
Thermal Degradation of Polystyrene under Extreme
Nanoconfinement
Haonan Wang,† Yiwei Qiang,‡ Ahmad Arabi Shamsabadi,† Prantik Mazumder,§ Kevin T. Turner,∥

Daeyeon Lee,⊥ and Zahra Fakhraai*,†

†Department of Chemistry, University of Pennsylvania, Philadelphia, Pennsylvania 19104, United States
‡Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104, United States
§Corning Research and Development Corporation, Corning, New York 14830, United States
∥Department of Mechanical Engineering and Applied Mechanics, University of Pennsylvania, Philadelphia, Pennsylvania 19104,
United States
⊥Department of Chemical and Biomolecular Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 19104, United
States

*S Supporting Information

ABSTRACT: Extreme nanoconfinement has been shown to significantly affect the properties of materials. Here we
demonstrate that extreme nanoconfinement can significantly improve the thermal stability of polystyrene (PS) and reduce its
flammability. Capillary rise infiltration (CaRI) is used to infiltrate PS into films of randomly packed silica nanoparticles (NPs) to
produce highly confined states. We demonstrate that as the NP size is decreased, increasing the degree of confinement, the
isothermal degradation time is dramatically increased, by up to a factor of 30 at 543 K for PS confined in ∼3 nm pores. The
activation energy of PS degradation is also increased, by 50 kJ/mol in the most confined state (∼3 nm pores). We demonstrate
that the degradation proceeds through the film surface and from the center of large holes toward NP surfaces, indirect evidence
that the process is diffusion limited. The surface-driven process dramatically reduces char formation even in large NP packings
that show no significant changes in their dynamics and glass transition temperature (Tg) compared to the bulk.

Material properties deviate from bulk significantly when
confined at the nanometer length scale. For polymeric

materials, the reduction in the size and interfacial effects such
as enhanced free surface dynamics1,2 can significantly modify
the physical aging rate,3−7 viscosity,8−10 and glass transition
temperature (Tg).

1,11−16 Confinement and interfacial effects
can also significantly influence chemical reactions at the
nanometer length scale.17−24 Unlike polymerization reactions,
which have been extensively studied in confinement, little
attention has been paid to polymer degradation reactions
under extreme nanoconfinement. Understanding degradation
under nanoconfinement is important for various applications,
such as designing thermally stable and photostable coatings
and organic electronics. Changing reaction pathways in
confinement can also modify the reaction products and change
the flammability of the confined polymer.

Degradation of polymers, in particular polystyrene (PS), in
polymer nanocomposites (PNCs), can provide some insight
into the degradation under extreme confinement. PNCs made
with PS and clay show enhanced thermal stability at low
nanoparticle (NP) loadings (between 0.75% and 18%).25−30

The enhanced stability is believed to be due to the decrease in
chain mobility and char promotion of clay, which act as mass
transport barriers for the volatile products.25 The existence of
an optimal loading is because of NP aggregation at high
loadings that changes the structure from nanocomposite to
microcomposite. The enhancement of thermal stability of PS/
SiO2 nanocomposites is less significant, probably due to SiO2’s
lack of catalytic ability as a char promoter.26,28 In general,
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PNCs made by conventional mixing methods have low
loadings and poor control of NP dispersion.
Highly confined polymers with exceptionally high NP

loadings can be achieved by capillary rise infiltration
(CaRI).31 In CaRI, polymers are infiltrated into the pores of
a film of randomly packed NPs by annealing the system above
the polymers’ Tg. Due to the ultrahigh loading (∼63% volume
fraction for randomly packed NPs), uniform dispersion of NPs,
and rigidity of the NP film, CaRI is a good model system to
study the effect of extreme nanoconfinement on polymer
properties. We have recently demonstrated that in CaRI
viscosity9,10 and Tg

16 are dramatically increased.
In this study, CaRI films made with unentangled PS and

SiO2 NPs are used to investigate the thermal degradation of
highly confined polymers in ambient conditions. We
demonstrate that the thermal degradation is significantly
suppressed, and the activation energy for degradation is
increased with decreasing pore size. The effect strongly
correlates with the increased Tg, which is correlated with the
loss of degrees of freedom of the segmental motion and is thus
entropic in origin.16

CaRI films were prepared using the previously reported
method,16 as detailed in the Supporting Information (SI).
Figure 1 schematically shows the steps used for the preparation

of PS (8 kg/mol)/SiO2 CaRI samples and the measurements
of the thermal degradation. Spectroscopic ellipsometry (SE)
was used to determine the thickness and indices of refraction
of each of the NP and PS layers (more details in the SI). Due
to its rigid structure, the thickness of the NP layer does not
change as the degradation proceeds.16 As such, the degree of
PS degradation inside the NP layer was evaluated based on the
layer’s index of refraction, which has a linear relationship with
the volume fraction of PS.32 To ensure that the NP layer was
fully filled before the beginning of the experiments, an excess
amount of PS was used, which resulted in a pure top PS layer,
with a thickness less than 30 nm. The degradation of the top
PS layer was monitored by changes in its thickness.
Figure 2a shows a typical measurement of the isothermal

degradation of a PS (8K)/SiO2 (100 nm) CaRI sample at 543
K. Here 8K is the molecular weight of PS in kg/mol, and 100
nm is the diameter of the NPs used. The plots show the
degradation of the top PS layer (blue), which precedes the
degradation of the confined PS inside the NP layer (black).
Before the top PS layer is fully degraded (hPS = 0 nm set as t =
0 s), the index of refraction of the NP layer stays constant,

indicating that the confined PS is not degrading during this
stage. The confined PS only begins to degrade after the full
degradation of the top layer. Another interesting feature of
these data is the observation of inhomogeneous degradation
once the degradation of the confined PS begins (Figure 2b).
Using a model with linearly graded index of refraction for nNP,
we can see that the index inhomogeneity initially grows sharply
and then decreases as the degradation proceeds. The
inhomogeneity is negative, meaning that the index of refraction
is lower near the free surface of the NP film (more details in
the SI and Figure S1b). The delayed and inhomogeneous
degradation is observed in all CaRI films with various NP
diameters (11 nm < D < 100 nm). Significantly, the rate of
degradation is slower as the NP size is decreased, indicating
enhanced thermal stability for PS confined in smaller pores.
To gain more insight into the degradation mechanism and

kinetics, the SE data at each time point were fit to a model with
an exponentially graded index of refraction for the NP film.
This model presents a more accurate fit to the experimental
data with large inhomogeneity compared to the linearly graded
model used in Figure 2 (more details in SI and Figure S2).
Figure 3a shows typical results of the index of refraction as a
function of the distance from the surface, in the NP layer of a
PS (8K)/SiO2 (25 nm) sample at different annealing times at
543 K. There are two steps of degradation. In the first ∼600 s,
the index of refraction at the film’s surface drops rapidly, while
it remains constant at the film’s center. The film center index
value starts to decrease uniformly with a much slower rate after

Figure 1. Schematic representation of the sample preparation and
isothermal degradation measurements of PS/SiO2 CaRI samples.

Figure 2. (a) Index of refraction of the NP layer (nNP, black, left axis)
and the thickness of the top PS layer (hPS, blue, right axis) of a PS
(8K)/SiO2 (100 nm) film during isothermal degradation at 543 K.
The degradation of PS inside the NP layer (confined PS) begins once
the top PS layer is completely degraded (hPS = 0, set as time t = 0 s).
The red curve is an empirical stretched exponential decay fit to the
data. The initial thickness of the PS and NP layers was ∼15 nm and
∼200 nm, respectively. The thickness of the NP layer was held
constant. (b) The % inhomogeneity of the index of refraction of the
NP layer during degradation.
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the full degradation of the surface layer, observed as a
reduction of the index gradient. The same steps are observed
for degradation at various temperatures and for all NP sizes
studied here (Figure S3).
Focusing first on the film center degradation process, Figure

3b shows the mass loss during isothermal degradation of three
CaRI samples at 543 K in ambient conditions, along with
degradation of bulk PS at the same temperature, measured
using thermogravitometric analysis (TGA). Figure S10 shows
the influence of sample mass on the degradation rate of TGA,
indicating that a sample with comparable mass as the CaRI film
would degrade even faster. These data are extracted from the
index of refraction at the center of the film, i.e., the plateau
value of index as shown in Figure 3a. The residual mass of both
bulk and confined PS can be fitted to a simple exponential
decay function ( τ= − +texp( / )m

m
m
m0

inf

0
), where m, m0, and

minf are the mass of PS during, before, and after degradation,
respectively. t is the annealing time, and τ is the characteristic
degradation time. Figure 3b shows that τ is slowed by about a
factor of 30 in 11 nm NPs compared to the 100 nm NPs or the
bulk PS at this temperature.
Due to char formation during isothermal degradation of bulk

PS in ambient conditions,33,34 the final residual mass minf is
nonzero for the bulk TGA data. minf is thus assumed to be a
fitting parameter and is measured to be ∼8% of the initial

mass. Significantly, no charring is observed in the degradation
of confined PS, even for the large NP sizes (details in SI and
Figure S4). As such, minf is set to zero for the confined PS
measurements. SEM images (Figure S11) and XPS (Figure S8)
of CaRI films also do not show any evidence of charring. The
absence of char, along with improved thermal stability, is in
contrast to the previous observations in PS−clay nano-
composites, where the char formation was considered the
main mechanism for improved thermal stability.33,34

Isothermal degradation measurements were performed at
various temperatures on CaRI films with various NP layer
thicknesses (120−500 nm). Figure 4a shows a plot of the

characteristic time for degradation of confined PS, log(τ), as a
function of 1/T for NPs of various diameters. Despite the
variations in film thickness values, as long as a bulk-like layer is
observed in the film, the degradation rate appears to follow an
Arrhenius equation in the temperature range of our measure-
ments. The activation energies for the degradation for the NP
film center were measured based on the slopes of the
Arrhenius lines to be 102 ± 13 kJ/mol, 129 ± 5 kJ/mol,
and 157 ± 16 kJ/mol for PS confined in 100, 25, and 11 nm

Figure 3. (a) Index of refraction as a function of distance from the
substrate of the NP layer for a PS (8K)/SiO2 (25 nm) CaRI film at
various times during isothermal degradation at 543 K in ambient
conditions. The NP layer thickness was ∼190 nm. Time t = 0 s is
defined as when the top PS layer is fully degraded as shown in Figure
2a. (b) Mass loss of PS (8K)/SiO2 CaRI films of various NP sizes
during isothermal degradation at 543 K. The gray hollow symbols
show isothermal degradation of bulk PS (8K) measured by TGA. The
curves show a simple exponential decay fit to the data with the
corresponding color. The initial mass of the bulk (TGA) and confined
(CaRI) PS is ∼2 mg and ∼0.01 mg, respectively.

Figure 4. (a) Characteristic time for the isothermal degradation in the
film center τ vs 1/T of PS (8K) and in CaRI films with three different
NP sizes. (b) The time to reach maximum inhomogeneity during
isothermal degradation t vs 1/T, of the same CaRI films. The lines
show linear fit to each data set in a and b. (c) Activation energy of the
film center and surface degradation vs Tg of PS in CaRI films. The Tg
data are from ref 16.
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NPs, respectively (Figure 4c). These measurements show that
under extreme nanoconfinement conditions the barrier for
thermal degradation of the confined PS is significantly higher
than the corresponding barrier for PS confined in larger NPs,
as well as bulk PS, reported to be ∼125 kJ/mol (Mw = 280 kg/
mol).35

Polystyrene degrades through free radical diffusion and
chain scission.25 In the presence of O2 in ambient conditions,
the formation of highly active peroxy radicals significantly
accelerates the degradation, making PS a highly flammable
material.36 Since the rate-limiting step of the thermo-oxidative
degradation of PS is the bimolecular decomposition of the
peroxides,35 the slower dynamics of the confined PS can
decrease the rate of this reaction. Reduced diffusion of both
oxygen and the free radicals under confinement increases the
thermal stability and reduces the flammability. According to
our previous studies, the segmental dynamics is suppressed,
and the viscosity is increased with increased degree of
confinement,9,10,16 consistent with the observation of slower
degradation and higher barrier to degradation in this study.
Longer lifetime of radicals and reduced termination rate during
free-radical polymerization in controlled pore glass were also
observed in previous studies, consistent with our observa-
tions.19,24,37

We have previously shown that undersaturated CaRI
(UCaRI) films can be made with an insufficient amount of
top PS. In UCaRI the Tg further increases due to the stronger
confinement.16,32 Figure S6 shows the characteristic degrada-
tion time at 573 K in UCaRI films with 11 nm NPs and
different initial PS fill fractions. Indeed, the thermal stability is
further enhanced under stronger confinement in UCaRI films,
further indicating the important role of the slow down of
oxygen and free radical diffusion in the enhancement of
thermal stability.
In order to evaluate the thickness and the degradation rate

of the surface layer, index of refraction profiles were measured
on various NP sizes and film thicknesses. Figure 5a shows the
profiles of the index of refraction, at the time point where the
index of refraction shows the strongest inhomogeneity. The
data show that for each NP size, the thickness of the surface
layer, where the rate of degradation is faster than bulk, roughly
corresponds to one NP diameter. This is independent of the
total thickness of the NP layer, as shown in Figure S7. The
faster rate of surface degradation is likely due to imperfections
at the free surface of the CaRI film as well as more oxygen
availability compared to the film center. As the NP diameter is
decreased, the thickness of the surface layer also decreases, and
its degradation slows, resulting in exceedingly increased
stability in the layer as a whole because the film center
degradation does not start until the surface layer is degraded
(Figure 3).
Figure 4b shows the plot of the surface degradation time, the

time to reach maximum inhomogeneity (Figure 2b), vs 1/T.
Unlike the film center mass loss, where the degradation is
independent of the NP layer thickness, the surface degradation
appears to be a layer-by layer material loss process. Thus, the
total degradation time for the 100 nm NPs can be longer than
that of 25 nm NPs at some temperatures, while the activation
energy remains lower.
Figure 4c shows the activation energy for the degradation of

the confined PS in the film center as well as the surface vs Tg.
16

It is remarkable that both the surface and film center
degradation rates correlate well with the Tg increase, with

reasonably similar activation energies at smaller particle sizes,
indicating that both processes are slowed due to the slow down
of the kinetics of the confined PS itself. The slower
characteristic time of degradation in the NP film center
compared to the surface likely stems from slower oxygen
diffusion toward the center of the film as well as the slower
diffusion of the products. Combined, these data indicate that
the degradation process in these highly confined systems is
diffusion limited and proceeds through free surfaces.
Based on the data shown in Figure 4, we propose a two-step

diffusion-limited degradation in CaRI films, schematically
sketched in Figure 5b. After the full degradation of the top
PS layer, i.e., the beginning of the degradation of confined PS,
the PS at the surface layer of NPs, which has better access to
oxygen, degrades first. The products of the reaction for this
layer can readily diffuse out of the layer, with a rate that is
dependent on the viscosity of the layer and thus correlates with
Tg.
After the removal of the first layer, the film essentially

becomes an underfilled (UCaRI) layer, where there is a
gradient of mobility in the dynamics. The material at the center
of the larger pores has lower viscosity and higher diffusion and,
thus, degrades first, while the remaining PS moves toward
smaller pores and becomes more confined, as previously
reported in UCaRI systems.16 In UCaRI films, the spatial
confinement has a stronger effect on the dynamics of the
confined PS increasing Tg and thus its effective viscosity.16 As
shown in Figure S6, this also results in slower rate of
degradation in UCaRI films. As such, it is reasonable to assume
that the material in the center of the pores degrades first,
slowly removing products as the degradation continues toward
the NP surfaces.
To verify this hypothesis, SEM images were obtained of a PS

(8K)/SiO2 (25 nm) sample where ∼40% of the PS in the film
center is degraded. From the cross-section SEM image (Figure

Figure 5. (a) Profile of the index of refraction at the same stage after
the beginning of the film center degradation of CaRI samples with
different NP sizes and film thicknesses. The scale bars represent the
diameter of the NPs. The degradation temperature is 543 K. (b)
Proposed mechanisms of thermal degradation in CaRI films. The
hollow arrows shows the zoomed-in version of the schematics.
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S5a), it is observed that the sample contains large pores, and
the PS is uniformly distributed throughout the film, as
expected. Moreover, no PS is seen in the first layer from the
top-view image (Figure S5b), indicating the complete
degradation of the surface layer. These observations indicate
that even in the film’s center the degradation is through the
free surface and proceeds toward the NP surfaces, meaning
that the availability of oxygen and product diffusion are rate-
limiting steps even in the film center.
The diffusion-limited degradation process, even in relatively

large 100 nm NP particles, means that the process is distinctly
different than bulk PS degradation, despite the fact that the
activation energy of degradation in 100 nm NPs is reasonably
similar to that of bulk PS. This difference has important
consequences in the molecular weight distribution of the
products as well as the flammability of PS in CaRI films. Since
diffusion is strongly dependent on the size of the reaction
products, it is expected that the smaller products would diffuse
out of the film faster, allowing time for the larger products to
break apart. As such, we hypothesize that the distribution of
the molecular weight in CaRI films will be weighted toward
smaller products such as styrene and toluene. This will be
explored in our future work.
Remarkably, the cross-linking of the reaction products that

results in char formation as well as the autoacceleration of the
degradation reaction and therefore PS flammability also slow
down in CaRI. This is because the degradation is primarily
occurring at the free PS surfaces even in the film center. As
such, unlike the bulk PS, the degradation in CaRI proceeds
until all the material is removed without leaving any noticeable
residual layer or char (Figures S4 and S8 and more discussion
in the SI). This suppression of char formation is potentially of
interest in developing flame-retardant coatings using flamma-
ble polymers, by producing highly confined states.
These observations are in sharp contrast with the

degradation of PS in the PNC systems reported previously,
where the thermal stability of PS/SiO2 nanocomposites is not
as significant as PS/clay nanocomposites.26,28 In our study, the
degradation rate at 573 K of PS in 11 nm NP packings is
significantly slower than the rate at 543 K in 100 nm NPs or
bulk PS. To our knowledge, this is the highest reported degree
of improvement of the thermal stability of PS/SiO2 composite
systems. In CaRI systems without significant interaction
between the NPs and PS, we have previously demonstrated
that entropic effects result in increased viscosity9,10 and Tg,

16

which are in turn promoting enhanced thermal stability here.
The enhanced thermal stability is also observed for PS well
above the entanglement molecular weight (Figure S9). It
remains to be explored how NP/polymer interactions and
molecular weight in extreme confinement would affect these
observations.
In summary, we studied the thermal degradation of PS

under extreme nanoconfinement using CaRI as a model
system. The degree of confinement is controlled using SiO2
NPs with diameters ranging from 11 to 100 nm, resulting in
the pore diameters ranging from ∼3 nm to ∼30 nm. We show
that in this weakly interacting system strong spatial confine-
ment results in unprecedented enhancement of the thermal
stability of PS in ambient conditions. In isothermal degradation
experiments both the characteristic time of degradation and
the activation energy for degradation increase, with values that
correlate with increased Tg in these systems. The details of
degradation indicate that the degradation proceeds through

surfaces and from the center of larger holes toward NP
surfaces, reducing the flammability and the ability of the
system to form char. These observations indicate that even in
relatively large pores for the 100 nm NPs the process of
degradation is diffusion limited and is stabilized due to the
slower diffusion of the free radicals, oxygen, and the reaction
products.
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