diffusion coefficients
of PS chains obtained by Kramer et al.,60 a theoretical analysis
indicates that only chains withMw < 200 kDa should be able to
fully infiltrate. However, our data indicates that chains with Mw
as high as ∼650 kDa fully infiltrate the NPG film. Further
experiments also show that 2000 and 20 000 kDa polymers can
infiltrate given longer infiltration times (ca. 21 h, see
Supporting Information), while reptation theory predicts
these chains should only partially diffuse into the 100 nm
NPG thickness. While further studies are required to fully
probe the kinetics of the infiltration process, this data suggests
that the kinetics of imbibition is significantly faster than that
predicted by polymer reptation and is less strongly dependent
on chainMw than the canonical ∼N2 predicted by the reptation
model. A complete study investigating the polymer imbibe-
ment kinetics is ongoing and will be presented in future work.
While surface roughness obtained via AFM provides the

requisite time for full infiltration ex situ, the kinetics of the
infiltration can be quantified in situ using SE, which is sensitive
to changes in optical properties as the pores fill with polymer.
Here, the SE model reflects the 3-D microstructure of the
NPG, with the pores’ refractive index increasing from an initial
value of ∼1 (air), to a final value of that of either PS (∼1.58)
or P2VP (∼1.56). Figure 3A shows the nanopore fill fraction as
a function of infiltration time at 150 °C for PS and P2VP with
molecular weights of 64 and 50 kDa, respectively. Figure 3B
shows the same data plotted as a function of temperature. We
observe that P2VP begins infiltrating into the NPG pores at
lower temperatures than PS, presumably due to its lower bulk
glass transition temperature (ca. 88 °C for P2VP and ca. 96 °C
for PS) and more favorable interaction with NPG. Both PS and
P2VP infiltrate slowly in the initial stage and rapidly infiltrate
after 0.5 and 5 min, approaching a plateau after 5 and 60 min,
respectively. The time for PS to completely infiltrate the NPG
is of similar magnitude to those of CaRI experiments with
systems of a comparable confinement ratio.32,47,48 Interest-
ingly, P2VP requires an order of magnitude increase in
annealing time to fully infiltrate the NPG film compared to PS.
This is despite the two polymers having comparable molecular
weights as well as confinement ratios and both being
substantially (>50 °C) above their unconfined glass transition
temperatures.
A drawback of nanoporous metals is that their structure

continually evolves over time, eventually leading to ligament
growth and change in porosity.58,61 This temporal aging is
analogous to the thermal coarsening procedure used herein to
set the characteristic NPG ligament size. Therefore, one may
expect the NPG structure to continuously evolve to form
larger-scale ligaments, eventually leading to ligament growth.
As such, we investigate the effects of polymer infiltration on
temporal aging and optical properties in the PrISM
composites. Figure 4 shows bar graphs following the effect of
aging on the NPG structure as measured through AFM and
SEthe gold ligaments have clearly coalesced into larger

Table 1. Samples of Polystyrene and Poly(2-vinylpyridine)
Used in This Study

sample Mw (kDa) Mw/Mn Rg (nm)

PS-50 50 1.06 6.1
PS-64 64 1.05 6.7
PS-106 106 1.06 9.0
PS-650 650 1.06 22.1
PS-2000 2000 1.30 38.7
PS-20000 20 000 1.20 122.5
P2VP-50 50 1.02 7.0
P2VP-130 130 1.07 22.7
P2VP-850 850 1.10 70.3
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structures after 6 months. To quantify this, AFM analysis
indicates the average ligament width, Dligament, increases by 30

nm over this time (see Supporting Information). Conversely,
the average Dligament of the PS-infiltrated NPG composites does
not change (within error) after 6 months, as shown in Figure
4A. Evidently, the infiltrated polymer has substantially
hindered coarsening of the NPG film. We attribute this
stabilization to the confined polymer that inhibits surface
diffusion of the gold atoms, which other work has suggested is
the primary cause of thermal coarsening.56 We also examine
the porosity (from SE, see Supporting Information) of
noninfiltrated and PS-infiltrated NPG films, both as-cast and
aged in Figure 4B. In the case of the PS-infiltrated films, the
porosity value is a measure of the relative volume fraction of
infiltrated polymer to that of the gold ligaments. The initial
porosity of both materials is ca. 53 ± 4%. The porosity of the
noninfiltrated NPG drops by approximately 25 ± 3.5% of its
original value after 6 months of aging, indicative that temporal
aging results in ligament growth. However, there is no such
indication in the corresponding data for PS-infiltrated
composites.
We note that in addition to the infiltrated polymer

substantially hindering the thermal coarsening of the NPG,
these PS and P2VP filled PrISM composites lend themselves to
mechanical enhancements of the NPG. For support, we look at
polymer-infiltrated nanoparticles produced by the CaRI
method. The hardness and elastic modulus of these composites
increases upon filling the interstitial spaces between nano-
particles with PS. In addition, the high nanofiller fraction (>50
vol %) in CaRI leads to a significant enhancement in nanoscale
wear and scratch resistance.35 In contrast to the films made of
discrete particles, the hard phase presented herein forms a
bicontinuous morphology with continuous hard (gold) and
soft (polymer) phases. It will be interesting to determine
whether the infiltration of polymer improves the hardness and
elastic modulus observed for CaRI films. However, the
viscoelastic properties of the PrISM films should be enhanced
by the infiltrated polymer (relative to the pure NPG). This
behavior was observed in a nanoporous organosilicate, which is
rigid (cohesive fracture energy of 2 J/m2) compared to our
flexible polymer−metal hybrid films.62 In addition to the
PrISM composites demonstrating improved nanomechanical
properties, the filled metal scaffolds can be used in short-stroke
actuator and sensor applications, as demonstrated previously
by Detsi et al.,63 and as flexible all-solid-state submicrometer-
thick supercapacitors as demonstrated by Meng and Ding.64

Polymer Glass Transition under Confinement. We
now transition from examining the kinetics of polymer
infiltration in NPG to the thermal properties of the resulting
composites. Specifically, polymer chains in confined geo-
metries, such as nanosized pores, are expected to have different
segmental dynamics than unconfined chains.36,65−77 The effect
of confinement on segmental relaxation dynamics can be
captured by measuring the Tg of the polymer using in situ SE to
monitor changes in the refractive index as a function of
temperature. This contrasts with measurements of the
infiltration kinetics of the polymer chains (cf. Figure 3),
which probes a more global dynamic property that is related to
the viscosity of the chains. Figures 5A,B show representative
plots of the refractive index versus temperature for a neat
∼130-nm-thick PS-20000 film and the same PS-20000
infiltrated into a NPG film, respectively, demonstrating our
ability to measure the polymers’ Tg in unconfined and confined
systems.

Figure 3. Nanopore fill fraction of PS-64 and P2VP-50 as a function
of (A) annealing time at 150 °C and (B) annealing temperature as

monitored by SE. The fill fraction is defined as
−

−

n t n

n n

( ) pore

poly pore
, where npore

is the refractive index of the empty pores before infiltration (∼1) and
npoly is the refractive index of the infiltrated polymer.

Figure 4. Synergistic stabilization of the NPG composites. (A, B)
Changes in (A) average ligament size and (B) porosity of the NPG
films upon aging for 6 months. The porosity changes are modeled
from ellipsometry data; the average ligament sizes are measured from
AFM images.
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There are two distinct differences between the data sets.
First, the Tg of the confined PS is 6 ± 2 °C higher than the
unconfined PS. This difference is attributed to the reduced
segmental dynamics of the chain due to confinement within
the nanopore with a ∼43 nm diameter. Second, the width of
the transition for the confined PS is broader than that of the
unconfined PS. This difference is quantified by measuring the
upper and lower limits of the glass transition temperature, Tg

+

and Tg
−, respectively, as shown in Figure 5B (see Supporting

Information). In Figure 5B, Tg
− appears relatively unchanged

compared to the unconfined polymer; however, confinement
significantly increases Tg

+ from 106 to 119 °C.
Figure 6 shows the change in Tg (ΔTg), Tg

+, and Tg
− for PS

and P2VP infiltrated into NPG as a function of the molecular
weight. For both polymers, we focus first on ΔTg, which
increases with increasing Mw for both systems. Overall,
confined chains of P2VP show a greater increase in ΔTg
than PS chains of comparable Mw. For example, the ΔTg of
P2VP-850 is 18 ± 2 °C, while this value is only 6 ± 2 °C for
PS at a comparable Mw. Also, the ΔTg of P2VP increases more
strongly as a function of Mw compared to that for PS. Both
observations point to a greater effective degree of confinement
for P2VP chains than for PS chains, despite the pore size being
held constant (ca. 43 nm).

We now examine how Tg
+ and Tg

− depend on polymer type
and molecular weight. Figure 6B shows the Tg

+ and Tg
− of PS

as a function of chain Mw (note: the values for analogous pure
PS are shown as dashed lines and do not vary significantly with
Mw). The Tg

− of PS is relatively constant as Mw increases and
does not deviate significantly from values for the unconfined
PS. Conversely, Tg

+ of PS monotonically increases by up to 10
± 2 °C as Mw increases from 50 to 20 000 kDa. The greater
ΔTg at high Mw can be attributed to this increase as well as the
increase in the breadth of Tg. Recently, it has been shown that
the dynamics of adsorbed polymer layers can exhibit a
molecular weight dependence, commensurate to what we
observe here.78,79 In polystyrene, this can be related to the
slower dynamics at the NPG/PS interface, where chains are
potentially strongly adsorbed to the NPG surface. As such,

Figure 5. Polymer refractive index (n) versus temperature for an (A)
unconfined 130-nm-thick PS-20000 film and a (B) NPG film
infiltrated by the same PS. The Tg of PS increases by ∼6 ± 2 °C
upon confinement into the pores. Additionally, the Tg breadth,
characterized by Tg

+ and Tg
−, significantly increases.

Figure 6. (A) Tg increase in confined polymers as a function of the
chain Mw. Data for both PS and P2VP are shown. (B, C) Tg

+ and Tg
−

as a function of Mw for (B) PS and (C) P2VP. The light dashed lines
in Figure 6B,C show Tg

+ and Tg
− of the pure polymers. Inset images

are schematics representing the gradient in polymer dynamics
confined in the NPG pores.
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their dynamics are slowed, increasing the Tg
+. The reasonably

constant Tg
− value indicates that the dynamics in the regions

corresponding to the center of the nanopores behave bulk-like.
In contrast to PS, Tg

− of confined P2VP increases in parallel
with the Tg

+, resulting in a relatively constant breadth in
dynamics, indicating that the polymer dynamics are slowed
everywhere as a result of the much stronger interactions of
P2VP with the NPG surface compared to the PS.
The microstructure of NPG has been previously studied

using SAXS and SEMhowever, to our knowledge, there is no
prior characterization work conducted using in situ SE.
Modeling of the ellipsometry data provides an independent
measurement of the film porosity and NPG optical properties,
which can be compared with typical properties of discrete gold
nanorods. Importantly, this allows us to carefully control the
gold ligament size through the coarsening temperature and
time via in situ SE (see Supporting Information). Additionally,
we can reliably tune the average NPG pore size, which by
extension, allows for precise control over the degree of
geometric confinement in these composites. These nanoporous
metal films are thus a versatile architecture that can be
systematically varied to produce a wide array of conditions
from a single starting material. This is a unique benefit over
other classes of polymer nanocomposites, which are similarly
broadly tunable but often require the synthesis of new
materials or multistep processes. Additionally, by changing
the composition of the precursor alloy, the ability to vary the
relative ratio of organic to inorganic constituents is
achievablefor example, NPG scaffolds fabricated from a 6-
karat leaf (Au25Ag75 alloy) have a porosity of ∼66 ± 5% as
measured using SE as opposed to the 12-karat leaf used here
with 53 ± 4% porosity (see Supporting Information).
Importantly, the precursor metal films can be fabricated from
a variety of metals,80−82 further expanding on the available
parameter space for these materials such as polymer
wettability.
We now turn to understanding the synergistic PrISM

composites and their resultant properties. The differing
polymer infiltration times of PS and P2VP can be understood
by considering the relative interactions of PS and P2VP with
the NPG. Past work on polymers under confinement41,83−85

has shown that the mechanism of polymer infiltration is
fundamentally affected by the interaction strength between the
polymer and inorganic filler material. For strongly interacting
systems, infiltration is adhesion-dominated, where chains
adsorb to the confinement surface and move more slowly
through the void spaces compared to weakly interacting
systems, where infiltration is diffusion-dominated. More
specifically, for strongly adsorbed polymer chains, a “dead
zone” is created, thus reducing the pore radius and leading to
an increase in the imbibing polymer’s effective viscosity.84 This
is due to the formation of polymer loops along the confining
wall, which increase the number of topological constraints for
other imbibing chains. These imbibing chains can entangle
with the loops of the adsorbed chains and thus increase the size
of the “dead zone”.83 Gold and P2VP have strongly favorable
interactions,18 which is observed here as decreased infiltration
kinetics of P2VP infiltration. Specifically, as demonstrated in
Figure 3, P2VP begins infiltrating much sooner (and faster)
than PS but then significantly slows down with time. This can
be interpreted as the buildup of the “dead zone” in P2VP due
to its much stronger attraction to gold (i.e., fast initial
infiltration due to no “dead zone” but then slows down with

time due to the adsorbed P2VP chains and much greater
confinement). This idea is further supported by the slower
segmental dynamics near the pore wall for P2VP compared to
PS and an overall greater increase in Tg. This observation
suggests that wettability (e.g., surface interactions) dominates
the infiltration behavior as opposed to other factors such as
chain molecular weight. These results are consistent with
adhesion-limited infiltration.
While the strength of interactions between NPG/PS is

relatively weaker compared to NPG/P2VP, the interactions are
still strong enough, that combined with the expansive surface
area of the gold ligament structure, the result is slower
segmental relaxation at those interfaces. This is observed as
increased Tg

+, resulting in the slight increase in Tg seen in the
PS-based composites. However, since the interaction strength
between gold and PS is comparatively weak, the dynamics at
the center of the pores remain bulk-like, as observed by the
similar value of Tg

− with that of the bulk, indicating that fewer
adsorption sites are present, making the PS infiltration
dynamics relatively faster than P2VP. This is shown schemati-
cally in the inset of Figure 6B where dark blue represents
confined polymer chains and light blue represents unconfined
chains. Conversely, the increased interaction strength between
gold and P2VP slows down the relaxation dynamics
throughout the entire NPG pore (Figure 6C, inset). The
result is a greater increase in the overall polymer Tg but
without any significant change to the breadth of the Tg.
In this study, the pore diameter is fixed at ∼43 nm. As noted

previously, the pore size can be tuned from 10−100s of nm.
We therefore expect that polymer chain dynamics can be
further manipulated depending on the imposed degree of
confinement. For the case of Lpore/2Rg ≫ 1, the chains are
unconfined and should exhibit bulk-like behavior, with little-to-
no change in Tg. When the pore size is decreased such that it is
comparable in size to that of the polymers, the segmental
dynamics of the polymers decrease, resulting in an increase in
Tg as demonstrated herein. However, when reducing the pore
size to the lower limit of the nanometer range (i.e., Lpore/2Rg
≪ 1), interesting phenomena are expected to occur; Doi et
al.84 recently showed that strong chain confinement leads to
chain disentanglement, leading to faster infiltration kinetics.
Experiments are currently underway to quantify the change in
Tg across this broad range of pore sizes. Overall, these
bicontinuous materials appear to have a synergistic stabiliza-
tion effectthe addition of the polymer stabilizes the gold
ligaments from coarsening, while the geometrical confinement
of the polymer within the NPG reduces the segmental
dynamics of the polymer chains, increasing their Tg.

■ CONCLUSIONS
We have fabricated a new class of polymer nanocomposites
utilizing intrinsically percolated NPG infiltrated with polymer
chains to form bicontinuous organic−inorganic materials. The
average pore size of the underlying nanoporous film can be
systematically tuned through coarsening via thermal treatment,
allowing scaffolds with varying levels of polymer confinement
to be produced from a single material. Polymer chains are
readily infiltrated into the porous network through heating
above the polymer Tg, and the relative kinetics of the
infiltration process is related to the interaction strengths
between the metal scaffold and polymer. The bicontinuous
components cooperatively stabilize each other, where small
pore sizes serve to reduce polymer segmental dynamics and the

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c12491
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12491/suppl_file/am1c12491_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c12491/suppl_file/am1c12491_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c12491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


presence of the polymer restricts coarsening and ligament
growth of the NPG scaffold. These materials represent a new
pathway for designing hybrid composites with enhanced
propertiesincluding ionic conductivity and mechanical
responsethat are a result of the intrinsically percolated
mesoporous structure. The ability to manipulate the relative
confinement of the polymer chains as well as the polymer−
scaffold interactions provides an expansive test bed to probe
the underlying polymer physics in these geometries.

■ MATERIALS AND METHODS
Materials. Nanoporous gold (NPG) films were prepared by free

corrosion dealloying of ∼100-nm-thick Au−Ag alloy leaves with a
composition of Au35Ag65 (at %) in 15.8 M nitric acid (NORIS
Blattgoldfabrik) for approximately 30 min using a previously
developed procedure that selectively etches the silver.49,61,86

Polystyrene (PS) and poly(2-vinylpyridine) (P2VP) were purchased
from Polymer Source Inc. and used as received. The weight-average
molecular weights, polydispersity index, and estimated radius of
gyration measured from DLS for all samples are summarized in Table
1. N-type, <100> oriented silicon wafers (dopant Ph, 10−20 Ω·cm
resistivity, 475−575 μm thickness, single side polished) were
purchased from Silicon Quest International and washed with
methanol and toluene and dried under nitrogen flow.
Methods. NPG/Polymer Composite Preparation. PS and P2VP

polymers with varying molecular weights were dissolved in toluene
(99.9%, for HPLC, Sigma-Aldrich) and n-butanol (≥99.9%, Sigma-
Aldrich), respectively, and stirred for 24 h using a rotating magnetic
stir bar. The solutions (2.4 wt %) were spin-coated (4000 rpm, 60 s,
Laurell Technologies) onto 1 × 1 cm2 cleaned silicon wafers and
dried at 100 °C for 1 h to remove residual solvent. All films were
smooth and homogeneous as-cast. Film thicknesses were measured
with a white-light reflectometer (Filmetrics F3−UV) and ranged from
90−130 nm depending on the polymer molecular weight. NPG films
were coarsened to a desirable pore size through thermal treatment on
a hot stage (Mettler FP-82, Mettler Toledo, INC.) under continuous
argon flow at 175 °C for 3 h and immediately quenched to ambient
conditions. The coarsened NPG films were then floated on DI H2O.
After it was lifted from its substrate, the NPG was stacked on top of
the PS and P2VP polymer films and dried on a hot plate at 60 °C for
30 min to remove residual DI H2O. Macroscopic wrinkling of the
NPG film was not apparent during this bilayer preparation. The
bilayer films were then annealed on the same hot stage for 3 h at a set
temperature of 150 °C to induce polymer infiltration. This
temperature was specifically chosen to impart polymer mobility
while also preventing further NPG coarsening.
Atomic Force Microscopy (AFM). Tapping mode AFM was

performed using an Agilent 5420 AFM with noncontact tips
(TAP300AL-G-50 radius of curvature <10 nm, Ted Pella). The
images were processed using Gwyddion software. Gold ligament and
nanopore dimensions were computed by individually measuring at
least 500 features across five separate 2 × 2 μm2 images. Radial
autocorrelation function analysis was performed to determine the
characteristic NPG ligament dimension.
Scanning Electron Microscopy (SEM). Stacked NPG/polymer

bilayers and infiltrated composite samples were submerged in liquid
nitrogen for several minutes to decrease the ductility of the NPG. The
samples were then scored with a diamond scribe and fractured. Cross-
sectional backscattered electron micrographs were taken with an FEI
Quanta 600 environmental scanning electron microscope (ESEM) at
15 keV.
Dynamic Light Scattering (DLS). DLS was performed using a

Malvern Zetasizer nano-s DLS with a 632.8 nm red laser to determine
the hydrodynamic radii (Rh) of PS and P2VP as a function of
molecular weight. The two polymers were dissolved in toluene and n-
butanol, respectively, at a dilute concentration of 0.05 mg/mL. The Rh
values for each polymer are then extracted by plotting the number

distribution vs species diameter and fitting the data with a Gaussian
function.

Small-Angle X-ray Scattering (SAXS). SAXS was used to
determine the center-to-center ligament distance of the NPG films
before and after coarsening. To prepare NPG films for SAXS
characterization, the NPG films were floated on DI H2O. After it was
lifted from its substrate, the NPG was transferred to a Kapton film and
dried on a hot plate at 60 °C for 30 min to remove residual DI H2O.
SAXS measurements were performed on a Xenocs Xeuss 2.0 at the
University of Pennsylvania, with a sample-to-detector distance of 6.36
m with a Cu Kα source, providing an available q-range of 0.003−0.09
Å−1. Raw 2-D scattering spectra were collected on a Pilatus 1 M
detector for 20 min per sample and were then azimuthally integrated
into 1-D patterns for analysis.

Spectroscopic Ellipsometry (SE). The optical properties of unfilled
NPG and infiltrated composite materials were probed using
spectroscopic ellipsometry (M2000, J.A. Woollam, NE) with a
spectral range of 400−1600 nm and equipped with a thermocon-
trolled stage (Linkam Corp., U.K.). All SE samples were prepared
using frosted glass substrates in place of silicon to minimize
backscattering. Measurements of the unfilled NPG optical properties
were conducted at five different incident light angles with an
acquisition time of 10 s per angle. The measured optical response was
modeled using a harmonic oscillator model in the wavelength range of
450−1050 nm. The harmonic oscillator model was used in
subsequent experiments that probed the in situ optical response of
the NPG pores. More information on the modeling procedure is
provided in the Supporting Information.

In situ polymer infiltration experiments were performed by heating
stacked bilayers of NPG and polymer to 150 °C at a ramp of 25 °C/
min at a single angle of incident light (70°) for predetermined
amounts of time; the acquisition time of each measurement was 1 s.
The samples were subsequently cooled to room temperature. Glass
transition temperature measurements were performed by heating the
infiltrated NPG composites to 150 °C for 10 min and then cooling to
25 °C at a constant cooling rate of 10 °C/min.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.1c12491.

Expanded discussion of AFM imaging and analysis,
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(45) Wang, K.; Kobler, A.; Kübel, C.; Jelitto, H.; Schneider, G.;
Weissmüller, J. Nanoporous-Gold-Based Composites: Toward
Tensile Ductility. NPG Asia Mater. 2015, 7 (6), e187.
(46) Wang, K.; Weissmüller, J. Composites of Nanoporous Gold and
Polymer. Adv. Mater. 2013, 25 (9), 1280−1284.
(47) Gnegel, S.; Li, J.; Mameka, N.; Huber, N.; Düster, A. Numerical
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