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Abstract
Brookite (i.e., titanium dioxide) nanoparticles having a nominal diameter of 3 nm were dispersed in 1,2-polybutadiene (PB) via solution pro-
cessing to form polymer nanocomposites. Atomic force microscopy and scanning transmission electron microscopy were used to characterize
particle dispersion. A significant population of nanoparticle aggregates exhibited characteristic dimensions below 50 nm. However, some aggre-
gates were over 1 mm in size. At high nanoparticle loadings (e.g., 27 nominal volume percent TiO2), the permeability coefficients of CO2, CH4,
N2 and H2 were more than 3 times higher than that in unfilled PB, which is opposite to the trend typically observed when impermeable particles
are added to rubbery polymers. Gas solubility coefficients generally increased with increasing particle loading, whereas diffusion coefficients
decreased with increasing particle loading. Therefore, the increase in permeability was due to an increase in gas solubility upon incorporating
highly sorbing nanoparticles into the polymer. Interestingly, there was virtually no change in pure gas selectivity in the nanocomposites as
compared to unfilled PB.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Traditionally, doping rubbery polymers with non-porous,
impermeable particles decreases gas permeability [1]. For ex-
ample, Barrer et al. dispersed micron-sized ZnO particles in
natural rubber; and permeability decreased with increasing
particle loading which was in good agreement with predictions
from composites theory [1]. Recently, a wide variety of very
small particles have become available, and there has been
rather general interest in understanding how such particles in-
fluence transport properties. In this regard, many groups have
incorporated nanoparticles with high aspect ratios (e.g., rods
or flakes) into various polymeric membranes to reduce gas
permeability [2e4]. For example, the O2 permeability of poly-
esteramide containing 13 wt% octadecylammonium-treated
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montmorillonite clay, where the clay platelets were oriented
parallel to the film surface, was 80% lower than that of the un-
filled polymer, so the presence of even rather low concentra-
tions of nanoparticles can profoundly reduce permeability [4].

The use of nanoparticles to alter permeation properties ex-
tends beyond reducing permeability with increasing filler con-
tent. For example, nanocomposites have been prepared whose
permeability increases as particle loading increases [5e8].
Gas permeability in certain filled high free volume, glassy,
substituted acetylene polymers increases by as much as four-
fold as particle loading increases, and there is no significant
change in pure gas selectivity values [8]. In other disubstituted
polyacetylene nanocomposites, light gas permeability is as
much as 30 times higher than that of the unfilled polymer.
However, in these materials, selectivity decreased with in-
creasing particle loading [9]. In another case, poly(4-methyl-
2-pentyne) (PMP) exhibited an increase in both mixed gas
permeability and selectivity as the concentration of fumed sil-
ica increased. Specifically, n-butane/CH4 selectivity increased
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from 13 in unfilled PMP to 22 in PMP containing 45 wt%
fumed silica [10]. Additionally, the permeabilities of some
low free volume, glassy polymers increase with increasing par-
ticle loading [11]. For instance, the reported O2 permeability
in solution cast Ultem 1000 filled with 20 wt% surface treated
fumed silica was approximately 15 times higher than that of
the unfilled polymer [11].

So far, only nanocomposites based on stiff chain, glassy
polymers have been reported to exhibit light gas permeabilities
higher than those of the comparable unfilled polymer. Rubbery
polymers have not been shown to exhibit permeability en-
hancements with increasing nanoparticle concentration [12].
This study presents the influence of 3 nm diameter titanium
dioxide (TiO2) nanoparticles on gas transport properties of 1,2-
polybutadiene (PB)-based nanocomposites. We find that the
dispersion of nanoscale TiO2 particles into PB can substantially
increase its permeability without introducing selectivity-
destroying defects. Pure gas permeability, solubility and diffu-
sion coefficients are reported as a function of nanocomposite
particle concentration. Atomic force microscopy and scanning
transmission electron microscopy were used to characterize
particle dispersion. Changes in polymer glass transition
temperature and crystallinity with particle content were char-
acterized using differential scanning calorimetry and wide
angle X-ray diffraction, respectively.

2. Background
2.1. Gas transport in polymers
Gas transport through dense polymer films obeys the solu-
tion-diffusion mechanism, where gases dissolve into the poly-
mer matrix at the face of the sample exposed to higher gas
pressure, diffuse across the polymer film to the face of the
sample exposed to lower pressure, and then desorb from that
surface [13]. The permeability of gas A, PA, through a film
is defined as follows [13]:

PAh
NAl

ðp2 � p1Þ
ð1Þ

where NA is the steady state gas flux through the film, l is the
film thickness, and p2 and p1 are the upstream (i.e., high) and
downstream (i.e., low) partial pressures of gas A, respectively.
If Fick’s law is obeyed and the downstream pressure is much
lower than the upstream pressure, then permeability can be
expressed as follows [13]:

PA ¼ DA� SA ð2Þ

where DA is the effective, concentration-averaged diffusion
coefficient of gas A in the film. The solubility coefficient of
gas A in the polymer, SA, is given by [13]:

SA ¼ C=p2 ð3Þ

where C is the gas concentration in the polymer at the film
surface in contact with gas at pressure p2 [13].
The ability of a polymer to separate gases A and B is char-
acterized by the ideal selectivity, aA/B, which is defined as the
ratio of permeabilities [13]:

aA=Bh
PA

PB

ð4Þ

Substituting Eq. (2) into Eq. (4) provides a relationship be-
tween the ideal selectivity, the diffusivity selectivity, DA/DB,
and the solubility selectivity, SA/SB:

aA=B ¼
DA

DB

� SA

SB

ð5Þ

Diffusivity selectivity depends primarily on the relative pene-
trant sizes and the size-sieving ability of the polymer [14].
Solubility selectivity is controlled primarily by the relative
condensability of the penetrants and the relative affinity of
the penetrants for the polymer matrix [14]. Both solubility
and diffusivity can be influenced by particle type and concen-
tration [1,8,10].
2.2. Modeling gas transport properties in heterogeneous
films
Many models have been derived to describe electrical con-
ductivity in materials composed of a dispersed phase in a con-
tinuous matrix, and these models have also been used to
describe permeability in heterogeneous materials [1,15,16].
For example, Bruggeman’s model has been used to describe
permeability in heterogeneous materials over a wide range
of particle loading [1,15,17,18]:

ðPC=PMÞ � ðPD=PMÞ
1� ðPD=PMÞ

�
PC

PM

�1=3

¼ 1�fD ð6Þ

where PC, PM, and PD are the permeabilities of the composite,
polymer matrix, and dispersed phase, respectively. fD is the
dispersed phase volume fraction. In this model, the dispersed
phase comprises spherical particles. In heterogeneous films
containing an impermeable dispersed phase (i.e., PD¼ 0),
Eq. (6) reduces to [17]:

PC

PM

¼ ð1�fDÞ
3=2 ð7Þ

If the dispersed phase is much more permeable than the matrix
(i.e., PD> PM), Eq. (6) becomes [17]:

PC

PM

¼ 1

ð1�fDÞ
3

ð8Þ

These limits are presented together with exemplary experi-
mental data in Fig. 1 [1,9]. In Fig. 1, the CH4 permeability
of natural rubber filled with impermeable, micron-sized ZnO
particles obeys Eq. (7) to a good approximation [1]. Eq. (8)
provides a reasonable estimate of the CH4 permeability in
MgO filled poly(1-trimethylsilyl-1-propyne) (PTMSP), when
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Fig. 1. Bruggeman’s model for the ratio of composite permeability, PC, to ma-

trix permeability, PM, when the dispersed phase is either impermeable (Eq.

(7)) or highly permeable (Eq. (8)). Micron-sized ZnO filled natural rubber

[1] at 40 �C and (A) represents heterogeneous materials where the dispersed

phase (ZnO) is essentially impermeable. MgO filled poly(1-trimethylsilyl-1-

propyne) (PTMSP) at 35 �C and Dp¼ 3.4 atm [9] (C) represents a case where

the nanoparticles induce void formation in the polymer, and these voids are

presumably much more permeable than the polymer matrix. The voids are

treated as the dispersed phase in the application of Eq. (8) to the PTMSP/

MgO data.
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the void volume, induced by incorporation of the particles in
the polymer, is treated as the dispersed phase [9].

3. Materials and methods
3.1. Materials
Spherical brookite (i.e., TiO2) nanoparticles (Nanoscale,
Manhattan, KS) were used in this study. The supplier reported
the nanoparticles to be 99.999% titanium, based on metal, with
a density of 3.7 g/cm3 and a BET surface area of 500 m2/g.
The equivalent spherical particle diameter of the TiO2 nano-
particles is 3 nm, where equivalent spherical particle diameter
is calculated as 6/(surface area� density). 1,2-Polybutadiene
(Scientific Polymer Products, Inc. Ontario, NY) has a molecu-
lar weight of approximately 100,000 and was prepared using
a cobaltephosphine catalyst system. According to the sup-
plier, the 1,4-cis content was 7%, and the vinyl content was
93%. CH4, CO2, N2, and H2 were obtained commercially (Air-
gas, Radnor, PA). All gases used in this study were at least
99% pure according to the supplier. All materials and test
gases were used as-received.
3.2. 1,2-Polybutadiene nanocomposite film preparation
1,2-Polybutadiene was added to toluene (1.5 g polymer/
20 ml solution) and stirred at 40 �C until the polymer
dissolved, which usually took less than 20 min. Nanoparticles
were added to the solution in an amount that would result in
a final dry film with a predetermined nominal filler volume
percent loading, fN

F , which is defined as follows [8]:

fN
F ¼

MF=rF

ðMP=rPþMF=rFÞ
ð9Þ

where MF and MP are the weights of filler and polymer in the
sample, respectively. rF and rP are the pure filler and pure
polymer densities, respectively. The particle-filled solution
was mixed for 20 min at 40 �C using a magnetic stir bar.
The solution was poured onto a clean, dry, level glass casting
plate in a fume hood and dried slowly. Films were generally
dry in less than 24 h and resulted in nanocomposite films of
around 200 mm thickness. The film thickness varied by less
than 20 mm over the entire film surface. Permeability was
not observed to depend on polymer thickness, where film
thickness was varied from 100 to 400 mm.
3.3. Differential scanning calorimetry (DSC)
Polymer and nanocomposite samples weighing 10e20 mg
were placed in steel DSC pans from TA Instruments (New
Castle, Delaware). DSC sweeps were conducted using a Q-
100 DSC from TA Instruments. The sweep began by lowering
the sample temperature from ambient to �80 �C at 20 �C/min.
The sample was held at �80 �C for 5 min and then heated at
20 �C/min to 150 �C. The maximum and minimum tempera-
tures used in these sweeps were at least 40 �C away from
the polymer melting temperature [19], and the range was suf-
ficient to observe a complete melting event. Only the initial
heating sweep is reported in this study, because subsequent
sweeps alter the thermal history of the samples. DSC sweeps
were conducted using an empty steel DSC pan as a reference.

The weight fraction of crystallinity in the unfilled polymer,
cC (g crystals/g polymer), was calculated by comparing the
polymer enthalpy of melting, DHm, in the initial temperature
sweep to the estimated enthalpy of melting of the pure crystal-
line polymer, DHC:

cC ¼
DHm

DHC

ð10Þ

DHC for 1,2-polybutadiene is 60.7 J/g crystals [19]. This
method was used to estimate the crystallinity in the unfilled
polymer only. The neat particles showed an endothermic event
at temperatures greater than 100 �C. As a result, in the nano-
composite films, there was an endothermic event between 120
and 150 �C that prevented reliable measurements of DHm, so it
was not possible to estimate the crystallinity level in the nano-
composites from DSC data.
3.4. Wide angle X-ray diffraction (WAXD)
A Scintag thetaetheta diffractometer equipped with a Cu
source and a solid state detector was used to collect wide angle
X-ray diffraction (WAXD) patterns from approximately 3 cm2



760 S. Matteucci et al. / Polymer 49 (2008) 757e773
samples of 1,2-polybutadiene and nanocomposite films. To
determine polymer crystallinity, backgrounds were modeled
and removed from each diffraction pattern in a manner con-
sistent with the literature [20]. An amorphous halo centered
at about 14.5� 2q was modeled for height, location, full
width at half maximum (FWHM), and skew. Additionally,
crystalline diffraction peaks for 1,2-polybutadiene were mod-
eled for height, location and FWHM. cC was calculated from
the WAXD data as follows [21]:

cC ¼
IC

IC þ IA

ð11Þ

where IC and IA are the integrated areas under the crystalline
and amorphous peaks, respectively.
3.5. Density
Sample density values were determined using a hydrostatic
weighing method that employed a Mettler Toledo balance
(Model AG204, Columbus, OH) and a density determination
kit [22]. Deionized water with a resistance of 18.2 MU cm
was used. The water was prepared using a Milli-Q plus TOC
(Millipore, Billerica, MA).

The volume fraction crystallinity of the pure polymer, fC,
was estimated from the experimentally determined polymer
density, rP, as follows [22]:

fC ¼
rP� rA

rC � rA

ð12Þ

where rC and rA are the densities of crystalline (i.e., 0.963 g/
cm3) [23] and amorphous (i.e., 0.889 g/cm3) [19] 1,2-polybu-
tadiene, respectively. For the sample considered in this study,
rP was 0.911� 0.05 g/cm3. The volume fraction crystallinity
was converted to weight fraction as follows [21]:

cC ¼ fC

rC

rP

ð13Þ

Density could not be used to determine the crystallinity of the
polymer phase in the nanocomposite due to non-additive
density behavior observed in the nanocomposites, as will be
discussed below.
3.6. Atomic force microscopy (AFM)
The PB and nanocomposite samples were cut to a conve-
nient size for microtoming, approximately 2 mm wide, using
a razor blade. Tapering cuts were made to form a point on
the sample, which was then polished to yield a small protrud-
ing rectangular surface. All samples were polished at �100 �C
(i.e., significantly below the glass transition temperature of
1,2-polybutadiene, which is reported to be �19 to �10 �C, de-
pending on the crystallinity level and sample thermal history)
[19] using an RMC-Boeckeler PowerTome PT-XL cryomicro-
tome (Boeckeler Instruments Inc., Tucson, AZ). For polishing,
a cryo diamond knife (Micro Star Technologies, Huntsville,
TX) was used at a cutting speed of 0.6 mm/s. To ensure
sample stability for AFM surface analysis, the polished sam-
ples were mounted on AFM sample holders (Ted Pella Inc.,
Redding, CA) using 5-min epoxy (Fisher Scientific Interna-
tional Inc., Hampton, NH) with the polished side up.

Tapping mode AFM was used to characterize particle dis-
persion and aggregate size in film cross-sections. The AFM
was a Digital Instruments Dimension 3100 with a Nanoscope
IV controller (Woodbury, New York). AFM tips were Silicon
NCH from Nanoworld (Neuchatel, Switzerland). Phase pro-
files were obtained over an area of 1 mm by 1 mm; 512 lines
were scanned (scan rate 0.8 Hz) per sample, providing a reso-
lution of 2 nm per line. All subsequent image analysis utilized
ImageJ software from the National Institutes of Health, using
a protocol discussed elsewhere [8].

Aggregate area distributions were obtained from AFM im-
ages using the ImageJ software. The distributions were divided
into 100 bins of equal area increments, where the area incre-
ment of each bin was 4 nm2. The use of a minimum of 50
bins ensured that the reported particle size and distribution
were independent of the number of bins. The effective aggre-
gate diameter for nanoparticles in bin j, dj, was calculated
using a spherical model:

dj ¼
ffiffiffiffiffiffiffi
4Aj

p

r
ð14Þ

where Aj is the apparent area of nanoparticle aggregates in
bin j.

From the aggregate diameters and numbers of aggregates,
an average diameter, d, was calculated as follows [24]:

d ¼ 1

NT

Xm

j¼1

djNj ð15Þ

where Nj is the number of nanoparticle aggregates of diameter
dj. NT is the total number of distinguishable aggregates charac-
terized, which was generally around 500 aggregates per image.
m is the total number of bins, which was set to 100 in this
study. The standard deviation in aggregate size, s, was calcu-
lated as follows [24]:

s¼
 

1

NT

Xm

j¼1

��
dj � d

�2
Nj

�!1=2

ð16Þ
3.7. Scanning transmission electron microscopy (STEM)
Samples were trimmed using a razor blade in a manner
similar to that described for the AFM samples. The trimmed
samples were embedded in LR White resin (Electron Micros-
copy Sciences, Hatfield, PA) by cold curing in a BEEM� cap-
sule container (Ted Pella Inc., Redding, CA). The embedded
sample was pre-trimmed using a glass knife at room tempera-
ture with a Leica Ultracut UCT microtome (Leica Microsys-
tems GmbH, Wetzlar, Hesse, Germany) to form a small,
protruding, truncated pyramidal shape containing the sample
with a smooth rectangular face approximately 100e200 mm
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in length and width. Sections were collected from this pyramid
using a cryo diamond knife operating at �100 �C at a cutting
speed of 0.6 mm/s. The sections were floated on water in the
diamond knife boat and deposited onto 400-mesh copper
TEM grids (Ted Pella Inc.). High-angle annular dark field
STEM images were collected using an FEI TECNAI G2 F20
transmission electron microscope (FEI Company, Hillsboro,
OR) operated at room temperature and an accelerating voltage
of 200 kV.
3.8. Sorption
Gas sorption isotherms in polymer and nanocomposite
samples were determined using a high-pressure barometric
sorption apparatus as described elsewhere [25,26]. Prior to be-
gin sorption experiments, vacuum was applied to the apparatus
for at least 18 h to degas the film under study. Then, the de-
gassed film was exposed to pure N2, CH4, and CO2, in that
order, at intervals of between 3 and 5 atm from vacuum to
around 20 atm at 35 �C to measure a sorption isotherm over
this pressure range.
3.9. Permeability
PB + 27 vol % TiO2

I
n

t
e
n

s
i
t
y PB + 20 vol % TiO2

PB + 10 vol % TiO2
Pure gas permeability was determined using a constant vol-
ume/variable pressure apparatus [26,27]. A 13.8 cm2 circular
unmasked film was secured in the permeation cell. The film
was exposed to vacuum for at least 18 h on both the upstream
and the downstream surfaces to degas the sample. After a suc-
cessful leak test, the downstream volume was evacuated (i.e.,
downstream pressure was below 0.01 cmHg), and the up-
stream film surface was exposed to pure gas at a known pres-
sure. Gas permeability (cm3(STP) cm/(cm2 s cmHg)) was
calculated from the steady state rate of pressure increase in
the downstream volume as follows:

P¼ dp

dt

I$V

T$p$A$R
ð17Þ

where dp/dt is the pseudo-steady state rate of pressure increase
in the downstream volume, l is the film thickness (cm), p is the
upstream absolute pressure, A is the area of the film available
for transport (cm2), V is the downstream volume (cm3), and T
is the absolute temperature (K). R is the gas constant. All ex-
periments were performed with downstream pressure values
below 1 cmHg.

4. Results and discussion
PB

4.1. Nanocomposite stability
0 10 20 30 40 50 60 70 80
2  ,°

Fig. 2. WAXD patterns for TiO2 nanoparticles, unfilled 1,2-polybutadiene, and

1,2-polybutadiene filled with 10, 20, and 27 nominal volume percent TiO2.

These spectra were displaced vertically for easier viewing.
Nanoparticles have the potential to react either with the
polymer matrix (e.g., desilylation of poly[1-phenyl-2-[p-(tri-
methylsilyl)phenyl]acetylene] by MgO nanoparticles) [5] or
with penetrant gases (e.g., reaction of MgO with water) [28].
Therefore, care was taken to insure that such effects were
not operative in this study. In this regard, TiO2 is stable in
the presence of water and the gases used in this study [8].
No chemical reaction was observed between TiO2 and PB,
based upon Fourier transform infrared spectroscopy of PB
and PB-based nanocomposites.
4.2. Crystallinity and glass transition temperature in 1,2-
polybutadiene and 1,2-polybutadiene based
nanocomposites
Fig. 2 presents the WAXD sweeps for PB and PBeTiO2

nanocomposites. The peaks in the unfilled PB are located at
13.2�, 16.0�, 21.6�, 24.0�, 35.0�, and 39.1� (2q), and these
values are consistent with the peak locations reported by Obata
et al. for PB containing 32 wt% crystals [19]. All peaks in the
unfilled polymer were also present in the nanocomposites. The
crystalline peak located at 13.2� (2q) in the unfilled polymer
shifts to higher 2q values in the nanocomposites as particle
loading increases. Such a drift in this peak has been reported
for unfilled PB samples as crystal content decreases [19]. As
will be discussed below, the crystalline fraction of the polymer
decreases as particle content increases. Thus, the shift in the
peak at 13.2� (2q) to higher values at higher particle loadings
is consistent with the reduction in crystallinity observed as
particle loading increases. On this basis, it appears that the
nanoparticles have not changed the crystal structure.

Nanoparticles dispersed in rubbery polymers have been re-
ported to nucleate polymer crystallite growth, which increases
the crystalline content of the polymer in nanocomposites [29],
or interfere with polymer crystallization, resulting in lower
polymer crystallinity levels in the nanocomposite than in the
unfilled polymer [30]. Table 1 presents crystallinity values
for PB and PB-based nanocomposites. Fig. 3 presents the



Table 1

Polymer and nanocomposite crystallinity and glass transition temperatures

fN
F (%) Technique for estimating crystallinity cC (%) fC (%) Tg

b (�C)

0 Densitya 30� 5 28� 4 e

0 DSC 34� 3 32� 3 �17� 3

0 WAXD 32� 3 30� 3 e
10 WAXD 24� 1 22� 2 �9� 3

20 WAXD 23� 1 18� 2 �10� 3

27 WAXD 20� 1 15� 2 �9� 3

Note: uncertainties were estimated using the propagation of errors method

[39].
a Density measurements yield a value of fC, which was converted to cC

using Eq. (13). The other techniques considered (i.e., DSC and WAXD) yield

estimates of cC, which were converted to fC using Eq. (18).
b All glass transition temperatures were determined using first scan DSC

data.
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DSC scan from which the unfilled PB crystallinity was esti-
mated. There are two discernable melting points for unfilled
PB. The lower melting point, Tm,1, occurs at 60 �C, and the
higher melting point, Tm,2, was 100 �C. Both melting point
values agree with those reported by Obata et al. [19].

The estimates of crystallinity in the unfilled polymer from
WAXD (i.e., 32� 3 wt%) and density (i.e., 30� 5 wt% as
estimated by Eq. (13)) are quite similar, and these values
are consistent with the value measured by DSC (i.e.,
34� 3 wt%). However, as shown in Table 1, the weight frac-
tion of crystalline polymer in the polymer, cC, determined
from WAXD and Eq. (11), is influenced by particle loading.
cC decreases from about 32 wt% in the unfilled polymer to
about 20 wt% in the samples containing 27 nominal volume
percent nanoparticles. Such behavior is qualitatively consistent
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with the literature in which nanoparticles are reported to inter-
fere with polymer crystallization [30].

In some discussion to follow, it will be useful to have the
crystallinity expressed in volume percent. Therefore, the vol-
ume fraction of crystalline PB in the polymer phase of the
samples (i.e., volume of crystalline polymer/total volume of
polymer), fC was estimated as follows [21]:

fC ¼ cC

rN
P

rC

ð18Þ

where rN
P is the density of the polymer in the nanocomposite

(i.e., g polymer/cm3 polymer), which was estimated as follows
[19]:

1

rN
P

¼ cC

rC

þcC � 1

rA

ð19Þ

Eq. (19) assumes that the amorphous and crystalline phase
polymer densities in the nanocomposite are not influenced
by the presence of the nanoparticles. The volume fraction
crystallinity values are recorded in Table 1.

In some polymer nanocomposites, the polymer glass transi-
tion temperature, Tg, is influenced by the concentration of
nanoparticles [31,32]. For example, the bulk Tg of poly(2-
vinyl pyridine) increased with alumina nanoparticle content
from 100 �C in the unfilled polymer to 117 �C in a film con-
taining 4 vol% alumina nanospheres [32]. Such increases in
Tg have been ascribed to strong interactions between the poly-
mer and the nanoparticles [32]. Table 1 presents Tg values in
PB and the PB-based nanocomposites considered in this study.
The thermograms from which the glass transition values are
obtained are presented in Fig. 4. The Tg of the unfilled poly-
mer is approximately 8 �C lower than that of the nanocompo-
site samples. This increase in Tg suggests reduced polymer
chain mobility in the nanocomposite samples relative to the
unfilled polymer. Such reductions in polymer chain mobility
have been attributed to adsorption of polymer chains to nano-
particles, which effectively tethers the polymer to the particle
[31,32].

The Tg of PB is known to decrease as crystallinity decreases
[19]. For example, Obata et al. reported that the Tg decreases
from 7 to �38 �C as crystallinity goes from 46 to 0 wt% [19].
On this basis, Tg should decrease, not increase, with increasing
particle content if the only effect of the particles was to disrupt
crystallinity. Therefore, the observed increase in Tg due to the
presence of the particles is even more significant when viewed
in the light of the observed decrease in crystallinity, which
should decrease Tg, with increasing particle content. Also,
data to be presented later suggest that other phenomena
(e.g., voids or larger particle aggregates) may not interact
with the bulk polymer in the same manner as individually dis-
persed particles or nanoscale particle aggregates. Such effects
might explain why there is little change in Tg as nanoparticle
content increases from 10 to 27 nominal volume percent.
Therefore, several competing factors could be influencing
the glass transition behavior of the nanocomposites.
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4.3. Particle dispersion
Particle and aggregate dispersion influence gas transport in
heterogeneous nanocomposite films [2,6,8,10,11,33]. AFM
tapping mode phase profiles can be used to resolve the relative
modulus of polymer and nanocomposite samples [34]. This
technique can resolve individual nanoparticles that are in the
order of several nanometers in primary particle diameter since
the nanoparticle modulus is expected to be much greater than
that of the polymer. That is, the nanoparticles typically consti-
tute the hard phase, and the polymer is the soft phase in nano-
composite samples. This situation is somewhat more complex
in PB-based nanocomposites, since the polymer contains hard
crystalline regions in addition to soft amorphous regions. This
issue is discussed in more detail below.

Fig. 5 presents AFM phase profiles for unfilled PB and PB-
based composites containing 7 and 20 nominal volume percent
TiO2. In Fig. 5a, the neat PB exhibits two distinct phases. The
phase with the higher modulus appears lighter, while the
softer, lower modulus phase is darker. The phase with
the higher modulus in this image is attributed to crystalline
PB, and the softer phase is ascribed to amorphous PB. The
high modulus phase occupies approximately 27 area percent
of Fig. 5a, which is consistent with the crystalline volume per-
cent (28e32%) recorded in Table 1.

Fig. 5b and c presents images of PB nanocomposites. The
dark lines in Fig. 5c are artifacts caused by contaminants
(i.e., nanoparticles) on the sample surface or AFM cantilever
tip [35]. There are also two distinct phases in these images.
The hard phase occupies w7 and 23% of the area of Fig. 5b
and c, respectively, which are essentially the same as the nom-
inal volume percent nanoparticles in the sample (i.e., 7 and 20
nominal volume percent, respectively), suggesting that the
hard phase in the nanocomposites is particles or particle-rich
regions.

The nanoparticle modulus may be sufficiently high, relative
to that of the polymer matrix that it is not possible to distin-
guish between the crystalline and the amorphous polymer
phases. Based on the literature, AFM phase profile images
have produced mixed results when used to characterize nano-
particle-filled semi-crystalline polymers. In certain systems,
the crystalline polymer phase cannot be resolved [36]. In other
cases, the nanoparticles did not appear on the images [37].
Finally, some groups have resolved both crystalline polymer
and nanoparticles in such systems [38].

According to the WAXD results in Table 1, the polymer
crystallinity (i.e., the volume of crystals per unit volume of
polymer) decreases as particle loading increases, which is op-
posite to the trend observed in Fig. 5b and c, where the area
fraction occupied by the hard phase increases with increasing
particle concentration. Based on all of this information, the
hard phase in Fig. 5b and c is ascribed to nanoparticles and
not to polymer crystals.

Image analysis can be used to estimate the average diame-
ter, d, of the harder phase in the nanocomposite AFM images
using Eq. (15). The nanoparticle aggregates in Fig. 5b have an
estimated average diameter of 9� 4 nm. Distributions were
not estimated for Fig. 5c, since there are relatively few aggre-
gates in this image, and many of the aggregates do not fit
within the image boundaries. The fraction of aggregates of
diameter dj, Fj, can be calculated as follows:

Fj ¼
Nj

NT

ð20Þ

The nanoparticle aggregate diameter distribution is presented
in Fig. 6 for PB containing 7 nominal volume percent TiO2.

The distribution of aggregate diameters can be further char-
acterized by fitting the data in Fig. 6 to a Weibull distribution,
which is often used to characterize particle size distributions
[24,39,40]:

Fj ¼
b

a

�
dj � y

a

�b�1

exp

	
�
�

dj � y

a

�b

ð21Þ

where y is the nanoparticle diameter, and b and a are fitting
parameters. In this calculation, dj must be �y. d was
9� 6 nm as determined from the Weibull distribution, as
follows [24]:

d ¼
Xh

j¼1

djFj ð22Þ

where h is the number of bins used in the AFM particle ana-
lysis (i.e., 100). Based on the particle distribution data in
Fig. 6, a significant percentage of particles are dispersed
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Fig. 5. 1 mm by 1 mm tapping mode AFM phase profiles of (a) PB, (b) PB containing 7 nominal volume percent, and (c) 20 nominal volume percent TiO2. Dark

regions correspond to soft (i.e., low modulus) material and less dark (i.e., white) regions correspond to hard material.
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individually or in small nanoparticle aggregates in PB filled
with 7 nominal volume percent TiO2.

The average inter-aggregate distance, da, can be estimated
by assuming that the aggregates are spherical and dispersed
in a body centered cubic structure [8]:

da ¼ d

	�
p

6fN
F

�1=3

�1



ð23Þ

where d is the average aggregate diameter (nm), and fN
F is the

nanoparticle volume fraction in the composite as calculated
from Eq. (9). The use of either fN

F (i.e., the nominal volume
fraction of filler) or fT

F (i.e., the true volume fraction of filler,
that is the volume of filler per unit volume of nanocomposite
sample) in Eq. (23) does not change the results significantly.
fN

F is used in Eq. (23) since it is used in other calculations in
this study, as will be presented below. A discussion of the
differences between fN

F and fT
F is presented later. A body

centered cubic aggregate structure is assumed to simplify
estimates of da. More realistic structures, such as a random
aggregate distribution [41], yield very similar values for da.
PB films containing 7 nominal volume percent TiO2 exhibit
da values of approximately 9 nm, which is similar to the
inter-aggregate spacing for TiO2 nanoparticles dispersed in
a glassy polymer, PTMSP, where da was 9 and 11 nm for 3
and 10 nominal volume percent TiO2, respectively [8]. The
interparticle spacing in these nanocomposites is comparable
to the size of structural features of PB molecules. For
instance, the radius of gyration of 1,2-polybutadiene of a mo-
lecular weight of 100,000 is 8.5 nm [42]. On this basis, one
might anticipate that having nanoparticles dispersed at spac-
ings that are comparable to the polymer chain size could
have a substantial influence on the properties of such
systems.

Since the individual nanoparticles are approximately the
same size as the resolution of the AFM images, any particles
with characteristic diameters below the resolution limits would
not be included in calculations of d or da. This effect may
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cause the reported average aggregate diameter and average
inter-aggregate spacing value to be somewhat higher than
the true values. Therefore, the d or da values reported in this
paper are most likely higher than the actual values.

Many aggregates in Fig. 5c are on the order of microns in
characteristic dimensions. At these loadings, individually dis-
persed nanoparticles and small aggregates (i.e., aggregates
with <100 nm characteristic diameter) cannot be resolved. It
is possible at these loadings that TiO2 nanoparticles cannot
effectively disperse in the polymer, which may be related,
in part, to the elevated solution viscosity and, therefore, to
Nanoparticle
Aggregate

a

Fig. 7. STEM dark field image of (a) PB containing 7 nominal volume percent and

nanoparticles) are shown in white.
a lack of effective mixing, when large amounts of nanopar-
ticles are added to the PBetoluene solution.

Dark field STEM can be used to resolve micron-sized ag-
gregates. Examples of such aggregates are present in Fig. 7
for PB containing 7 and 13 nominal volume percent TiO2.
Since the nanoparticles are expected to have the highest elec-
tron density of the phases present in the nanocomposite, the
large light structures in the STEM images are attributed to
nanoparticle aggregates. The aggregates shown at these load-
ings are representative of aggregates observed in other TiO2

filled PB nanocomposite samples. Since STEM distinguishes
features in materials based on differences in electron density,
the nanoparticle-rich (i.e., electron-rich, as shown in white)
and the polymer-rich (i.e., electron-poor, as shown in black
or dark gray) regions are readily observed. The presence of
these aggregates may be due to poor particle mixing with
the polymer, poor polymereparticle interaction, or the nano-
particle concentration reaching levels beyond which the nano-
particles cannot readily disperse individually or in small
aggregates.

In summary, the dispersion of these nanoparticles in PB
ranges from single particles dispersed in the polymer matrix
to micron-sized aggregates of many particles. No single mi-
croscopic tool considered can capture the complete distribu-
tion of particles and particle aggregates in these samples.
The use of multiple techniques, such as AFM and STEM,
provides a better understanding of the particle dispersion.
However, this is clearly an area where better analytical tools,
capable of characterizing a very wide range of particle sizes,
would be useful.
4.4. Nanocomposite density and void space
If the density of the nanoparticles, crystalline polymer and
amorphous polymer phases has their pure component values in
the nanocomposites, then the density of a nanocomposite
Nanoparticle
Aggregate

b

(b) PB containing 13 nominal volume percent TiO2. Electron-rich phases (i.e.,
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sample, rExp, would be equal to the theoretical additive
density, rAdd, which is defined as follows:

rAdd ¼ fN
F rFþ

�
1�fN

F

�
ðfCrCþ ð1�fCÞrAÞ ð24Þ

where rF is the pure filler density. fC is the volume fraction of
crystalline polymer (i.e., volume of crystals per unit volume of
polymer in the nanocomposites) (cf., Table 1). That is, the ad-
ditive density is the density of a semi-crystalline nanocompo-
site sample if each phase contributed to the nanocomposite
density according to its pure component density value and
the amount of each phase present.

Dispersing TiO2 nanoparticles in PB increases the density
of the nanocomposites, as shown in Fig. 8. However, rExp is
less than rAdd at all TiO2 loadings. The difference between
rExp and rAdd can be rationalized by the creation of void space
in the composite with increasing particle loading [8]. The void
space can be expressed in terms of a void volume fraction, fV,
defined as follows [8]:

fV ¼
�

1�
rExp

rAdd

�
ð25Þ

Using Eq. (25), void volume fraction values were calculated
and are presented as a function of nanoparticle concentration
in Fig. 9. The void content increases with increasing particle
loading, qualitatively consistent with previous results reported
for glassy PTMSP filled with TiO2 [8], and glassy polyether
imide (i.e., Ultem 1000) filled with surface treated fumed sil-
ica [11]. So far, microscopy has not been able to determine the
location of such voids. We speculate that the voids may be
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Fig. 8. Effect of TiO2 concentration on nanocomposite density. rExp is the ex-

perimentally measured density and rAdd is the additive density predicted by

Eq. (24). Error bars were estimated from the variance in density for multiple

experiments at each point according to the propagation of errors method [39].
located at the polymereparticle interface, in the interparticle
spacing, or within nanoparticle aggregates [1,11,43].

Based on these data, the true volume fraction of particle in
the nanocomposite system, fT

F, may be calculated as follows [8]:

fT
F ¼ fN

F ð1�fVÞ ð26Þ

Using Eq. (26) and the data in Figs. 8 and 9, the maximum dif-
ference between fT

F and fN
F occurs at the maximum particle

loadings, where fT
F is 18% and fN

F is 27%.
4.5. Gas transport in TiO2 filled 1,2-polybutadiene
Fig. 10a presents the influence of particle loading on CO2,
CH4, N2, and H2 permeability relative to the permeability of
each gas in the unfilled polymer. As indicated in this figure,
the permeability increases with increasing particle concentra-
tion. These data are compared to Bruggeman’s model in the
limit when the dispersed phase concentration is equal to the
void volume (i.e., Eq. (8) with fD¼ fV) in Fig. 10b. The per-
meability of all gases increases with increasing void volume,
although the observed increase in permeability exceeds the in-
crease anticipated by this model. Bruggeman’s model does not
account for any changes in the continuous phase permeability
due to changes in solubility (e.g., from adsorption of light
gases on a nanoparticle surface) or changes in polymer phase
crystallinity [17]. Bruggeman’s model, as presented in Eq. (6),
assumes that the dispersed phase is spherical [44]. If the
dispersed phase is arranged in a non-spherical geometry, Eq.
(6) is less accurate [15]. Deviations from these assumptions
could cause the permeability of the filled polymer, based on
expectations from the model calculations, to differ from the
experimental data. Nonetheless, using Bruggeman’s model in
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this fashion provides a rough estimate of the influence of the
voids on the gas permeability in these nanocomposites. Within
the scope of the approximations described above, a substantial
portion of the increase in permeability must result from the ef-
fect of the TiO2 nanoparticles on the gas transport properties
of the solids (i.e., polymer and particles) in the nanocomposite
samples.

If the permeability enhancements were caused by trans-
film defects, light gas permeability could increase with
increasing upstream pressure depending on the size of the
defects [45e47]. Also, selectivity values would trend towards
values expected based on Knudsen or Poiseuille flow, depend-
ing on the size of the defects [45e47]. As will be demon-
strated, neither of these effects is observed, suggesting that
the increase in permeability does not derive from pinhole
defects in the nanocomposite samples. For example, Fig. 11
presents gas permeability as a function of pressure for PB
and a representative group of nanocomposites. The permeabil-
ity values for unfilled PB are in good agreement with those
reported by Naito et al., where CO2, CH4, N2, and H2 perme-
abilities were 43, 5.5, 1.9, and 30 barrer at 25 �C, respectively
[48]. As Fig. 11 shows, CH4, N2, and H2 permeabilities are in-
dependent of upstream pressure. Only CO2 permeability in-
creases with increasing pressure in the nanocomposite
samples, which is attributed to plasticization of the polymer
by CO2 [13]. The permeability of CO2 also increases slightly
in unfilled PB with increasing pressure, which agrees with the
literature [48]. However, the increase is masked by the overall
scale of Fig. 11a. Loading particles into PB may intensify the
increase in CO2 permeability with increasing pressure, be-
cause the nanoparticles increase the concentration of CO2 in
the film, as discussed below, which may facilitate
plasticization.

The Knudsen selectivity, aK
A=B, is given by [46]:

aK
A=B

ffiffiffiffiffiffiffi
MB

MA

r
ð27Þ

where MA and MB are the molecular masses of penetrants A
and B, respectively. The Poiseuille selectivity limit for gases
tested individually, aP

A=B, is [47]:

aP
A=B ¼

mB

mA

ð28Þ

where mA and mB are the viscosities of gases A and B, respec-
tively. Of course, the Poiseuille selectivity is 1 for mixtures of
gases flowing through pores. Table 2 presents the selectivity
limits for Knudsen and Poiseuille flow regimes for a number
of gas pairs [9]. As shown in Fig. 12 for CO2/light gas pairs,
selectivity values in the nanocomposite samples do not vary
perceptibly from those observed in the unfilled polymer. These
selectivity values are not consistent with either Knudsen or
Poiseuille selectivity. Since CH4, N2, and H2 permeabilities
are independent of upstream pressure, and the ideal selectiv-
ities are not at the Knudsen or Poiseuille flow limits, the per-
meability enhancements shown in Figs. 10 and 11 are not
caused by transmembrane defects introduced by having the
TiO2 particles in the samples. Interestingly, as will be shown
below, the permeability enhancement is due mainly to an in-
crease in gas solubility as particle concentration increased.

At high nanoparticle loadings (i.e., greater than 30 nominal
volume percent), light gas selectivity values decreased to
values suggesting the presence of transmembrane defects.
Such non-selective nanocomposite materials have not been
considered further in this study.
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The permeability behavior can be further explored by ex-
amining the influence of nanoparticle content on gas solubility
and diffusivity. TiO2 nanoparticles adsorb significant amounts
of light gases, as shown in Fig. 13 [8]. In fact, as will be dem-
onstrated shortly, the particles sorb far more gas per unit
volume than the polymer. Interestingly, the particles do not
Table 2

Knudsen diffusion and Poiseuille flow selectivities [9]

Flow regime CO2/N2 CO2/CH4 CO2/H2

Knudsen diffusion 0.8 0.6 0.2

Poiseuille flow 1.2 0.7 0.6
become saturated with absorbed gases (i.e., CO2, CH4 and
N2) at least up to 1 atm [8].

The Freundlich isotherm has been used to characterize gas
adsorption on TiO2 nanoparticles, Cf [49]:

Cf ¼ Kp1=n ð29Þ

where K and n are temperature dependent fitting parameters
[49], which are listed in Table 3. The Freundlich model is
used in our studies because it does not limit sorption of gases
to one monolayer on the particle surface, whereas other models
(e.g., the Langmuir model) have this limitation [49]. As demon-
strated elsewhere for another polymer/particle combination [8],
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Table 3

Freundlich isotherm parameters for adsorption onto TiO2 and Henry’s law

sorption parameters for 1,2-polybutadiene at 35 �C

Penetrant K (cm3(STP)/cm3

TiO2 atm1/n)

n (-) kD (cm3(STP)/cm3 PB atm)

This work Naito et al.

N2 24� 7 1.8� 0.2 0.03� 0.01 0.04

CH4 28� 8 1.4� 0.2 0.22� 0.02 0.23

CO2 38� 10 1.4� 0.2 0.71� 0.06 0.81

Note: the Freundlich isotherm parameters are taken from the literature [8].

Henry’s law constants were obtained from sorption experiments. Uncertainties

were estimated using the least-squares fit method [39]. Naito et al. Henry’s law

parameters were determined at 25 �C [48].
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the Freundlich isotherm results in a better estimate of gas
sorption in nanocomposites than the Langmuir model.

Light gas sorption in rubbery polymers, CP, typically obeys
Henry’s law [13]:
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CP ¼ kDp ð30Þ

where kD is Henry’s law constant, and p is the gas pressure
[13]. As Fig. 14 demonstrates, sorption isotherms in unfilled
PB are linear, which is consistent with Henry’s law and with
the literature [48]. Henry’s law parameters for CO2, CH4,
and N2 are recorded in Table 3. The kD values obtained in
this study are quite similar to those reported by Naito et al.
[48].

kD values should increase as crystallinity decreases. In gen-
eral, crystalline polymers typically sorb a negligible amount of
gas [50]. Therefore, a first estimate of Henry’s law parameter
in the amorphous region of a polymer is [51]:

kD;A ¼
kD

1�fC;0

ð31Þ

where kD,A is the estimated Henry’s law parameter for amor-
phous polymer, and fC,0 is the unfilled PB crystalline polymer
volume fraction (cm3 crystals/cm3 polymer).

The concentration of gas in the void volume of a nanocom-
posite, CV, can be estimated using the gas law [47]:

CV ¼
� p

RT

�
ð32Þ

The gas concentration in a nanocomposite, CC, can be esti-
mated using an additive model, where each phase is assumed
to contribute its native gas sorption capacity to the overall gas
concentration in the composite [8]:

CC ¼
�
fN

F Kp1=nþ
�
1�fN

F

�
ð1�fCÞkD;A p

�
ð1�fVÞ þ

pfV

RT

ð33Þ

The first term in Eq. (33) represents the nanoparticle contribu-
tion. The second term is associated with the gas sorbed in the
amorphous polymer phase, and the final term accounts for the
concentration of gas in the voids.

According to Eq. (33), the contribution of the void volume
and the amorphous polymer phase to the overall concentration
of gas sorbed into the nanocomposite is linear with pressure.
Generally, the contribution of the void volume to gas concen-
tration is small relative to that of the polymer, due to the low
concentration of voids in the nanocomposites. For instance,
in a film containing 20 nominal volume percent TiO2 (and
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5 vol% voids), the polymer phase contribution to CO2 and
CH4 concentrations is approximately 24 and 7 times higher
than that of the voids, respectively. However, for low sorbing
gases such as N2, the contribution of the voids may be similar
to or greater than that of the polymer. For example, in a film
containing 20 nominal volume percent TiO2, the concentration
of N2 in the polymer is roughly equivalent to that in the void
space. However, when Cf is extrapolated to pressures greater
than atmospheric, the nanoparticles are estimated to adsorb al-
most two orders of magnitude more gas than either the poly-
mer or the voids, so the particle contribution to the overall
concentration of gas sorbed in the nanocomposite, as esti-
mated by Eq. (33), is the dominant contribution to gas uptake
in the nanocomposites.
As shown in Fig. 14, the gas concentration in the nanocom-
posite predicted by Eq. (33) overestimates gas concentration in
the nanocomposites. Eq. (33) does not account for the influ-
ence of polymereparticle interactions on gas sorption levels.
Similar non-additive solubility behavior has been reported
for gas solubility in natural rubber filled with micron-sized
ZnO [1]. This behavior was attributed to polymer adsorption
on the particle surface, which restricts the ability for penetrant
gases to sorb on the particle surface [1]. Also, the light gas
sorption isotherms in the nanocomposites do not increase lin-
early with increasing pressure, as expected of gas sorption in
polymer alone. The curvature in the influence of gas sorption
isotherms presumably derives from the sorption of gases on
the nanoparticle surface on the overall gas uptake in the



0

1

2

3

4

5

6

0 5 10 15 20 25 30
Nominal TiO

2
 volume percent

D
i
f
f
u

s
i
o

n
 
c
o

e
f
f
i
c
i
e
n

t
 
x
 
1
0

7
,
 
c
m

2
/
s

CO2

CH4

N2

Fig. 15. Concentration-averaged diffusion coefficients for CO2 (C), CH4

(:), and N2 (A) as a function of TiO2 content. Diffusivity was calculated

from Eq. (2), using permeability data measure at 35 �C and Dp¼ 4.4 atm.

Solubility was estimated by linearly interpolating the concentration data to

4.4 atm and using Eq. (3). Error bars were estimated from permeability and

solubility according to the propagation of errors method [39].

771S. Matteucci et al. / Polymer 49 (2008) 757e773
samples. Additionally, the gas sorption isotherms on the parti-
cles are only available up to 1 atm, so the model is being ex-
trapolated to much higher pressure than where experimental
data are available for the gas sorption on the particles, so
any inaccuracy in that extrapolation would also contribute to
the observed differences between the model and the experi-
mental data.

Fig. 14 also shows that the gas concentration in the nano-
composites is higher than that in the polymer. For example,
in films containing 27 nominal volume percent TiO2, the
CO2, CH4, and N2 gas concentrations are 2.7, 4, and 18 times
higher, respectively, than in the unfilled PB at w18 atm. The
ratio of gas concentration in the nanocomposite to that in
the unfilled polymer changes substantially from one gas to an-
other. These differences are ascribed to the difference between
the amount of gas that can be adsorbed on the neat particle sur-
face relative to the amount of gas that sorbs in the unfilled
polymer. That is, the neat nanoparticles adsorb approximately
70, 170, and 1600 times more CO2, CH4, and N2 than the
unfilled PB, respectively, at 1 atm. It is reasonable that the
ratio of the gas concentration in the nanocomposites to that
in unfilled PB varies from one gas to another.

Using the measured permeability and gas sorption coeffi-
cients, gas diffusion coefficients were calculated as a function
of particle loading. Nanoparticles have been reported to in-
crease diffusion coefficients, as in brookite filled PTMSP
[8], or decrease diffusivity as in PTMSP filled with trimethyl-
silylglucose [52]. Many studies of transport in heterogeneous
systems and the standard composite models of transport in
polymer/particle mixtures suggest that impermeable particles
in polymers decrease diffusion coefficients by increasing the
tortuosity of the pathway that diffusing gas molecules must
travel to traverse a polymer film [1,2,44].

Diffusion coefficients were calculated from Eq. (2), using
permeability coefficients measured at 35 �C and Dp¼ 4.4 atm.
Solubility was estimated by linearly interpolating the concen-
tration data to 4.4 atm and using Eq. (3). Fig. 15 presents the
results of these calculations. In all cases, gas diffusivity ini-
tially decreases substantially with increasing particle loading
before increasing slightly at the highest loadings considered.
These data suggest a competition between particle-induced in-
creases in tortuosity at lower loadings, which reduce diffusion
coefficients, and the increasing contribution of voids at high
particle loadings, which increases diffusion coefficients. Addi-
tionally, the effect of decreasing crystallinity and increasing Tg

in the nanocomposites should influence diffusion coefficients
though it was not possible to isolate these factors. The net re-
sult of somewhat lower diffusivity and significantly enhanced
solubility is a 3e4-fold increase in gas permeability as nano-
particle content increases.

5. Conclusions

TiO2 nanoparticles were dispersed in 1,2-polybutadiene via
solution processing, resulting in particle aggregates ranging in
characteristic diameter from nanometers to microns. The
nanocomposites exhibit density values below those predicted
by an additive density model, suggesting the presence of voids
within the nanocomposite films. Gas permeability is 3e4
times higher in 1,2-polybutadiene filled with TiO2 than in
the unfilled polymer. This permeability enhancement is due
to an increase in gas solubility coefficients in the nanocompo-
site films. Diffusion coefficients initially decrease with in-
creasing particle loading, presumably due to the increase in
tortuosity caused by the presence of substantial amounts of im-
permeable particles in the nanocomposites, and then increase
at the highest loadings considered.
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