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ABSTRACT: We investigate the role of physical confinement on the
polymer viscosity and the glass transition temperature (Tg) of unentangled
polymers undergoing capillary rise infiltration (CaRI). CaRI thermally
drives polymer infiltration into the voids of densely packed nanoparticle
films via capillarity, inducing extreme nanoconfinement of the polymer. We
tune the confinement ratio (CR), defined as the ratio of the polymer radius
of gyration to the average pore radius in the nanoparticle packing, by using
different polymer molecular weights and by varying the nanoparticle size
constituting the packing, respectively. We show that physical confinement of unentangled polymers in the interstices of weakly
interacting nanoparticles leads to increased viscosity by more than 2 orders of magnitude relative to the bulk viscosity and to
increased polymer Tg by 32 K. The increase in both viscosity and Tg increases with CR and saturates at CR ∼ 1. The correlation
between the viscosity and Tg increase suggests that the slowdown in translational chain dynamics is directly correlated to the
decreased polymer segmental motion under nanoconfinement. These findings emphasize the importance of understanding the
effect of extreme nanoconfinement on the transport and thermal properties of polymers, even in weakly interacting systems,
which in turn will provide guidelines in optimizing processing parameters and properties of the resulting CaRI nanocomposite
films.

■ INTRODUCTION

Physical confinement of polymers occurs in a wide range of
applications including nanostructured polymers in solar cells,1,2

electronic components,3 protective coatings,4,5 energy storage
devices,6 and separation systems.7 Confinement of polymers to
nanoscopic dimensions8 can induce drastic changes in their
properties and dynamics.9 In some cases, confinement-induced
changes can be deleterious for the final applications of confined
polymers due to their poor structural integrity relative to the
bulk. For instance, polymers intercalated in between graphene
oxide sheets have lower decomposition temperature than their
bulk counterparts.10 Polymer chains confined in thin films
show reduced elastic modulus and fracture strength with
decreasing thickness.11−13 Thus, to enable new applications
and to circumvent potential pitfalls that may result from
unexpected changes in the properties of confined polymers, it
is extremely important to understand the effect of physical
confinement on the properties of polymers.
Nanocomposites made of mixtures of polymers and

nanoparticles represent one common system in which
nanoparticles can impose physical constraint on the polymer
chains. In particular, when there is a high volume fraction of
nanoparticles and the nanoparticles are small, a large volume
fraction of polymers present in the composite lies in the
confined region between nanoparticles.9 When the volume
fraction of the nanoparticles is above a certain limit (for
example, 50 vol %), the interparticle distance can become
comparable to or smaller than the characteristic size of the

polymer chains,14−18 inducing significant confinement on the
polymer chains, which results in changes in the dynamics and
mechanical properties of polymers.9 Interestingly, several
naturally occurring nanocomposites have emergent properties
that stem from the presence of extremely large volume
fractions of nanoparticles and small fractions of highly confined
polymer phase. Nacre, for example, known for its ultrahigh
strength and toughness, is made of more than 90 vol % rigid
nanoplatelets and less than 10% of proteinaceous polymers.
Capillary rise infiltration (CaRI) relies on the infiltration of

polymers into dense nanoparticle packings via capillarity and
thus enables manufacturing of nanocomposite films with
extremely high volume fractions of nanoparticles (>50 vol
%) with a relatively simple procedure.5,19−23 The CaRI method
circumvents processing challenges associated with the
fabrication of highly filled nanocomposites using conventional
methods such as compounding and layer-by-layer assem-
bly.24,25 Moreover, CaRI represents a powerful method to
induce extreme nanoconfinement of polymers because the
characteristic pore size in the disordered packings of spherical
nanoparticles is approximately 30% of the nanoparticle size,26

which can be comparable to or smaller than the dimension of
unperturbed polymer chains. In other words, CaRI enables a
simple approach of confining polymers in extremely small
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pores (<10 nm), comparable to the polymer’s radius of
gyration (Rg), and tuning of average pore radius (Rpore) based
on nanoparticle sizes; i.e., smaller nanoparticles confine the
polymer more strongly. To enable efficient production of CaRI
nanocomposites, it is critical to understand the effect of
extreme nanoconfinement on the capillarity-based transport
phenomena.
In this work, we study the effect of physical nanoconfine-

ment on the unentangled polymer viscosity during capillary
rise infiltration (CaRI). We focus on unentangled polymers to
rule out the effect of polymer disentanglement, which has been
attributed to enhanced mobility of confined polymers in prior
studies.27−29 Unentangled polymer networks with reversible
bonds have been shown to exhibit self-healing properties30 and
hence could potentially be useful for the generation of
bioinspired nanocomposites. For our experimental systems,
we use polystyrene (PS) and silica nanoparticles (SiO2 NPs),
which have weak polymer−nanoparticle interaction. In our
prior work, we showed that physical confinement effects
dominate over polymer−nanoparticle interactions in affecting
the polymer infiltration dynamics.23 We have also shown that
confinement effects dominate over free surface effects in
determining the glass transition temperature of weakly
interacting polymers in undersaturated CaRI composite
films.31 Thus, this weakly interacting PS−SiO2 NP pair
represents an ideal model system to study the effect of
physical confinement on the CaRI dynamics and glass

transition temperature of polymers by systematically varying
the relative sizes of pores and polymers. We tune the
confinement ratio (CR), defined as the ratio of the bulk
polymer Rg to the Rpore, by using combinations of unentangled
PS with various molecular weights and SiO2 NPs of varying
diameters. We show that under extreme nanoconfinement
unentangled PS exhibits higher-than-bulk viscosity and glass
transition temperature (Tg). Specifically, we observe increasing
confined polymer viscosity and Tg with CR until CR ∼ 1, i.e.,
when Rg is comparable to Rpore, above which the confined
polymer viscosity and Tg values plateau. The similar trends
observed in the viscosity and Tg of unentangled PS suggest that
the slowdown in the chain dynamics is strongly correlated to
the slowdown in the segmental dynamics.

■ RESULTS

Polymer Capillary Rise Infiltration (CaRI) Dynamics.
We generate bilayer films composed of a disordered dense
packing of silica NPs atop a polystyrene (PS) film. We use
unentangled polystyrene with molecular weights ∼8000 g
mol−1 (8K) and ∼21 000 g mol−1 (21K), with radii of gyration
(Rg) of ∼2.5 and ∼4.0 nm, respectively, calculated based on
the Kuhn segment length of each polymer.32 We use SiO2 NPs
with various diameters as shown in Figure 1 to generate
different average pore radii (Rpore) in which the polymer is
confined. The Rpore is estimated based on Rpore = 0.29RNP,

26

where RNP refers to the NP radius. The confinement ratio

Figure 1. SEM images of SiO2 nanoparticle films with various diameters: (a) 9 nm (measured 8.6 ± 1.3 nm),33 (b) 27 nm (measured 27.1 ± 4.3
nm), (c) 56 nm (measured 56.1 ± 11.5 nm), and (d) 77 nm (measured 77.4 ± 14.0 nm). All scale bars are 500 nm. See the Supporting
Information for measurement of NP size distribution for NPs in (b−d).

Table 1. Silica Nanoparticle Label, Measured Average Diameter (See Supporting Information), Average Pore Radius When
Densely Packed, and the Confinement Ratio, CR = Rg/Rpore for 8K PS (Rg ∼ 2.5 nm) and 21K PS (Rg ∼ 4 nm)a

silica nanoparticle label measured diameter (nm) average pore radius, Rpore (nm) CR8K PS CR21K PS

9 nm 8.6 ± 1.3 1.3 ± 0.2 1.88 ± 0.27 3.05 ± 0.44
27 nm 27.1 ± 4.3 3.9 ± 0.6 0.63 ± 0.10 1.02 ± 0.16
56 nm 56.1 ± 11.5 8.1 ± 1.7 0.30 ± 0.06 0.49 ± 0.10
77 nm 77.4 ± 14.0 11.2 ± 2.0 0.22 ± 0.04 0.35 ± 0.06

aThe average diameters of the nanoparticles are determined from SEM images (see Supporting Information) and from the literature.33
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(CR) of polymer in the disordered SiO2 NP packing is
estimated as CR = Rg/Rpore, as listed in Table 1. With the
polymers and NPs used in this work, the value of CR ranges
from 0.2 to 3.1. Since PS interacts weakly with SiO2 NP, we
can rule out the possible role of polymer−NP interactions and
focus on the effect of physical confinement. Moreover, under
extreme nanoconfinement of CaRI, the effect of physical
confinement has been shown to affect the overall polymer
chain and segmental dynamics more significantly than
polymer−NP interactions.23 The bilayer film consisting of
the SiO2 NP packing on top of a PS film is annealed above the
polymer glass transition temperature (Tg) to induce polymer
wicking into the interstitial spaces in the disordered NP
packing.
Figure 2 shows the cross-sectional SEM images of bilayer

films representing the extreme cases where the polymer is the
least confined (77 nm SiO2 NP/8K PS, CR = 0.22) and where
the polymer is the most confined (9 nm SiO2 NP/21K PS, CR
= 3.05), before and after CaRI. We observe that the polymer
layer becomes thinner after the polymer infiltrates the voids in
the disordered NP packing. The outline of the SiO2 NP also
appears less defined as the polymer now covers the NPs, which
confirms the polymer infiltration process. The packing density
of the NP packing is not altered by the CaRI process, as the
average distance between the NPs remains constant following
polymer infiltration.23

We study the dynamics of polymer CaRI using in situ
spectroscopic ellipsometry, as previously described.19,21,23

During the annealing process, we monitor and collect the
ellipsometry data on the bilayer sample. By analyzing the
amplitude ratio (ψ) and phase difference (Δ) based on a three-
layer Cauchy model, we track the changes in the thickness of
the SiO2 NP composite (i.e., PS-infiltrated SiO2 NP packing)
and the PS layers. To reduce the degrees of freedom and
ensure solution uniqueness in the model, we determine and fix
the refractive indices of the SiO2 NP and PS layers from
measurements at ∼383 K to account for polymer layer thermal

expansion and the evaporation of condensed water in the
interstices of the SiO2 NP packing.
Figure 3a shows the thickness changes of the SiO2 NP layer,

composite layer, and the polymer layer with annealing time in
the 77 nm SiO2 NP/8K PS system. During CaRI, polymer
infiltrates into the voids of the NP packing, causing the

Figure 2. Cross-sectional SEM images of bilayer films of (a, b) 77 nm SiO2 NPs atop 8K PS, (a) before and (b) after CaRI, respectively; (c, d) 9
nm SiO2 NPs atop 21K PS (c) before and (d) after CaRI, respectively. These two systems represent the lowest and highest confinement ratios (CR
= 0.22 and CR = 3.05, respectively) tested in this work. All scale bars are 200 nm.

Figure 3. Thickness profile of the SiO2 NPs, composite, and polymer
layers during CaRI in 8K PS/77 nm NP at 393 K. (b) Composite
layer thickness profile during CaRI in 8K PS/77 nm NPs (393 K),
21K PS/77 nm NPs (393 K), 8K PS/9 nm NPs (403 K), and 21K
PS/9 nm NPs (403 K).
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thickness of the bottommost polymer layer to decrease,
consistent with the SEM images in Figure 2. The ellipsometry
model distinguishes between the unfilled and filled SiO2
packings (i.e., the composite layer) based on the respective
refractive indices and shows that upon thermal annealing the
composite layer thickness increases as polymer invades the
SiO2 NP packing with a sharp front. Figure 3b shows
representative composite layer thickness change for combina-
tions of 77 nm SiO2 NP, 9 nm SiO2 NP, 8K PS, and 21K PS,
where we observe varying rates of infiltration of polymers. Past
work has shown that the polymer CaRI can be modeled using
the Lucas−Washburn model, which describes the capillarity-
driven infiltration dynamics of liquids into porous
media:19−21,34−39

σ θ

τ μ
=h

R
t

cos

4
2 pore

2

The parameters in the prefactor are physical parameters
describing the interaction between the polymer and the NP

surface (σ is the polymer surface tension and θ is the contact
angle of the polymer on the NP surface), the pore geometry
(Rpore is the average pore radius and τ is the tortuosity of the
infiltration path), and the polymer property (μ is the viscosity).
Thus, plotting the thickness of the composite squared (h2) as a
function of time (t) and using the physical parameters from the
literature26,27,40−42 enable us to infer the apparent viscosity of
PS undergoing CaRI.19,37 Table S1 in the Supporting
Information summarizes the parameters we use to infer the
confined polymer viscosity μ based on the Lucas−Washburn
model. The average pore radius Rpore and tortuosity τ are
intrinsic to the SiO2 NP packing and are estimated based on
the NP radius and the packing porosity, respectively.26,40 The
porosity for the packings of SiO2 NPs used in this study does
not depend strongly on the nanoparticle size and is
approximately 0.35.31 By measuring the initial and the final
thickness of the polymer layer upon infiltration, we can infer
directly the amount of polymer in the interstices of the NP
packing, thereby inferring the porosity before infiltration.
Although this approach may slightly overestimate the porosity

Figure 4. Bulk and confined polymer viscosity for (a) 8K PS and (b) 21K PS as a function of temperature. The confined polymer data (filled
markers) is labeled by the measured NP diameter constituting the NP packing. Each data point for the confined polymer viscosities are an average
of at least two runs, and the error bar represents one standard deviation. The bulk viscosity values are obtained from the literature (see Supporting
Information).43

Figure 5. Top row: cross-sectional SEM images of the 9 nm/27 nm SiO2 NP on 8K PS (a) before and (b) after CaRI; (c) top view after CaRI.
Bottom row: cross-sectional SEM images of 27 nm/9 nm SiO2 NP on 8K PS (d) before and (e) after CaRI; (f) top view after CaRI. Dotted line in
(a) and (d) outlines the interfaces between distinct SiO2 NP layers, polymer layer, and the substrate. All scale bars are 500 nm.
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due to cracks in the NP films, we find that the estimated
porosity is similar to that measured based on solution
ellipsometry.23 The Rpore is estimated as 30% that of the NP
radius, based on a modeling study of random packings of
spheres and agglomerates of spheres.26 Although there are
some differences in the size distribution of SiO2 NPs used in
this study, the standard deviation of pore size is less than 2 nm,
and thus the four NPs used in this study provide four distinct
pore sizes. The surface tension of PS is estimated based on the
molecular weight and temperature of the melt.41 The contact
angle of PS is estimated as 20°.27,42

Effect of Physical Confinement on the Polymer
Dynamics. To assess the role of physical confinement, we
compare the confined and bulk polymer viscosity as a function
of temperature, as shown in Figure 4. For both 8K and 21K PS,
we note a significant increase of the confined polymer viscosity
relative to the bulk values which are obtained from the
literature.43 As the size of the NP decreases, the increase in the
viscosity becomes greater, indicating that increasing the degree
of physical confinement by way of decreasing the pore size
(decreasing the NP size) increases the polymer viscosity. This
trend is true for all cases except at the highest degree of
confinement in our system, whereby we see the viscosity values
approximately overlap for 9 nm SiO2 NP/21K PS and 27 nm
SiO2 NP/21K PS. This observation suggests that there may
exist a CR threshold above which the polymer viscosity
plateaus. We will revisit this point later in our discussion.
To further demonstrate the role of confinement in slowing

down polymer infiltration, we perform CaRI on a trilayer film,
consisting of two distinct SiO2 NP layers with different NP
diameters atop a polymer layer, as shown in Figure 5. We
denote 27 nm/9 nm or 9 nm/27 nm to indicate the top/
bottom layer sequence of the SiO2 NP double layers. These
types of heterostructured NP packings (i.e., NP assemblies
with distinct domains with different nanoparticle size, type and
shapes) are important for creating multilayered Bragg
reflectors44−47 and graded structures for enhanced damage
tolerance in structural coatings.48,49 When 8K PS is induced to

infiltrate these heterostructured NP packings, the dynamics of
CaRI through these films is distinguishable as seen in the
amplitude ratio (ψ) and phase difference (Δ) of ellipsometry
data (see Supporting Information). It takes longer for the ψ
and Δ of 27 nm/9 nm SiO2 NP/8K PS to stop changing under
the same annealing temperature (403 K), indicating longer
time needed for CaRI to complete as the layer thicknesses stop
changing.
Figure 6 shows the refractive index profile of the films as a

function of distance from the substrate based on a four-layer
Cauchy model, with each panel showing different stages of
annealing. We see that the thickness of the pure PS layer
decreases more rapidly in the 9 nm/27 nm SiO2 NP/8K PS
sample than in the 27 nm/9 nm SiO2 NP/8K PS sample.
Because the 9 nm SiO2 NP packing has a smaller Rpore, it
induces a higher degree of confinement, and thus polymer
infiltration through this layer becomes the rate-limiting step. As
polymer infiltrates the 27 nm/9 nm SiO2 NP packing, the rate-
limiting step occurs early in the process and subsequently
limits the amount of polymer available to fill the voids in the
next 27 nm SiO2 NP layer. In contrast, in the case of 9 nm/27
nm SiO2 NP packing, polymer infiltrates the bottom 27 nm
SiO2 NP layer relatively quickly, and the rate-limiting
infiltration only affects the top half of the film, thus leading
to overall faster polymer infiltration throughout the film.
Polymer viscosity inferred from the Lucas−Washburn model

represents the translational dynamics of the polymer as it
undergoes CaRI in disordered NP packings. Our prior study
showed that changes in the viscosity of polymers undergoing
CaRI were correlated to their glass transition temperature (Tg),
which provides information on their segmental relaxation
under nanoconfinement. To test whether such a correlation is
retained over a wide range of CRs that we test in this study, we
determine the Tg from fully annealed filmswhich now
consist of a composite layer atop a residual polymer layer, via
spectroscopic ellipsometry (see Supporting Information), a
well-established technique to accurately determine Tg of
polymers in confined geometries.23,31,50−53 We use a two-

Figure 6. Plots of refractive index versus distance from the substrate for (a) 9 nm/27 nm SiO2 NP/8K PS and (b) 27 nm/9 nm SiO2 NP/8K PS at
various stages of annealing at T = 403 K.
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layer Cauchy model describing the composite and polymer
layers to analyze the ellipsometry data. Figure 7 shows the

confined polymer Tg as a function of NP size compared with
the bulk polymer Tg determined using DSC. For both
polymers, we observe increased Tg for confined polymer
relative to the bulk. Moreover, the increase in Tg (ΔTg)
increases as the NP size is decreased (and hence higher CR).
This trend confirms once again that the increase in polymer
viscosity is highly correlated to decreased segmental mobility
of polymer under nanoconfinement.

■ DISCUSSION
Weakly interacting polymer/NP or polymer/substrate systems
such as PS/SiO2 have been widely used in nanocomposite,
nanochannels, and thin film geometries to understand polymer
behavior under confinement. Many thin film studies have
reported decreasing Tg

50,54−56 and viscosity57 with decreasing
PS film thickness. These observations are attributed to the
enhanced free surface (i.e., polymer/air) dynamics which
dominates the overall chain dynamics of the system.54,56,58 In
nanocomposite systems, there have been numerous reports of
slowdown16,17,59 and also some reports of bulk-like (i.e., no
changes due to confinement) chain diffusivity60 and segmental
motion61 near the NP surfaces. For highly entangled PS
(typical MW > 102 kg/mol) in anodic aluminum oxide (AAO)
nanochannels, another interesting geometry with weak
interaction between PS and solid surface, increased chain
mobility (i.e., reduced viscosity) has been previously
reported,27 which is in stark contrast to our observations.
We attribute such discrepancy to the difference in the
confinement geometry and disentanglement effects. Instead
of transporting through straight, cylindrical channels in the
AAO templates, PS undergoing CaRI in disordered NP
packings transports through tortuous pathways with variable
pore sizes. The narrow regions within the packing may act as
entropic barriers,16 whereby the polymers have to undergo
substantial conformational changes to squeeze through.
Another possibility is that as the polymer infiltrates through
pores with varying cross-sectional area, the transport of
polymer is affected by elongational deformation of the polymer
chains; that is, the inferred viscosity could have both the
extensional and the shear components.62 The enhanced
mobility of the highly entangled polymer in the cylindrical
pores of the AAO membranes has been attributed to
disentanglement effects, whereby confinement decreases the
entanglement density, leading to facilitated transport.27,28,63

Since we use unentangled polymers, we do not expect this
latter mechanism to play a significant role.
Although we have successfully infiltrated long chain,

entangled polymers into NP packings,19,31 the infiltration
behavior of these highly entangled polymers appears distinct
from the capillary rise behavior in this current study. Thus, we
focus our current study on unentangled polymers, with 21K PS
being close to the entanglement molecular weight.64 Our
ongoing work focuses on understanding the infiltration
behavior of high molecular weight, entangled polymer in
nanoparticle packings.
There are also contradictory reports of increased,23,31,65

decreased,66−68 and mixed behaviors of multiple Tg’s
69,70 in

nanocomposites and nanopores. Tg of PS in AAO templates
with 55−250 nm pores has been observed to increase (up to
379 K), which is attributed to the geometric curvature of the
wall decreasing the interchain proximity.65 Our previous work
also showed increased Tg of PS in undersaturated CaRI
(UCaRI) nanocomposites; i.e., NP packing is partially filled
with the polymer. Despite the presence of the polymer−air free
surface in these UCaRI nanocomposites, the increased Tg is
attributed to the formation of polymer capillary bridges in the
neck regions of the NP contact points and thus a more
amplified confinement effect.31 When infiltrating the NP
packing, we expect the PS to be in contact with multiple
NPs; this similar bridging effect may explain the increase in
viscosity and Tg we see in our CaRI films and the
undersaturated films.31

While Figures 4 and 7 show qualitatively similar trends
across 8K and 21K PS upon confinement, such that both
polymers exhibit increased viscosity and Tg when infiltrating
NP packings with decreasing NP size, we can further generalize
the role of physical confinement by assessing the normalized
polymer viscosity and the change in Tg as a function of
confinement ratio (CR), as shown in Figure 8. Similar
confinement parameters have been used previously to scale
the effect of physical confinement on the translational mobility
of polymers in nanocomposites.14,16−18 To test the validity of
the trends, we perform additional CaRI and Tg measurements
using 13K and 19K PS.
We observe that both normalized viscosity (μconfined/μbulk)

(Figure 8a) and change in Tg (ΔTg) (Figure 8b) show
increasing trends, more or less linearly, before saturating at CR
∼ 1, i.e., when the Rg is comparable to Rpore. From the initial
slope of Figure 6b, we estimate and predict the recovery of the
bulk viscosity and Tg at low CR (CR ∼ 0.1), which suggests
that the selection of a NP ∼ 30 times the size of Rg would
eliminate the physical confinement effect (i.e., recovery of bulk
viscosity and Tg). This CR would correspond to 150 and 240
nm diameter NPs for 8K and 21K PS, respectively. This
prediction agrees qualitatively with the previously reported
universal scaling of polymer diffusion in polymer nano-
composites, where polymer diffusion is slowed down when
the interparticle spacing is approximately 20 times or smaller
than the polymer Rg.

14 Another study of PS thin film near
oxide-covered silicon reports decreased diffusion which persist
up to 10Rg from the interface.71

To test the recovery of bulk-like viscosity, we perform CaRI
on 196 nm SiO2 NPs/21K PS (CR ∼ 0.14) and 130 nm SiO2
NPs/8K PS (CR ∼ 0.13) bilayer films and compare the
infiltration heights of PS obtained experimentally with the
calculated height, assuming bulk polymer viscosity at the
annealing temperature. As shown in the Supporting

Figure 7. Glass transition temperature (Tg) of 8K and 21K PS in the
bulk and in the confined state, labeled by the measured NP diameter
constituting the NP packing.
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Information, we find qualitatively good agreement between our
predictions and the experiments; annealing the 196 nm SiO2
NP/21K PS and 130 nm SiO2 NP/8K PS bilayer films at 383
K for 3.5 h and 18 min, respectively, led to infiltration height of
∼210 nm, similar to the infiltration height of 200 nm which is
predicted by the Lucas−Washburn analysis assuming bulk
polymer viscosity. Below CR of 1 (CR < 1), the increasing
trend in the normalized polymer viscosity with CR suggests
that physical confinement strongly and systematically affects
the translational motion of the chains. This slowdown may be
associated with the entropic barrier, whereby the segments of
the infiltrating chains lose entropy when stretching to squeeze
through the narrow neck regions in the NP packing.16 In the 9
nm SiO2 NP packing, we see 8K and 21K PS having
comparable viscosity, suggesting that the physical confinement
imposed by the NPs plays a more significant role than the
polymer size or molecular weight. Furthermore, from Figure
4b, we see that in 21K PS the viscosity is comparable in 9 and
27 nm SiO2 NP packings, consistent with the trends in Figure
8. These observations suggest that when the size of the
polymer is similar to or larger than the pore size, the bottleneck
process is the same and may be related to the slowest
segmental motion. To further understand this intriguing
observation, our ongoing work focuses on developing a
theoretical framework of CaRI to account for the conforma-
tional entropy loss of chain due to confinement and gain in free
energy due to wetting of polymer on the pore surface.

■ CONCLUSION
In this work, we study the role of physical confinement on the
polymer viscosity and the glass transition temperature in
composites prepared via capillary rise infiltration (CaRI) of
unentangled polymers in random packing of weakly interacting
nanoparticles. The confinement ratio (CR), defined as the
ratio of the polymer radius of gyration (Rg) to the average pore

radius in the disordered nanoparticle packing (Rpore), is tuned
by using four polystyrenes with distinct molecular weights and
SiO2 NPs of four different diameters. We observe increased
viscosity and Tg of polymer relative to the bulk under
nanoconfinement. Deviations of viscosity and Tg relative to the
bulk values increase with CR until an upper threshold of CR ∼
1 is reached. Overall, the correlation between the viscosity and
Tg increase suggests the slowdown of translational motion of
polymers is strongly influenced by the slowdown of the
segmental motion. Furthermore, we show that the physical
confinement effect saturates when the polymer Rg is equal to or
greater than the Rpore, such that the viscosity and Tg no longer
increase. Our work provides a fundamental framework to
optimize processing parameters such as temperature and
annealing time for scalable manufacturing of polymer-
infiltrated nanoparticle films using CaRI. Our results also
provide important guidelines in tailoring the processing
conditions when heterostructured or hierarchically structured
porous materials are infiltrated with polymers.

■ MATERIALS AND METHODS
Materials. Polystyrene (PS) (8K PS, Mn = 8000 g mol−1, PDI =

1.10; 21K PS, Mn = 21 000 g mol−1, PDI = 1.04) is purchased from
Polymer Source Inc. 13K PS (Mw = 13 000 g mol−1, PDI = 1.06) is
purchased from Pressure Chemical Company, whereas 19K PS (Mw =
18 700 g mol−1) is purchased from Aldrich Chemical Co. Aqueous
suspensions of silica nanoparticles (SiO2 NPs) with diameters of 9 nm
(LUDOX SM-30, 30 wt % suspension in water) and 27 nm (LUDOX
TM-50, 50 wt % suspension in water) are purchased from Sigma-
Aldrich, whereas those with diameters 56 nm (SNOWTEX ST-OL
silica, 29.6 wt % suspension in water) and 77 nm (SNOWTEX ST-YL
silica, 40.4 wt % suspension in water) are obtained from Nissan
Chemical America Corp. The 130 and 196 nm SiO2 NPs are
synthesized using a modified Sto ber method.72,73 The NP size
distribution is determined from the literature33 and using scanning
electron microscopy (SEM) image analysis (see Supporting
Information).

Preparation and Characterization of Nanoparticle/Polymer
Bilayer and Trilayer Films. Silicon wafers are cut into
approximately 1 cm × 1 cm squares. The wafers are rinsed with
acetone, isopropanol, and deionized water and dried with air, before
further cleaned by oxygen plasma treatment for ∼5 min. 6 wt % PS
solution is prepared by dissolving PS in toluene. The SiO2 NP
suspension is diluted to 10−15 wt % using water. All solutions are
bath-sonicated for at least 2 h and filtered prior to use. The 200 nm
thick PS layer is deposited by spin-coating the 6 wt % PS solution at
3000 rpm for 30 s onto the cleaned silicon wafer using a WS-400BZ-
6NPP/Lite spin-coater from Laurell Technologies Corporation. Then,
the polymer film is oxygen plasma-treated for ∼2 s to render the film
surface hydrophilic, on which the SiO2 NP suspension is deposited is
spin-coated at 3000 rpm for 30 s to generate an ∼200 nm thick SiO2
NP layer.

To generate trilayer samples consisting of two sequentially
deposited SiO2 NP packings with different sizes atop ∼200 nm
thick 8K PS layer, 5 wt % suspensions of 9 and 27 nm SiO2 NPs are
prepared. ∼100 nm layer of each SiO2 packing is generated by spin-
coating the SiO2 NP suspension at 3000 rpm on the polymer film and
allowed to dry at room temperature in ambient conditions for at least
an hour prior to depositing the next layer.

Scanning electron microscopy (SEM) images of the samples before
and after CaRI are taken using a JEOL 7500F HRSEM. The sample is
sputtered with a thin gold/palladium layer using a Cressington
Sputter Coater 107 prior to imaging to prevent charging. Cross-
section images are taken by cleaving across the sample using a
diamond scribe and mounting the sample vertically on a stub with the
cross sections facing up toward the beam. The samples are imaged at

Figure 8. (a) Normalized viscosity (μconfined/μbulk) obtained for PS
undergoing CaRI at T = 403 K and the (b) ΔTg (Tg − Tg,bulk) as a
function of confinement ratio (CR). The lines are to guide the eye.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b00966
Macromolecules 2018, 51, 5069−5078

5075

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00966/suppl_file/ma8b00966_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00966/suppl_file/ma8b00966_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.8b00966/suppl_file/ma8b00966_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.8b00966


an accelerating voltage of 5 kV, emission current 20 μA, at a working
distance of ∼8 mm.
Characterization of Polymer Capillary Rise Infiltration

(CaRI) Process. The polymer infiltration into the voids of the NP
packing is monitored in situ using a J.A. Woollam Alpha-SE
spectroscopic ellipsometer, while the bilayer sample is annealed
above the glass transition temperature (Tg) of the polymer using a
Linkam THMS350 V heating stage, under ambient conditions. The
heating stage is 22 mm in diameter, open to ambient air, and has a
temperature resolution of ∼1 K. The Linksys software displays the
temperature and allows user to set the desired set point temperature,
heating rate, and hold time for the set point temperature. To ensure
good thermal contact, the sample is adhered to the heating stage using
a thermal paste (Arctic Silver Ceramic polysynthetic thermal
compound).74 The ellipsometry data are collected in the wavelength
(λ) range of 380−900 nm at an incident angle of 70°. The
CompleteEASE software package provided by J.A. Woollam enables
the analysis of the raw psi (ψ) and delta (Δ) data by fitting to a three-
layer Cauchy model (nanoparticle packing, composite, polymer) on a
silicon substrate with native oxide layer.21,44 The Cauchy model for
each layer is expressed as n(λ) = A + B/λ2 + C/λ4 and k(λ) = 0,
whereby A, B, and C are the optical constants, λ is the wavelength
[μm], and n and k are the real and imaginary components of the index
of refraction, respectively. The model fitting enables translation of raw
data into physical parameters describing the thickness and refractive
index of each layer in the sample.75 The temperature at which the
sample is annealed is chosen to be above the Tg of the polymer, in the
range of T = 383−433 K, such that the infiltration rate is still
resolvable within the time resolution of the ellipsometry data.
Glass Transition Temperature Measurements. The glass

transition temperature (Tg) of the polymer confined in the NP
packing is measured using a J.A. Woollam M-2000V spectroscopic
ellipsometer. A polymer-infiltrated film is mounted onto a Linkam
THMS 600 temperature-controlled stage attached to the ellipsometer.
The in situ ellipsometry sampling rate is 1 s with high accuracy zone-
averaging. Three heating and cooling cycles between 303 and 423 K
under dry nitrogen flow are performed for each sample, with heating
rate of 30 K/min and cooling rate of 10 K/min, respectively. Tg data
are obtained from the cooling cycle. The thickness and refractive
index of the sample are determined by fitting the cooling ramp raw
data to the Cauchy model. The Tg of the confined polymer for each
film is determined via the intersection of the linear fits to the
supercooled and glassy regimes in the plots of nanocomposite
refractive index versus temperature. The error is determined as the
95% confidence range of the distance between the intersection of
fitting lines (see Supporting Information). Since the NP packing is
minimally perturbed by the polymer infiltration process, the thickness
of the composite layer is held constant during the dynamic data fit.
The bulk polymer Tg is determined using the same protocol on the
residual polymer layer’s refractive index versus temperature. The Tg’s
of the bulk polymer samples are also determined using the TA
Instruments Q2000 differential scanning calorimeter (DSC). For each
PS, 6 mg of PS sample is placed in a nonhermetically sealed pan, and
the sample is initially cooled to 293 K, before subjecting it to two
heating and cooling cycles from T = 293 K to T = 423 at 10 K/min.
The Tg is defined as the midpoint of the step transition of the heat
capacity and expressed as the average from the two cooling cycle
measurements. The Tg values measured are in good agreement with
those reported previously.76,77
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