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The glass transition temperature (Tg) of nanoporous polyetherimide (PEI) and PEI thin films was
investigated. The Ty decreased from its bulk value in both of these confined systems. Monte Carlo
simulations were performed to calculate the nearest neighbor pore-to-pore distances in the nanoporous
PEL. A quantitative analogy between the nanoporous PEI and PEI thin films is proposed through an
equivalence of nearest neighbor pore-to-pore distances and thin film thickness. The effect of confine-

ment is believed to be due to the interface regions, which possess higher chain mobility than the bulk.
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When these high mobility interface regions are sufficiently close together, the excess mobility at the
interface region affects the dynamics of the system by restraining percolation of the slow domains
resulting in the observed decrease in Tg.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The glass transition temperature (Tg) is one of the most impor-
tant properties of polymers because it indicates the dynamics of
polymer chains and controls many practical processes such as
welding, adhesion, and melt-processing [1]. Additionally, around
the glass transition temperature, the mechanical properties of
polymers change rapidly from a rubbery to a glassy state. Research
on glass transition behavior in polymers has been an active subject
for a long time, however, our understanding of the underlying
science of the glass transition is still not fully complete.

The glass transition phenomenon received close attention over
the past ten years as new techniques were developed to probe the
intrinsic length scale of cooperative rearranging regions (CRRs). The
so-called CRR was proposed by Adam and Gibbs [2], and is defined
as the smallest region that can undergo a transition to a new
configuration independent of neighboring regions [2]. The CRRs are
domains of several nanometers in size [3]. This proposal led to
a huge interest in the investigation of the glass transition temper-
ature in polymers under confined geometries. A number of exper-
imental studies have concentrated on various confined systems. For
example, one approach was to use nanoporous glass with
controlled pore size as host and to fill the pores with polymers by
capillary wetting. As a result, reduced T, values and enhanced chain
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dynamics have been reported [4]. However, a complication of this
approach is that the internal glass surface could itself strongly affect
the chain dynamics beyond the effects of confinement [5].

An attractive alternative system is polymer thin films, in which
the confining dimension is the film thickness. Since the initial
measurement of Ty in polystyrene (PS) thin films supported by
a silicon substrate performed by Keddie et al. [6], both substrate-
supported and unsupported (free-standing) thin films of different
polymers have been studied. Deviations of glass transition
temperature from the bulk Tg value have been reported when the
film thickness decreased below ~ 150 nm. It was observed that the
T values depend strongly on the interface between the polymer
film and the substrate [7-9]. When the interaction between the
film and the substrate is weak, the T, of the film has a lower value
than the corresponding bulk value. The Tg of the film is greater than
the bulk value when there exists a strong interface between the
film and the substrate because of the strong adhesion of polymer
chains to the substrate. The influence of the polymer-substrate
interaction can be eliminated in free-standing polymer thin films,
where only a reduction in Tg is observed [5,10]. In addition to the
dependence on the polymer-substrate interface, further studies on
the glass transition behavior in polymer thin films showed
a complex molecular weight dependence [5,10,11]. At high molec-
ular weights, the T, increases linearly with film thickness. At low
molecular weights, the change in T; shows a nonlinear film thick-
ness dependence.

In order to interpret the phenomenon observed in polymer
thin films and understand the glass transition behavior, many
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attempts have been made to generate a quantitative connection
between the intrinsic length scale of the cooperative rearranging
regions and the length scale at which the confinement effects on
glass transition temperature are observed [6-8,11]. However,
further research on the glass transition behavior in polymer thin
films does not support this approach, since the size of the CRR
near Ty was found to be in the range of 1-4 nm, while the length
scale of the observed confinement effects on Ty is much larger
[12]. More recently, with the development of new analysis tech-
niques, such as positron annihilation lifetime spectroscopy (PALS)
and scanning force microscopy (SFM), it has been observed that
a significant depression of Tg near the thin film surface occurs as
deep as several tens of nanometers, up to 100 nm, into the bulk
region of the surface [12-15]. Enhanced polymer chain mobility
near a free surface has been reported by many researchers, which
is suggested to be mainly due to the segregation of chain ends at
the free surface [16-18]. It is crucial to elucidate the mechanisms
for the excess chain mobility at the surface and to understand
how this excess mobility can propagate further into the bulk
region of the film. De Gennes [19,20] proposed a tentative model
to explain the glass transition behavior in polymeric thin films at
high molecular weights. In this model, the enhanced mobility of
polymer chains at the free surface can propagate into the bulk of
the film by a sliding motion, which is highly ineffective in the
bulk, but plays a more important role in thin films. Long and
Lequeux [21] proposed their model from a percolation viewpoint.
They suggested that the domains of slow dynamics percolate at
a lower temperature in a quasi-two-dimensional case of free-
standing thin films compared to a three-dimensional bulk glass
transition.

Polymer nanocomposites have attracted a lot of interest due to
the many unusual combinations of properties they offer. Because of
their large filler/polymer interfacial area, research on the glass
transition behavior in polymer nanocomposites has caught a lot of
attention recently. Similar to the observations in polymer thin
films, deviations of glass transition temperature from the bulk
value have been reported in different polymer nanocomposite
systems [22-27]. Both the sign and the magnitude of the shift in T
values were found to be influenced by the interaction between the
filler and the polymer matrix [24-27]. However, attempts to
explain the glass transition behavior in polymer nanocomposites
have been very limited from the theoretical viewpoint. Ash et al.
[3,24] suggested an explanation by defining an interaction zone
surrounding the nanofillers, which has different attributes
compared to the bulk polymer. The impact of the interaction zone
may extend tens to hundreds of nanometers into the bulk
surrounding the nanofillers. Based on the percolation mechanisms,
Ash et al. proposed that the region surrounding each nanofiller in
a non-wetting filler/polymer interface exists as a highly mobile
interaction zone in the nanocomposite. When the temperature of
the system increases, the percolation of the slow domains would be
interrupted at lower temperatures because of the existence of these
dispersed high mobility regions. This leads to a decreased glass
transition temperature. Further insight was proposed by Bansal
et al. [25,26], who compared the glass transition temperatures of
both polymer thin films and polymer nanocomposites. Bansal et al.
suggested a quantitative equivalence of the Tgs in both systems by
using a harmonic average of the interparticle spacing. They also
concluded that the glass transition process requires the interaction
of the high mobility interface regions. Even though there have been
many experimental and theoretical studies on the effects of
confinement on the glass transition, our understanding of this issue
is far from complete.

In this paper, we studied the glass transition behavior of nano-
porous polyetherimide (PEI) and compared it with non-porous PEI

thin films. The nanoporous PEI films were created based on the
phase separation of PEI and polycaprolactone-diol (PCLD) blends
and subsequent removal of the PCLD domains by selective solvent
extraction. Chemical structures of PEI and PCLD are shown in Fig. 1.
Scanning electron microscopy (SEM) and statistical methods were
used to characterize the pore structure and to obtain the pore
structure parameters. Nanoporous PEI films with different pore
volume fractions were obtained by varying the initial PCLD content
in the PEI/PCLD blends. The nearest neighbor pore-to-pore
distances were calculated by Monte Carlo simulations based on the
pore size distribution functions obtained from SEM experimental
data. The Ty of the nanoporous PEI films was measured and
compared to the T, of the pure PEI thin films.

2. Experimental and simulation details
2.1. Materials

PEI (Ultem® 1000) with a weight average molecular weight
(My) of 30,000 g/mol and number average molecular weight (M)
of 12,000 g/mol was obtained from General Electric Plastics, Inc.
The density of PEI is 1.28 g/cm>. PCLD with M, of 503 g/mol was
purchased from Aldrich Corporation. The density of PCLD is
1.073 g/em®. Dichloromethane (boiling temperature = 40 °C) was
used to dissolve both PEI and PCLD. Acetone was used to selectively
remove PCLD from the PEI/PCDL blends.

2.2. Preparation of nanoporous PEI films

The preparation method of the nanoporous PEI samples was
introduced in detail in our previous paper [27] and a brief summary
is given here. PEI and PCLD were dissolved in dichloromethane and
mixed by magnetic stirrer at room temperature. PEI/PCLD blend
films were obtained by spin-coating at a speed of 500 rpm on
highly polished silicon wafer substrates. The spin-coated PEI/PCLD
film samples were immersed in acetone for over 48 hours to
remove the PCLD and to create the nanoporous structure within the
PEI matrix. The nanoporous PEI film samples were then dried at
40 °C in a vacuum oven for 48 hours. Thermal gravimetric analysis
(TGA) measurements were performed to verify that the minor
component (PCLD) was removed after acetone immersion.
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Fig. 1. Chemical structures of (a) polyetherimide, PEI and (b) polycaprolactam-diol,
PCLD.
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2.3. Pore structure characterization

A JEOL JSM-6330F field emission scanning electron microscope
(FESEM) was used to observe the pore structure in the nanoporous
PEI films. The cross-sections of the spin-coated films were prepared
by microtoming and then the sample surfaces were sputter-coated
with gold or platinum before SEM observation. SEM images were
analyzed to quantitatively determine the pore size and pore size
distribution. Statistical methods were applied to analyze the pore
size data. The probability plot correlation coefficient (PPCC)
hypothesis testing method was used to obtain the pore size distri-
bution function and to estimate the distribution parameters [28,29].

2.4. The glass transition temperature measurement

The glass transition temperatures of the PEI thin films and the
nanoporous PEI were measured by differential scanning calorim-
etry (DSC) on a Mettler Toledo DSC 822e instrument. All
measurements were carried out from 25 to 250 °C at a heating rate
of 10 °C/min in a nitrogen-filled chamber. The T data were estab-
lished by fitting straight lines to the DSC curves before, during and
after the transition. The midpoint of the intersections was then
defined as the Tg. The DSC specimens were free-standing films that
were obtained by removing the films from the substrate using
a water bath. All film samples were dried in a vacuum oven at about
40 °C for 48 hours before DSC measurements.

2.4.1. Monte carlo simulation

Monte Carlo simulations were used to create three-dimensional
periodic boxes containing nanopores. Only spherical pores were
considered. Initially, no overlap between pores was allowed,
however, the effect of pore overlap was also considered and
investigated. The center of mass coordinates of each pore were
created randomly. Pore sizes were assigned according to the (pore
size) distribution function that was obtained from the pore struc-
ture characterization discussed above. We converted the proba-
bility distribution functions (PDFs) into cumulative distribution
functions (CDFs), which by definition have values between zero and
one, and used these CDFs in our Monte Carlo simulations. If the
newly created pore did not overlap with any other existing pores, it
was accepted and its coordinates were saved. If the randomly
created pore overlapped with any previously crated pore then it
was deleted. Each simulation was terminated once the target pore
volume fraction, which was dictated by the PCLD content in the
blend and pore structure analysis, was reached. The nearest
neighbor pore-to-pore distances (surface-to-surface distances)
were calculated from the saved coordinates of each pore within
a system [30]. The results were averaged among ten or more
simulations for each pore volume fraction.

3. Results
3.1. Characterization of pore structure

In the current study, the pores were created as a result of the
phase separation of the immiscible polymer blends of PEI and PCLD.
Therefore, pore size is directly related to the size of the phase-
separated minor phase domains. There are many factors that would
influence the size of the minor phase domains and the resultant
pore size, such as polymer blend composition and molecular
weight of the blend components and processing conditions
[31-33]. In our previous paper [27], it was found that the pro-
cessing time of phase separation played an important role in
determining the final pore size due to the kinetics of the phase
coarsening. Nano-size pores were created because of the fast film

solidification during the spin-coating process. In addition,
increasing the PCLD content resulted in larger pores due to the
greater possibility for the minor phase domains to coalesce during
phase coarsening.

The pore structure of the nanoporous PEI was investigated using
SEM (27), and statistical methods were used to interpret the pore
size data. Analysis of SEM micrographs and probability plot corre-
lation coefficient (PPCC) hypothesis testing revealed that the pore
size distribution is best represented by the lognormal distribution
function:
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where ¢ is the shape parameter, and m is the median value of the
data (also called the scale parameter), which is defined as:

> In(x;)
m = exp(p) and p= IT (2)
where ¥; is the size of each observed pore and N is the total number
of pores observed.

The shape and scale parameters of the lognormal probability
density function (Eq. (1)) can be estimated by the PPCC method.
Table 1 shows the shape and scale parameters of the probability
density functions for nanoporous PEI samples with different initial
minor phase contents. These parameters are useful to determine
the probability density function that is required to perform the
Monte Carlo simulations in order to obtain nearest neighbor pore-
to-pore distances.

3.2. The nearest neighbor pore-to-pore distance

Monte Carlo simulation provides an efficient method to sample
a statistical distribution [30,34]. We created three-dimensional
nanoporous samples by performing Monte Carlo simulations. The
simulations used the lognormal distribution functions obtained from
the SEM analysis and, therefore, the simulated pore size distribution
strictly followed the lognormal distribution function that represents
the experimental data. The pore volume fraction (¢) was calculated
from the PCLD weight content in the PEI/PCLD blend as:

_ WpcLp/ Prcip 3)
(Wecwp/Peerp) + [(1 — Wecp) / pper]

where wpcrp is the PCLD weight content in the PEI/PCLD blend,
ppcrp and ppg are the density of PCLD and PEI, respectively. Based on
Eq. (3), the pore volume fractions were 3.56, 5.91, 9.4, 11.7, 15.1,
17.4% and 23.0%.

Fig. 2 shows the comparison of the lognormal pore size distri-
bution functions and the pore size distributions obtained from the
Monte Carlo simulations. It is clearly seen that the two distributions
agree perfectly. The pore structures obtained from the Monte Carlo
simulations were used to calculate the distances between all pores.

Table 1

Lognormal distribution function parameters.
PCLD Content (wt%) (3} m(nm)
3 0.535 50.2
5 0.449 54.2
8 0314 56.3
10 0.392 59.1
13 0.369 60.3
15 0375 69.0
20 0.360 75.3
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Fig. 2. The pore size distributions obtained from the Monte Carlo simulations
(symbols) perfectly agree with the lognormal distribution functions (lines).

The nearest neighbor pore-to-pore (surface-to-surface) distances
(djj) were calculated for each pore pair (i and j), and each pore pair
was tabulated only once (dj; values were removed).

Fig. 3 shows the nearest neighbor pore-to-pore distance prob-
ability distribution functions for pore volume fractions of 3.56, 5.91,
9.40, 11.7, 15.10, and 17.4%. Fig. 4 shows the arithmetic averages of
the nearest neighbor pore-to-pore distances (h) normalized by the
average pore size () as a function of pore volume fraction. The
average pore-to-pore distance decreased with increasing pore
volume fraction. The normalized pore-to-pore distances shown in
Fig. 4 are lower than the close-packed sphere calculations, which
show a 1.809¢'/3-2.0 relationship with the pore volume fraction. If
a similar relationship is assumed for the randomly created pores
(with polydisperse size distribution), then 0.663¢ 3-1.025 is
obtained (dashed lines on Fig. 4).

3.3. The glass transition temperature
The glass transition temperatures of nanoporous PEI samples

with varying pore volume fractions and PEI thin films were
reported in our previous publication [27]. The Ty of nanoporous
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Fig. 3. Nearest neighbor pore-to-pore (surface-to-surface) distance distributions at
various pore volume fractions.

4.0

1
Q ‘I‘ ® Monte Carlo simulation
%) | — Close-packed spheres
L |
Q? |
5 30 F
&0 |
E |
g |
<
5]
E
s 20
4
a
=
[}
st
=
.20
> 10+
@
9]
3
5]
Z

0.0
0.00 0.05 0.10 0.15 0.20 0.25

Pore Volume Fraction

Fig. 4. Arithmetic average of the nearest neighbor pore-to-pore (surface-to-surface)
distances normalized by the average pore size diameter as a function of pore volume
fraction.

samples decreased ~ 22 K over the range of pore volume fractions
from O to 0.23. Fig. 5 shows the glass transition temperatures of PEI
thin films as a function of film thickness. The effect of decreasing
film thickness and increasing pore volume fraction on the glass
transition temperature was similar in that the glass transition
temperature decreased in both cases. The Tg decreased by ~22 K in
the nanoporous PEI and by —7 K in the thin films.

4. Discussion

The glass transition temperature of both PEI thin films and
nanoporous PEI decreased with respectively decreasing film
thickness and increasing pore volume fraction. It has been sug-
gested that the existence of a high mobility interface region
contributes to the Tg reduction. However, our present under-
standing of the properties of this high mobility interface region and
the effects of this interface region on Tg are limited. Different
approaches have been proposed to explain the thickness depen-
dence of Tg in polymer thin films. The empirical model proposed by
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Fig. 5. Glass transition temperature of PEI thin films as a function of film thickness.
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Keddie et al. [6,7] has been found to quantitatively interpret the
experimental Tg data in polymer thin films quite well. According to
Keddie et al. the relationship between Tg and the film thickness can
be described by the following equation:

Te(h) = &(oo){l - (’%ﬂ @

where h is the film thickness, Ty() is the bulk glass transition
temperature, and A and ¢ are fitting parameters. In the present
study, the parameters A and ¢ were calculated using the PEI thin
film data to be 3.38 nm and 1.61, respectively. Mattsson et al. [5]
reported A and 6 values for free-standing polystyrene thin films to
be 7.8 nm and 1.8, respectively. The parameters obtained from our
PEI thin films are very close to those obtained by Mattsson et al. The
differences are attributed to the different chemical structures
between polystyrene and PEIL

A direct comparison of the thin film and nanoporous T data can
be made by transforming Keddie’s equation so that it depends on
specific surface area instead of thickness (see Eq. (5)). This trans-
formation assumes that a two-layer model is applicable and, there-
fore, the comparison can also serve as a test of the two-layer model.

Te(h) = Q(w){l - (’Qaﬂ (5)

where ¢ is the specific surface area (surface area per volume, where
volume is the product of surface area and film thickness, h). The
factor two in the denominator is due to the presence of two free
surfaces in a film. Fig. 6 shows the nanoporous Ty data (symbols)
and modified Keddie equation, where parameters A and ¢ are those
of our PEI thin films (A=3.38 nm, 6 = 1.61). It is obvious that the
modified Keddie equation with thin film parameters does not
represent the nanoporous PEI T, data. This suggests that the two-
layer model cannot be used to explain the T data in nanoporous
systems. In their recent study, Bansal et al. [26] reported a quanti-
tative equivalence of Tgs between polymer thin films and polymer
nanocomposites based on the two-layer model proposed by
Mattsson [5]. They also concluded that a simple two-layer model is
not sufficient to represent the effects of the interface region on T,.

Although Keddie’s equation has been used to represent exper-
imental data successfully, it is an empirical model and does not
explain the possible mechanisms of confinement effects on Tg.
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Fig. 6. Comparison of thin film and nanoporous Ty data as a function of specific pore
surface area.

More recently, a very similar equation was proposed by Long and
Lequeux based on the percolation theory of glass transition [21]
and provides a theoretical explanation for Keddie's equation
through heterogeneous dynamics. When the material is cooled
from the melt state, the viscosity increases dramatically at the glass
transition temperature, which is due to the percolation of small
domains of slow dynamics within the system. The population of
slow domains is controlled by the sample temperature, and the
number of slow domains increases upon cooling. Once the network
of slow domains is established, the glass transition occurs.
According to Long and Lequeux, the slow domains percolate at
a lower temperature in the case of quasi 2-dimensional free-
standing thin films compared to a three-dimensional bulk system,
and leads to a lower Ty in thin films.

The effects and understanding of confinement remain a challenge
for the scientific community. In the present study, the confinement
effects on Tg are seen in a nanoporous material. In a recent study,
confinement effects on T, were also observed in polymer nano-
composites. Bansal et al. [26] showed that a correlation between the
Tgs of polymer nanocomposites and polymer thin films exists and that
average particle-to-particle distances could be used to compare thin
films and nanocomposite systems. A similar correlation should also
exist for the PEI systems investigated in the present study. The
nanopores provide a free surface similar to that observed in free-
standing thin films. In addition, the thickness of the thin films should
correlate with the pore-to-pore (surface-to-surface) distances.
Therefore, the nearest neighbor distances with respect to pore volume
fraction were calculated from the Monte Carlo simulations. The pores
were randomly dispersed in the polymer matrix and the pore size
distribution followed the lognormal distribution obtained from SEM
measurements. Keddie’s equation (Eq. (4)) can then be applied to
model the Tg data from nanoporous PEI samples by substituting the
film thickness with an appropriate pore-to-pore (surface-to-surface)
distance. Since it is not obvious what pore-to-pore distance would be
appropriate, various averages of the nearest neighbor distances were
calculated (see Fig. 3 for nearest neighbor pore-to-pore distance
distributions): arithmetic average, second moment average, and
harmonic average. These are defined as follows:

Arithmetic average:

=Nk
h ==5— (6)
Second moment average:
_ N 2
= ! h<
h = # (7)
et hi
Harmonic average:
* N
[—— (8)
St

where h; is the nearest pore-to-pore distance, and N is the number
of nearest pore-to-pore distances calculated. Duplicate nearest
neighbor distances were removed.

Fig. 7 shows the T, data for nanoporous PEI as a function of the
average pore-to-pore distances. The thin film data are represented
by the solid line that shows the best fit curve obtained using Ked-
die’s model (with A=3.38 nm, 6=1.61). The arithmetic and
harmonic averages obtained from the Monte Carlo simulations are
positioned to the left of the thin film line, whereas the second
moment averages are much closer to the thin film line, yielding at
least a rough agreement between the two, although the shape
(Tg vs. distance) is not exactly the same.
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Fig. 7. Glass transition temperature as a function of various pore-to-pore (surface-to-
surface) distance averages in the nanoporous PEI along with the Keddie equation fit to
the PEI thin film data.

There are a couple of errors that might have arisen during the
analysis. The Monte Carlo simulations used the lognormal pore size
distribution function that was based on the pore size data obtained
from the SEM measurements. SEM measurements sample an area,
whereas the pores are three-dimensional. Therefore, SEM analysis
provides only the “cross section” of a pore and the observed
diameter does not represent the real diameter, unless the SEM cross
section happens to slice the pore right at the center. The second
possible error might have been caused by the Monte Carlo simu-
lations. In the simulations, overlapping of pores were strictly
forbidden, but it is possible that if two pores are too close, they
would coalesce to form one larger pore. The effects of these two
errors on the nearest neighbor distances will be discussed next.

The pore size data were obtained from the SEM analysis of the
cross sectional areas of the samples. Unless the SEM surface inter-
sects the pore at its center, the observed pore size is less than the
real diameter of the pore. It is thus obvious that the pore size data
collected through SEM analysis underestimates the real pore sizes.
If in fact pores are larger than observed during SEM image analysis,
there will be a smaller number of pores at a given pore volume
fraction and the pore-to-pore distances would increase. This should
shift the nanoporous T data shown in Fig. 7 to the right.

In order to calculate the error arising from the SEM analysis, it is
assumed that the centers of the pores are uniformly distributed in
the direction perpendicular to the SEM surface (along the z-axis).
This assumption is correct and the error from this assumption can
be minimized if the number of pores in the sample is high enough.
In addition, the probability of the SEM image surface intersecting
a pore, whose center is at z=0, between z=-R and z= +R (R is the
real radius of the pore), does not depend on the pore size (the SEM
image surface can cut through the pore at any point along the z-axis
with equal probability). Then, the average value of the ratio of the
pore radius derived from the SEM analysis (r) to the actual pore
radius (R) is given as follows:

+1
4 2
R
(E)ave: +1

[ G

-1

) (9)

where z is the location of the SEM surface along the z-axis. The
analytical solution to Eq. (9) is given by the hypergeometric func-
tion, which gives r/R = 0.785398. Therefore, the SEM analysis of the
nanoporous samples underestimates the real size of the pores by
approximately 21.5%. This, of course, is the maximum error that
could have arisen in our calculations. The solution to this error is
very easy: during the Monte Carlo simulation, each pore can be
divided by the r/R value given above to correctly account for the
real size of the pore (R) rather than the observed pore size (r)
during SEM image analysis. The results of this correction are also
shown in Fig. 7 along with the uncorrected data. As expected, all
average pore-to-pore distances increased and resulted in the
shifting of the nanoporous data to the right (larger distances).

Also, stated before, the overlapping of pores was strictly pro-
hibited during the initial Monte Carlo simulations. In order to
investigate the effects of pore overlaps, we performed additional
Monte Carlo simulations where random pore overlaps were
allowed. If two (or more) pores overlapped, then these pores were
considered as one pore with a volume equal to the sum of the
overlapping pore volumes. This is a natural extension of the coa-
lescence of pores during nucleation and growth in real systems. In
real systems, if two (or more) pores overlapped during growth, the
internal pressure within the growing pores would quickly stabilize
(a common pressure would be reached), and initially what were
separate pores would become one and grow as a single pore. When
pore overlaps were allowed, the location of the new unified pore
was calculated according to the volume average of the (initial)
individual pores. The effect of allowing overlaps should thus
increase the nearest neighbor distances because there would be
fewer pores when overlapping pores are considered as one pore.
The magnitude of this effect depends on the pore volume fraction,
since the probability of pores overlapping with one another
increases with the number of pores present. The effect of pore
overlaps was very low at low pore volume fractions; less than 5%
change in the nearest neighbor distances were observed. At high
pore volume fractions, the effect was stronger; up to 50% increase in
the nearest neighbor distances was observed.

If both the SEM and the overlap corrections are performed at the
same time as they should be, all average nearest neighbor distances
increase. This combined effect on the T vs. interpore spacing data is
shown in Fig. 8, and indicates that the arithmetic average of the
nearest neighbor distances best represents the nanoporous Tg data.
This finding contradicts the observation of Bansal et al. [26], where
the harmonic average nearest neighbor distance was found to best
describe their nanocomposite data.

Based on these observations, an analogy between the nano-
porous PEI and the PEI thin films can be proposed through the
arithmetic average of the nearest neighbor pore-to-pore distances
for the nanoporous PEI system. In both systems, the effects of
confinement on the glass transition temperature were represented
by the Keddie equation. Due to the localization of polymer chain
ends, the free volume at the free-surface-like interface region
increases, which enables the polymer chains to exhibit higher
mobility than those in the bulk region. According to the percolation
mechanism proposed by Long and Lequeux [21], the high mobility
interface region contributes to disrupt the percolation of the slow
domains when the system is cooled from the polymer melt. In
confined systems, such as thin films and nanoporous systems, the
interface regions are sufficiently close together, and the percolation
of the slow domains is affected by these high mobility interface
regions, which leads the glass transition to occur at a lower
temperature compared to the bulk polymer. The percolation theory
thus provides a mechanism to explain how the interface regions
affect the Ty in confined systems. In addition, it also suggests
a theoretical explanation for the Keddie equation, which was found
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Fig. 8. Glass transition temperature as a function of various pore-to-pore (surface-to-
surface) distance averages in the nanoporous PEI (closed symbols) along with the
Keddie equation fit to the PEI thin film data. The effect of SEM pore size correction on
the nanoporous T, data is also presented (open symbols).

to fit the experimental observations in both PEI thin films and
nanoporous PEL

As a final point, we draw attention to the fact that two different
nearest neighbor distance averages have now been shown to
describe the effects of confinement: the harmonic average in the
nanocomposite system by Bansal et al. [26] and the arithmetic
average in the nanoporous system of the present study. The errors
in our study have been considered, and hence corrections were
performed to yield an accurate result. On the other hand, the
interactions at a nanoparticle-polymer interface are more
complicated than those at a free interface; hence, there does not
need to be a direct correlation between the two systems. Although
our analysis indicates that the arithmetic average best explains the
nanoporous data, further research needs to be performed to assess
the effects of confinement, and to verify if a common average
length scale can explain the confinement effects due to both
nanoparticles or nanopores, or if there is another reason for the
apparent discrepancy such as the nature of the interactions at the
interface.

5. Conclusions

A decrease in the glass transition temperature (Tg) from its bulk
value was observed in both nanoporous polyetherimide (PEI) and
PEI thin film systems. The deviation of Tg in confined systems is due
to the effects of the interface regions. In particular, for a free-
standing interface, the polymer chains have higher mobility in the
interface region than in the bulk. These high mobility interface
regions disrupt the percolation of slow domains in the system,
leading to a decreased glass transition temperature, which provides
further evidence for the percolation theory of the glass transition in
polymers. Based on the present T study, an analogy between the

nanoporous PEI and PEI thin films was observed. In the nanoporous
polymers, the arithmetic average nearest neighbor pore-to-pore
(surface-to-surface) distance corresponds to the film thickness in
the polymer thin films. The relationship between T and pore-to-
pore distance can be quantitatively described by the Keddie equa-
tion. When the high mobility interface regions in the system are
sufficiently close together, the excess mobility in the interface
region alters the dynamics further into the bulk region, which
induces the confinement effects on Tg.
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