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ABSTRACT: This work aims to systematically investigate the gas transport behavior in two glassy polymers.
One is the rigid, high fractional free volume (FFV) poly(1-trimethylsilyl-1-propyne) [PTMSP], and the other is
the relatively flexible, considerably lower FFV ethylcellulose (EC). Both polymer systems are filled with a series
of various molecular weight\,,) trimethylsilylsaccharides [TMSS] (trimethylsilylglucosil = 180) [TMSG],
trimethylsilyldextranl ¥, = 900-1200) [TMSD1], and trimethylsilyldextran500M{, = 350K—550K)
[TMSD500]). The consistent trend of decreasing gas permeability, diffusivity, and solubility with increasing
load of the TMSS fillers was observed in the PTMSP/TMSS system. In addition, the extent of reduction of gas
permeability, diffusivity, and solubility in these composites is closely related tdvth®f TMSS fillers at an
equivalent load of various TMSS in the PTMSP matrix. For example, the PTMSP permeability to nitrogen reduced
227-fold, 43-fold, and 4-fold when filled with constant 27.2% TMSG, TMSD1, and TMSD500, respectively.
The diffusivity decreased 45-fold, 21-fold, and 3-fold, and the solubility decreased 5.0-fold, 2.0-fold, and 1.3-
fold, respectively. The decreases in permeability, diffusivity, and solubility are directly related to the decrease of
FFV in PTMSP caused by the incorporation of the variMygsfillers. In contrast to the decrease of permeability
observed in the PTMSP/TMSS system, a systematic increase of gas permeability and diffusivity was obtained
for the EC/TMSS system with increasing load of TMSS fillers. However, no consistent change of solubility was
observed in EC/TMSS. Moreover, the gas diffusivity increase for the EC/TMSS system correlated well with the
M, of the TMSS fillers, in contrast to the permeability increase. For example, when TMSG, TMSD1, and TMSD500
were used as fillers, the permeability to nitrogen of EC composites with 32.1% fillers increased 1.75-fold, 1.81-
fold, and 1.64-fold, respectively, compared to that in unfilled EC. The diffusivity increased 3.32-fold, 1.84-fold,
and 1.31-fold, and the solubility increased..87-fold, 0-fold, and 1.25-fold, respectively. All applied TMSS
fillers led to an increase of gas diffusivity, which can be attributed to an increased chain mobility. The chain
mobility changes in EC/TMSS resulted in changes of the excess FFV of EC and therefore altered the gas solubility.
The increase extent of chain mobility was the highest with the loWgsTMSS.

Introduction and cohesive energy density were evaluated by Jia ant Xu,
Thran et al® and Nagel et &.

The designing of new gas separation materials should
. o . predominantly focus on modifying polymer chain packing (i.e.,
a nonpolar gas 13 primarily related to gas condensability and FFV) and mobility. It is worthwhile to mention two representa-
polymer fractional free volume (FF\A2 It should be noted that tive polymers. One is the highest permeable polymer poly(1-

the “excess FFV" is commonly present in glassy polymers but yimethyisilyl-1-propyne) [PTMSP] with the unusually large
not in rubbers because the restricted polymer segmental mobility gy, (0.29), which results from the rigis- C=C— backbone

in the glassy state leads to a surplus in FFV compared to thatcontaining the bulky trimethyisilyl pending grodp?! Prior to

in the equilibrium staté.Consequently, the gas solubility in  the invention of PTMSP, rubbery polydimethylsiloxane [PDMS]
glassy polymers is generally higher than that in thermodynamic was the highest permeable polymer due to the high flexibility
equilibrium rubbery polymers due to the excess FfAhother of the siloxane { Si—O—) linkages in this polyme¥? It is clear
term, i.e., gas diffusion, is mainly related to the effective gas that an extremely high FFV or high mobility leads to a fast
molecule size and polymer's FFV as well as to the polymer permeability but also to a low size selectivity. Recently,
chain mobility23 Cohen et af. have developed a mathematic polymers of intrinsic microporosity (PIM) were discovered to
correlation between gas diffusivity and the inverse of the FFV. have rigid but contorted molecular structures, which frustrated
However, the direct correlation between gas diffusivity and packing and created high FFV. This significantly improved
polymer chain mobility is less reported. But, the approaches of permeability and size selectivity performanégSuch polymers

estimation of gas permeability using the combination of FFV are in agreement with Petropoulos’s and Freeman'’s propé&al;
i.e., the chain stiffness and the properly enhanced interchain

space will break Robeson’s tradeoff lifeMoreover, Lin and

Gas transport through dense polymer film is based on the
well-known solutior-diffusion mechanism.The sorption for

g7 amaesnonding author: ,)Te?:g?n‘;%‘r‘l‘cl@%ggﬁizo? Fax0049-4152-  Freematf discovered that the increased chain mobility in the
t GKSS Research Centre Geesthacht GmbH. highly cross-linked poly(ethylene oxide) by plasticization can
* University of Porto Rua Dr. Roberto Frias. lead to a distinguished separation performance for the large gas
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Table 1. Physical Properties of Trimethylsilylsaccharides (TMSS)
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Table 2. Physical Properties of Ethylcellulose and

Fillers Poly(1-trimethysilyl-1-propyne)
name trimethylsilyl trimethylsilyl trimethylsilyl polymer ethylcellulose poly(1-trimethysilyl-1-propyne)
-glucose —dextranl -dextran500 acronym EC PTMSP
acronym TMSG TMSDI1 TMSD500 o o8 %o . [TE e
a "o o} " Q "o 0 structure '*%7\0;’%’”‘ c/§|~n
structure A0 0A * O—L—» * O—L—- H, (:H::HJ
o po oA Ao oA po oA molecular weight - 480 kDa 2
molecular weight 180 900-1200 350-550k Te (°C) 125 - 130 > 25026
silylation degree % 83 80 78 density (g/em’)® 1.1220.02 0.78+0.02
I: .(QC) - 69.5 128.4-136.5 fractional free volume 0.15 0.30
onset of weight loss (°C) 110 240 - ethoxy content 46 % -
density (g/em’) © 0.98 £0.15 0.97+0.2 0.96 +0.2

a A = —H or —Si(CHa)s. ® Molecular weight is based on the saccharides
without silyl group.¢ The density of polymers is determined from their
weight and volume at room temperature.

CO, over the small gas H(so-called the reverse selectivity).
This work may suggest that the polymer chain mobility is likely
to be a key factor to improve the reverse selectivity in
membranes.

Compared to the synthesis of new materials with high cost
and considerable time, modifying existing polymer materials

is a feasible strategy to obtain improved separation performance
For example, nonporous, nanosized inorganic particles like silica
have been added to the super glassy polyacetylene polyme

r

2 The density of polymers is determined from their weight and volume
at room temperature.

the low FFV, more flexible EC for comparison. The impact of
variousM,, of TMSS fillers in two different polymer matrices
on the free volume and chain mobility is comprehensively
discussed and associated with the gas transport properties.

Experimental Section

Synthesis and Characterization of Trimethylsilylsaccharides
(TMSS). Dextranl and dextran500 were obtained from Aldrich.

The silylation of TMSD1 and TMSD500 has been likewise

described in our previous articte.The silylated products were
characterized by proton nuclear magnetic resonatt&MR) and

matrix, resulting in increased FFV and consequently an increasedihermogravimetry analysis (TGA). The overall silylation degree was

permeability and permselectivity of condensable gas/noncon-

densable gas (e.g., butane/methahn@plyacetylenes filled with
very small inorganic fillers such as fulleréfi@nd small size
organic additive®20 result in a decreased FFV accompanied
by increased size selectivity. In addition, PTMSP with large
size of organic fillers such as PDMSpoly(4-methyl-2-pentyne)
[PMP] 22 poly(tert-butylacetylene) [PTBAF? and poly(1-phenyl-
1-propyne) [PPPF lead to the decreased permeability with
increased permselectivity. In our latest study of the PTMSP/
TMSG compositeé? the adjustable addition of TMSG filler is

a facile method to tailor the permeability/selectivity performance
of high free volume PTMSP.

Moreover, the size of the fillers seems to be closely related
to the permeability change. For example, Merkel éf &und

80% for TMSD1 and 78% for TMSD500 with a good reproduc-
ibility, based on'tH NMR spectra. The thermal stability determined
by TGA, the glass transition temperature determined by DSC, and
the density of TMSS are presented in Table 1.

PTMSP/TMSS and EC/TMSS Composites Film Preparation
and Characterization. PTMSP and EC were purchased from Gelest
(Lot: 51-7401) and Aldrich, respectively. The following physical
properties for both polymers are presented in Table 2: the molecular
weight, density, fractional free volume, and glass-transition tem-
perature. The preparation of 1% (w/v) PTMSP/TMSS composites
is described elsewhere. For the EC/TMSS composites system, a
relatively higher concentration of EC polymer solution (i.e., 2%
(w/v)) in dry chloroform was prepared. The casting film procedure
followed the script in the PTMSP/TMSS system. Film thickness
in the PTMSP/TMSS and EC/TMSS composites varied from 120

out that the permeability increases in the polyacetylene (PMP) 0 250 um and from 50 to 12Qum, respectively, which was

with the incorporation of eight different size particles (primary
particle diameter #500 nm) with different surface chemistries.
Recently, Andrady et & incorporated silica (primary patrticle
size: 740 nm) modified with hexamethyldisilazane or dim-
ethyldichlorosilane into the rigid PTMSP. They also found a
pronounced correlation between relative permeability and
primary particle diameter of the filler. In contrast, a decreased
permeability was observed in the flexible PDMS loaded with
decreasing zeolite particle siZe.

In addition to the filler-size-related permeability change, the
rigidities of the filler and the polymer matrix also have an
influence on the transport properties of the filled system. To
our knowledge, all flexible organic fillers in PTMSP led to a

measured by a digital micrometer with a precisiond62 um.
Finally, the films were cut into round disks with diameter of 4.6
cm for a time-lag test cell. The freshly prepared PTMSP/TMSS
films were directly analyzed by the time-lag method in order to
reduce the influence of PTMSP aging as much as possible. EC/
TMSS films are storable.

(a) Differential Scanning Calorimeter. Thermal analysis for
EC/TMSS (32 vol %) composites was carried out using a dif-
ferential scanning calorimeter (DSC) (Netzsch Thermal Analysis
DSC204, Germany). The glass transition temperatures for PTMSP/
TMSS system are absent because the polymer PTMSP does not
exhibit a cleafT,.26 Before the analysis, the samples were dried in
a vacuum oven at 80C overnight. DSC scans were performed
under a nitrogen atmosphere at a heating rate ofClénin from
—50 to 110°C for the first scan and then cooling 660 °C at the

decreased permeability compared to pure PTMSP. In contrast,sgme rate. The second scan was heated i to 150°C for

rigid inorganic fillers such as fumed silicas in PTMSP increased
the permeability. The rigidity of the polymer is indicated by
opposite permeability changes for flexible PD¥&nd rigid
PTMSP* filled with rigid particles, i.e., zeolites and fumed
silica.

In this study, we extend our previous wétko fill the high
FFV and rigid PTMSP with a series of trimethylsilylsaccharides
(i.e., trimethylsilyldextranl [TMSD1]Nl, = 900-1200) and
trimethylsilyldextran500 [TMSD500] My = 350K—550K))
with larger molecular weight relative to the TMS@I = 180)

determination of glass transition temperature. To determine the
crystallinity of EC, the unfilled EC was heated from RT to 3@
and cooling from 300°C to RT at a rate of 10°C/min, no
crystallization endotherm and exotherm have been observed.

(b) Scanning Electron Microscopy (SEM).Scanning electron
microscopy was performed to investigate the morphology of EC/
TMSS and PTMSP/TMSS composites with a LEO 1550 VP Gemini
from ZEISS instrument. The specimens were frozen under liquid
nitrogen, as described elsewhéfehen fractured, mounted, and
coated with 2 nm Au/Pd in a magnetron sputtering process (Emitec
K575). SEM cross-section micrographs were obtained at 1 and 3

analogue. Besides, three TMSS fillers have also been added tdV accelerating voltage for ethylcellulose and PTMSP composites,
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respectively. The low accelerating voltage was chosen for the PTMSPITMSG
electron beam sensitive saccharides.

(c) Gas Transport Properties. Gas permeation data were
measured at 30C with six pure gases (helium, hydrogen, carbon
dioxide, oxygen, nitrogen, and methane) with a pressure increase
time-lag apparatus, which has been described elsehéhe feed
pressure used was between 200 and 400 mbar for the larger gase
(carbon dioxide, oxygen, nitrogen, and methane) and around 100
mbar for smaller gases (helium and hydrogen). The permeate
pressure was maintained at less than’1Bar with an oil-free
vacuum pump. The gas permeabilRywas calculated under steady
state (constant permeance) by eq 1:

I L. .
T ARTAt\p— P, (@)

where V, is the constant permeate volume3ml is the film
thickness (m)R is the gas constant (8.314 P& mol~1 K1), Ais
the film area (M), T is the temperature (K)At is the time (s) for
permeate pressure increase frpgnto py,, pr is feed pressure (Pa),
and the unit ofP is mol Mt s71 Pa L. To obtain the permeability
in barrer (1010 cn?® (STP) cm/(cm s cmHg), the value has to be
multiplied by 2.99x 10,

The solution-diffusion transport model is applied for gas
transport process through dense polymer film. It means that the B
permeability coefficienP can be defined as

PTMSP/TMSD1

ECITMSG

P=DS @)

whereD is the steady diffusion coefficient (¢#s) andSis the EC/TMSDA
solution coefficient (cri (STP)/(cn? cmHg)). The diffusion coef-
ficient D can be directly obtained by the time-lag method under
the assumption of a constant diffusion coefficient. As the gas
transport through the film reaches a steady state, the diffusion
coefficientD can be calculated by eq 3

|2
D=% (3)

Figure 1. SEM photographies of the fracture cross section of two series

wh(_aree is the time lag (s). The solution coefficient can then be of composite materials (EC/TMSS (32 vol %) and PTMSP/TMSS (27
derived from eq 2. vol %)).

The permselectivity of a polymer film for component A relative

t t B is th tio of thei ti fficients. .
0 component & 15 the ratio ot their permeation Coetlicients and the lowM,, fillers (TMSG and TMSD1). In contrast, the

Pa EC/TMSD500 and PTMSP/TMSD500 composite films are
Oa = P_B 4) opaque, suggesting the phase separation. The evaluation of the
miscibility of composite material via the optical observation has
Since the permeation coefficient is the product of the diffusion been discussed elsewhéfe.
coefficient and solubility coefficient, the permselectivity for two Figure 1 presents SEM cross section of fractures of PTMSP
gases can be expressed (eq 5) as the production of diffusionand EC films containing variousM, TMSS fillers at an
selectivity and solution selectivity. equivalent load content (i.e., EC/TMSS (32.1 vol %) and
D. S PTMSP/TMSS (27.2 vol %)). The homogeneous morphologies
Op = ZATA (5) are observed in lovdy, fillers (TMSG and TMSD1) in EC and
Ds & PTMSP composites. In contrast, the hilgkh-TMSD500 in both
polymer matrices displays heterogeneous morphologies. In the

The systematic error in the permeability measurements is mainly . g ;
from the determination of the membrane thickness in the order of .EC/TMSDSOO composite, the ellipsoid TMSDS00 microphase

+5%. In addition, the systematic error of the fast diffusivity 1S t_:iispersed inacontinuqus EC mgtrix. The Igngth of the major
measurements originates mainly from the time resolution of the @Xis for the TMSDS00 ellipses varies approximately from 4 to
time lag (time resolution: 0.05's). In this study, the diffusivity 10 «m; the length of the minor axis varies roughly from 1 to
systematic error is not beyond 6%. In addition, the time lag has 3.7 um. The geometric shape factor of eccentricity for these
been verified with high accuracy and small errors by Petropoulus TMSD500 ellipses in EC is nearly constant (3t10.34). In
et al® the PTMSP/TMSD500 composite, the TMSD500 microphase
forms more elongated ellipses like platelets, which distributes
in a continuous PTMSP matrix similar to that observed for EC.
Phase Behavior via Optical Observation and Scanning  The length of the TMSD500 microphase is in the range3
Electron Microscopy (SEM). All EC/TMSG, EC/TMSD1, um, and its height is in the range 6-8.7 um. The ratio of the
PTMSP/TMSG, and PTMSP/TMSD1 composite films are length/height is nearly constant (75 1.2). The different
transparent and flawless via optical observation, indicating an elongations of the filler TMSD500 in EC and PTMSP com-
excellent miscibility between the polymers (PTMSP and EC) posites might be attributed to the complex interplay between

Results and Discussion
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Table 3. Gas Permeabilities of the PTMSP/TMSD1 and PTMSP/TMSD500 Composite Membranes at 3G
permeability (10°cm? (STP) cm/ (cm's cmHg))

composites load (vol %) He H CO, (0} N2 CHgy
PTMSP/TMSD1 9.2 2260 5307 11855 2719 1516 3753
27.2 494 925 1695 342 128 284
45.8 168 253 331 75 24 50
PTMSP/TMSD500 9.2 3475 8060 17450 4295 2780 7100
27.2 1745 3816 7882 1897 1087 2858
45.8 781 1567 2899 703 365 936

the matrix and the dispersed phase and might be also due tdbarrer), PTMSP/TMSD1: 43-fold decreas(,) = 128
the different casting concentration of EC and PTMSP composite. barrer), and PTMSP/TMSD500: 5-fold decreaBg\;) = 1087
Interestingly, a similar phase behavior was also observed for barrer). In order to visibly express the permeability change
PTMSP/PPP composites investigated by Toy efalhere PPP behavior, Figure 2 plots the normalized nitrogen permeability
ellipsoids were observed to disperse in a continuous PTMSP as a function of the loading content of varioMs, TMSS. It
matrix via TEM. clearly displays that the filler size is a crucial factor to affect
Such phase behavior can be explained as the following. the permeability decrease.
Theoretically, the phase behavior in a mixture system can be In PTMSP/TMSG, the drastically decreased permeability is
determined by the Gibbs free energy change, which combinesclosely related to the reduced excess large free volume in
the enthalpy change and entropy change in the mixfufeom PTMSP by filled with TMSG?° Similarly, the considerable
the enthalpy change point of view, it seems to be reasonable topermeability loss in the homogeneous PTMSP/TMSD1 com-
exclude the surface chemistry dissimilarity for the three sac- posite can also be explained by the same mechanism, i.e., “pore
charide-based fillers, since they have been hydrophobized withfilling”. However, the size of TMSDL1 is difficult to be estimated
trimethylsilyl groups via the silylation with hexamethyldisila- because of the complex TMSD1 branch and nonspherical
zane. Moreover, these TMSS fillers might give rise to an structure. But, the size of TMSD1 with no less than five
insignificant contribution to the combinatorial enthalpy change glycoside repeat units is significantly larger than that of TMSG
because the hydrophobic nature of the trimethylsilyl agent just with a single repeat unit. Therefore, it seems to be likely that
provides a weak interaction. From the entropy change point of the partial TMSD1 molecule fits PTMSP micropores rather than
view, as theM, of the TMSS filler is decreased, the combina- the whole molecule, leading to the partial blockage of the FFV
torial entropy change becomes more important and eventuallyin PTMSP.
may overcome an unfavorable combinatorial enthalpy change This assumption is indirectly supported by the fact that the

and lead to a homogeneous mixture.

Differential Scanning Calorimeter. At a constant content
of TMSS (32.1 vol %) load in EC, a decreaseTgfin both
EC/TMSG (64°C) and EC/TMSD1 (100C) composite relative
to that of unfilled EC (130C), which directly reflect increased
polymer chain mobility, is observed. Moreover, the |&y-
TMSG has more impact to improve the mobility of polymer
chain than a relatively higM,, TMSDL1. This difference is due
to (1) TMSG has smaller size relative to TMSD1 and (2) TMSG
(liquid at 30°C) has a higher mobility than TMSD1 (solid at
30°C). On the other side, singlk, for both of EC/TMSG and
EC/TMSD1 composites further indicates a good compatibility
between the polymer host and the filler, which is in good
agreement with the results of the SEM and optical observation.

For the EC/TMSD500 composite, a sindig(130°C) appears

permeability decreases less in PTMSP/TMSD1 than in PTMSP/
TMSG at an equivalent filler load. In PTMSP/TMSG, the drastic
permeability decline in PTMSP had a turning point at the
loading of around 27 vol % TMSG (e.g?(Ny) = 22 barrer),
indirectly indicating roughly 27 vol % interconnected fractional
free volume in PTMSP? At equivalent load content of TMSD1
in PTMSP, the nitrogen permeability is 128 barrer. Empirically,
the nitrogen permeability in most of the low FFV glassy
polymers is below 50 barréf 36 This value is obviously higher
than that in the low FFV polymers, indicating the partially
presence of the large FFV in PTMPS/TMSDL1 (27 vol %). In
other words, 27 vol % TMSD1 load may only partially block
PTMSP micropores.

Comparatively, the drastically decreased permeability in the
filled PTMSP system with differeril,, PDMS fillers was also

because the glass transition temperatures of TMSD500 and ECreported by Nakagawa et &k,who attributed the reduced

are identical by accident (around 130). In fact, the immiscible
behavior for EC/TMSD500 is confirmed by SEM, which unveils
that the EC chain mobility behavior is unaffected by the filler
TMSD500 opposite to those in EC/TMSG and EC/TMSD1
composites.

Transport Properties of the PTMSP/TMSS System. Per-
meability. In Table 3, the permeabilities of six gases (He, H
CO,, 02, N2, and CH) in PTMSP filled with TMSD1 and
TMSD500 as a function of various load contents are illustrated.
The gas transport data of the PTMSP/TMSG composites are
directly obtained from our previous reports. Obviously, the

permeability to the postulated “pore filling” in PTMSP by
PDMS. However, in contrast to our PTMSP/TMSS system, the
high-M,, PDMS had a stronger impact on gas permeability
decline in PTMSP relative to the lowy, PDMS. It has been
explained by Nakagawa et @lthat highM,, PDMS just filled

the large microvoids in PTMSP, but loiy,, PDMS occupied
small and large microvoids in PTMSP. This difference might
result from the different membrane preparation processes. The
incorporation of PDMS in PTMSP was performed by an
immersion proces¥, whereas we employ the polymer solution-
casting process, which is described in the film preparation.

incorporation of TMSS in PTMSP leads to a systematic decrease Concerning the PTMSP/TMSD500 composite, the assumption
in gas permeability. In addition, the declined gas permeability of “pore filling” seems to be not appropriate, since the size of
seems to be related to tiv, of TMSS at a comparable load TMSD500 (dextran500M,, = 350K—550K) is apparently too
content. For instance, in PTMSP loaded with 27.2 vol % of large to fitinto the FFV in PTMSP. In addition, the SEM reveals
variousM,y TMSS, nitrogen permeability decreases to a large that TMSD500 forms micrometer size platelets dispersed in the
extent compared to that of unfiled PTMSP(N,) = 5490 PTMSP matrix. The gas transport in this type of heterogeneous
barrer), e.g., PTMSP/TMSG: 250-fold decreaB@\,) = 22 composite can be well predicted by the modified Maxwell
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Figure 2. Normalized nitrogen permeability coefficients for PTMSP/ TMSS load in PTMSP (vol %)
;[Jl\rq?t%n(cc‘))f’ |§aTd|\iAnSPé-lr:\gﬁr?tlo?r)ésanec:;tsgMrfﬂpsrs”\ﬂﬁgsigolifs')magpa Figure 4. Normalized nitrogen diffusivity coefficients for PTMSP/
9 P : TMSG (@), PTMSP/TMSD1 ©), and PTMSP/TMSD500<) as a
———— —— function of loading amount of respective TMSS filler in PTMSP.
10k o experimental data |
’ D Table 4. Gas Diffusivities of the PTMSP/TMSD1 and PTMSP/
FoR Pu __ 1°0s 1 TMSD500 Composite Membranes at 30C, Which Are Derived
o8l S\ By 1+05L/W)g, ] Based on Eq 3
N diffusivity (10-5cr?/s)

o 0,6 b composites load (vol%) CO O N2 CH,
&5 PTMSP/TMSD1 9.2 1.22 1.84 1.25 0.85
O 04} g 27.2 0.23 0.34 0.17 0.10

45.8 0.08 0.16 0.08 0.04
PTMSP/TMSD500 9.2 1.46 2.43 191 131
02F b 27.2 1.00 1.60 111 0.90
45.8 0.38 0.61 0.38 0.29
0,0 i
1 L 1 " 1 n 1 1 1 L 1 1 .
o 10 20 30 20 50 50 impermeable to gas compared to the PTMSP phase. Hence, eq

6 can be simplified and expressed with Nielsen's equafion,

TMSD500 Load in PTMSP (vol %) as described by eq 7:

Figure 3. Normalized nitrogen permeabilityPf/Po) (O) in PTMSP/

TMSD500 as a function of TMSD500 load content in PTMSP, in 1—¢
comparison to that of the Maxwell model predictibrand Nielsen P =P _— ¥4 (7)
modef® prediction with consideration of geometric factdr/\\) of m “1+ (LI2W)gy

dispersion phase of TMSD500 in the continuous PTMSP phase. The

geometric factol/W = 1 (sphere) is for the Maxwell model, and Fi 3 sh f bi t bet Niel ,
L/W > 1 (nonsphere) is for the Nielsen model. The geometric factors Igure 5 Shows a favorableé agreement between Niglsen's

are obtained from direct measurement the dispersion phase of TMSD500model prediction with our experimental results. The geometric
in SEM. ThelL/W = 5.1, 7.5, and 10.2 is the smallest value, average factor L/W ranges from 5.1 to 10.2, which is obtained from

value, and largest value, respectively, from the experiment. measuring the dimension of dispersed phase TMSD500 in the
continuous phase PTMSP in SEM. The average value/\&f
= 7.5 displays slight deviation from the prediction of this model,
which might be due to the uncertainty of the dimension variation
of TMSD500 phase during the fractural process indicated by
the SEM. Moreover, this uncertainty might be due to the
negligence of permeability of TMSD500 phase in PTMSP.
(1+ 2WIL)¢, In brief retrospect, the consistent tendencies in permeability
decrease for varioud/, TMSS fillers are observed in the
PTMSP/TMSS system. In addition, the varidvg TMSS fillers
P4P.— 1 d result in permeability decreases to various extents. The relative
size of the free volume of PTMSP and TMSS filler is crucial
wherePy, Pc, andPq4 are the composite, continuous, and disperse for the permeability decline.
phase permeabilities, respectively, aids the dispersed-phase Diffusivity and Solubility. Gas diffusivities (CQ, Oz, Ny,
volume fraction. Herel. andW are the length and width of the and CH) in PTMSP/TMSD1 and PTMSP/TMSD500 are
dispersed phase platelet, respectively. Because of the fragilesummarized in Table 4, which excludes He andbdcause of
property of TMSD500, which might result from its highly their experimental uncertainties. Figure 4 plots the normalized
branched structure, the measurement of gas permeability for anitrogen diffusivity as a function of loading content of various
free-standing TMSD500 film is experimentally unfeasible. M,, TMSS. Similar to the permeability change, the consistent
However, PTMSP has the largest gas permeability known until decrease in gas diffusivity accompanied by increased load of
now (at least more than 2 orders of magnitude higher than TMSS fillers and the decrease of fillbt, dependent diffusivity
conventional, low FFV glassy polymer®) Therefore, it can are observed. For example, at 27.2 vol % filler content in
be assumed that the dispersed TMSD500 phase is nearlyPTMSP, nitrogen diffusivity reduction is 44-fold for PTMSP/

model?” which describes the gas permeability in a more
permeable continuous matrix containing a dispersed, less
permeable and ellipsoidal filler. Equation 6 expresses this
correlation:

Po=P1+

m = Pl L T B P, + 2WiL ©)
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Table 5. Gas Solubilities of the PTMSP/TMSD1 and PTMSP/ 7 ; :
TMSD500 Composite Membranes at 30C, Which Are Derived 6 o Pol
= yacetylenes with bulky =
Based on Eq 2 ° or phenyl substituents
solubility 5 _ ®  Polyacetylenes with long
(10-2cm? (STP)/(cn? cmHQ)) E n-alkyl substituents
load M3 o = PTMSP/TMSG E
. E ¢ PTMSP/TMSD1
composites (vol %) CO (o)) N CH, ;& of o &  PTMSPITMSDS00
PTMSP/TMSD1 279.22 79.38 1165 01.726 2494 g o msf 9, ol %) in PTMSP ]
. . . . . N .9.2% ]
45.8 4.0 0.48 0.31 1.3 S I o o 2.27.2%
PTMSP/TMSD500 9.2 12.0 1.8 1.5 5.4 ] o 3.45.8% ]
27.2 7.9 1.2 0.98 3.2 F o
45.8 76 12 0.97 3.3 ; % R
??O \ 4
o L]
TMSG (0.08x 10°° cné/s), 21-fold for PTMSP/TMSD1 (0.17 L ¢ '
x 1075 cn?/s), and 3-fold for PTMSP/TMSD500 (1.14 1075 110 : 1(',0 . 10'00
cn?/s) compared to that of unfilled PTMSP (3:5107° cnv?/ 8. .2
s). The drastic decrease of diffusivity PTMSP/TMSD1 com- D(©y) (107 cm®/s)

posites is undoubtedly due to the “pore filling”, as previously Figure 5. Relationship between oxygen diffusivity and its selectivity
discussed. However, in PTMSP/TMSD500 (27.2 vol %), the over nitrogen for PTMSP/TMSGMN), PTMSP/TMSD1 #), and
nitrogen diffusivity is in the same order as that in PTMSP. This PTMSP/TMSDS00 ¢) composite membranes in this study. For
might be result from an increased gas diffusion path length in \c/g?opuasn:%r; this relat|onsh||p for substituted polyacetyfnesth "
; groups, i.e., polyacetylenes with bulky or phenyl substit
PTMSP by the less permeable TMSD500 dispersed phase ratheents () and polyacetylenes with long-alkyl substituents®), are
than from the PTMSP FFV change. included.
Noticeably, the polyacetylene family exhibits a wide range
of difference in diffusivity primarily due to the different polymer . . . .
chain packing by the variously substituted gro@pdt is transport properties, .Smgla_et“éhaye_ studied a series ofglassy_
interesting to directly compare the gas diffusivity behavior in Polymers. Further discussion on it is beyond the scope of this
our PTMSP/TMSS system with that in substituted polyacety- 2rticle. o
lenes. Figure 5 presents the correlation between oxygen diffu-__ 1he calculated gas solubility in PTMSP/TMSD1 and PTMSP/
sivity and oxygen/nitrogen diffusivity selectivity for 19 substi- | MSD500 based on eq 2 is presented in Table 5. The increased
tuted polyacetylenes (data from Masuda €€glwhich consist ~ '0ad of differentM,, TMSS in PTMSP also leads to a consistent
of three substituted groups (e.g., a bulky group, a lowgky trend of gas solubility dgcrggse. In add_|t_|on, the ;ma!l size filler
group, and a phenyl group). It can be clearly read out from TMSG causes a more S|g_n|f|cant solubility reduction in PTMSP
Figure 5 that the behaviors Bk, andDo,/Dy, in PTMSP with compared to the large size filler TMSDSOO: For examplcla., at
27.2% and 45.8% small TMSS fillers (e.g., TMSG and TMSD1) 27.2 vol % load of TMSS in PTMSP, the nitrogen solubility
are fairly similar to those in polyacetylenes with a lamglky! reduces by 5.4-fold for PTMSP/TMSG (0.294 10°2 cm®
group. Compared to the bulky and rigid phenyl groups, the (STP)/(cnicmHg)), 2.1-fold for PTMSP/TMSD1 (0.76 102
flexible nature of longn-alkyl groups may lead to an increased S (STP)/(cnf cmHg)), and 1.6-fold for PTMSP/TMSD500
localized chain mobility in polyacetylenes. On the one hand, it (0-98 x 1072 cm® (STP)/cnt cmHg) compared to the unfilled
will reduce the diffusion jump energy, resulting in increased PTMSP (1.56x 1072 cm?® (STP)/cn? cmHg). The relative
diffusivity. On the other hand, the resultant good polymer chain diffusivity change is higher than the relative solubility change,
packing will decrease the fractional free volume and conse- Which suggests that the diffusivity variation in PTMSP/TMSS
quently decreasing diffusivity. This phenomenon are also SYStém is mainly responsible for the permeability change.
observed in polyacetylene with a series of different alkyl chain "€ gas solubility in a composite system can be roughly
length by Pinnau et 4% Similarly, in our study, in PTMSP filed ~ €Stimated by the additive modédescribed by eq 8:
with TMSG and TMSD1 the drastically decreased FFV results
in a strong gas diffusivity decrease and simultaneous diffusivity Si=S(1—¢)+S¢ (8)
selectivity increase. On the other hand, the small and relatively
mobile fillers TMSG and TMSD1 may increase the local gas where S, is the solubility in the polymer compositeé, is the
diffusion to some extent but weaken the diffusivity selectivity. filler volume fraction,S is the gas solubility in the unfilled
Regarding to the effect of localized chain mobility on gas polymer, ands is the gas solubility in the filler. Gas solubility

Table 6. Gas Permeabilities of the EC/TMSG, EC/TMSD1, and EC/TMSD500 Composite Membranes at 3C
permeability (10°cm? (STP) cm/(crd s cmHg))

composites load (vol %) He H (07 N2 CHgy CO,

EC/TMSG 0.0 40.2 56.0 11.8 3.5 7.1 70.9
11.4 51.9 72.6 16.8 4.9 10.9 94.0
321 58.0 78.2 20.3 6.1 13.4 93.8
53 79.2 113 37.3 12.3 31.0 176

EC/TMSD1 11.4 50.4 71.5 15.4 51 10.2 90.6
321 65.8 91.9 221 6.3 13.6 112.7
53 87.6 123.8 31.3 10.2 21.2 154.1

EC/TMSD500 114 48.8 69.2 14.5 4.8 9.1 89.7
32.1 56.0 77.3 17.1 5.7 10.0 95.4

41.9 79.6 111.9 27.6 85 17.6 147
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in PTMSP is nearly 10 times higher than that in conventional
glassy polymers, attributed to a large microporous structure for
gas sorptior?® Therefore, the gas solution in TMSS can be

neglected relative to that in PTMSP. Equation 8 can be
simplified as eq 9:

=
=
(2]
2
5
o
g
§0 =51 9) @ £ | i _
| | o Bef :
Figure 6 presents the experimentally determined nitrogen % L o ]
solubility in PTMSP/TMSS composites as a function of filler ~ E EC/TMSD1 Decreasing]
content, as well as the prediction of the additive model based 2 I o filler Mw ]
on eq 9. It is obvious that the solubilities in both of PTMSP/ : EC/TMSDS500
TMSG and PTMSP/TMSD1 composites have a negative i ]
departure from this model. These departures might be attributed -
to the postulated “pore filling” in PTMSP by TMSG and 0 10 20 30 40 50 60

TMSD1, leading to less open micropores in PTMSP for gas TMSS load in EC (vol %)
absorption, and a strongly reduced gas solubility which was Figure 8. Normalized nitrogen diffusivity coefficients for EC/TMSG

discussed in our previous wofk. However, the nitrogen () "Ec/TMSD1 (), and EC/TMSD500%) as a function of loading
solubility in PTMSP/TMSDS500 is fairly close to the prediction  amount of respective TMSS filler in EC.

of the additive model. This behavior can be reasonably explained

by the fact that PTMSP intrinsic micropores are nearly intact FFV in conventional, glassy polymer is around 0.2 #m.
in the PTMSP/TMSD500 composite with microscopic phase Furthermore, it seems to be implausible that both of flexible
separation. Resultantly, gas solubility in this composite is just TMSS fillers disrupt EC chain packing like the rigid FS in

the sum of gas sorption in the two phases. PTMSP, where the increased FFV results in the increased
Transport Properties of EC/TMSS Composites. Perme- permeability.
ability. In Table 6, the permeabilities of six gases (He, €O;, The FFV approach does not seem to be a key factor for the

Oz, Ny, and CH) in EC filled with variousM,, TMSS are permeability increase in EC/TMSG and EC/TMSD1. However,
illustrated. Figure 7 plots the normalized nitrogen permeability the increased permeability is obviously mainly attributed to the
as a function of the loading content of varioMg, TMSS in increased polymer chain mobility, revealed by the decreased
EC. In contrast to the permeability decrease in the PTMSP/ Ty accompanied by the loading of TMSG and TMSD1 in EC.
TMSS system, a consistent trend of permeability increase in In other words, TMSG and TMSD1 in EC seem to act as
EC/TMSS is observed. In addition, the permeability increase plasticizers, which can efficiently separate the EC chains and
seems to be not well related to the filleN&, compared to that ~ cause the polymer chains to more easily slip. As a result, the
in the PTMSP/TMSS system. For example, as EC is loaded opportunity for gas molecular diffusion jump increases more
with 32 vol % TMSG, TMSD1, and TMSD500, the increase of readily in the “plasticized” chains relative to that in the rigid
nitrogen permeability is fairly constant, i.e., EC/TMSG: 1.75- chain?® Therefore, an increased gas permeability is observed
fold (6.1 barrer), EC/TMSD1: 1.81-fold (6.3 barrer), and in both of the composites.
PTMSP/TMSD500: 1.64-fold (5.7 barrer) compared to thatin ~ However, in EC/TMSD500, the increased gas permeability
unfilled EC (3.5 barrer). might not be a consequence of plasticization, which is indicated
In the conventional, low FFV glassy polymer EC (FFV: by the microphase separation for EC/TMSD500 with SEM. The
0.15), the “pore-filling” behavior cannot take place, since even gas transport through this type of heterogeneous medium is a
the smallest filler TMSG+1 nm) is too large to fit the FFV in  result of collective transport in the EC and TMSD500 phases.
EC. This is supported by the fact that the average diameter of The increased gas permeability in EC filled with TMSD500
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Table 7. Gas Diffusivities of the EC/TMSG, EC/TMSD1, and
EC/TMSD500 Composite Membranes at 30C, Which Are Derived
Based on Eq 3

diffusivity (10-8 cné/s)

composites load (vol %) cO (023 N2 CHgy
EC/TMSG 0 14 43 20 9
11.4 24 65 30 15

321 43 115 63 32

53 86 198 115 68

EC/TMSD1 11.4 19 54 28 12
321 28 78 35 18

53 38 103 49 26
EC/TMSD500 11.4 18 48 22 11
321 20 57 25 13

41.9 30 78 37 18

can be explained by a higher permeability in the TMSD500
phase relative to that in EC phase. This speculation is based o
(1) the same repeat units of TMSD500 and EC, i.e., glycoside;

Macromolecules, Vol. 40, No. 9, 2007

Table 8. Gas Solubilities of the EC/TMSG, EC/TMSD1, and
EC/TMSD500 Composite Membranes at 30C, Which Are Derived
Based on Eq 2

solubility
(10-2cm? (STP)/(cn¥cmHg))
composites load (vol %) cO (0} N2 CHgy
EC/TMSG 0 4.7 0.27 0.18 0.74
11.4 3.9 0.26 0.16 0.72
32.1 2.2 0.17 0.10 0.43
53 2.5 0.19 0.11 0.46
EC/TMSD1 11.4 4.9 0.28 0.18 0.83
321 4.1 0.28 0.18 0.76
53 4.0 0.31 0.21 0.83
EC/TMSD500 11.4 5.1 0.30 0.22 0.85
321 4.7 0.30 0.23 0.84
41.9 4.9 0.35 0.23 0.98

filler load, which is ranked in the order of EC/TMSG&
EC/TMSD1 < EC/TMSD500. The observed behavior can also
be interpreted in terms of FFV. The FFV of filled EC polymers
is usually higher than the pure EC thanks to the higher FFV of
the fillers, which is inversely related to the filler molecular
weight. Furthermore, the effect on EC chain mobility by a series
of TMSS fillers can also be recognized from gas molecule
diffusivity selectivity. It is well-known that an increase in
polymer chain mobility will generally lead to a reduction in
molecular diffusivity selectivity. For example, the flexible
rubbery polymer PDMS has a very low diffusivity selectivity.
The small molecule @(de = 0.289 nm) has a higher diffusivity
than the relatively large CH(dest = 0.318 nm) in the glassy
polymer EC D(O,)/D(CH4) = 4.8). At equivalent 52 vol %
load of small TMSS fillers in EC, the £CH, diffusivity
selectivity reduction in EC/TMSG, EC/TMSD1, and EC/
TMSD500 is about 40%, 16%, and 8%, respectively. Obviously,
this diffusivity selectivity reduction is well correlated to the
extent of EC chain mobility increase by various TMSS fillers.
In contrast to the EC/TMSS system, the increased molecular
diffusivity selectivity in PTMSP/TMSS is caused by the various
extents of blockages of weak size-selective micropores in

nPTMSP.

Solubility. The calculated solubility data are displayed in

(2) their same backbone structure, but the highly branched Table 8. Figure 9 presents the relative nitrogen solubility in
TMSD500 may have a looser packing structure than a relatively EC/TMSS systems as a function of filler content. Compared to

linear EC, resulting in a higher FFV in TMSD500; and (3) their
same backbone structure, but the side group of trimethylsilyl
in TMSD500 is more flexible relative to the ethyl side group
in EC, resulting in a higher, localized mobility in TMSD500
compared to that in EC.

Diffusivity. Table 7 presents the diffusion coefficients of four
gases (CQ O, N, and CH) in EC/TMSS composites. Figure
8 plots the normalized nitrogen diffusivities for EC with TMSG,
TMSD1, and TMSD500 as a function of their load contents.
With increasing load of TMSS in EC the diffusivity increases
systematically. In addition, the diffusivity increase is dependent
on theM,, of TMSS in EC, in contrast to the permeability, which
seems to be independent of th&, of TMSS fillers. The
diffusivity increases with decreasimd,, of TMSS. For example,
at a constant 32% load of TMSS fillers, the nitrogen diffusivity
increases 3.2-fold in EC/TMSG (63 108 cnm¥'s), 1.7-fold in
EC/TMSDL1 (35x 1078 cn?/s), and 1.2-fold in EC/TMSD500
(25 x 1078 cn?/s) compared to that of unfilled EC (20 1078
cné/s).

The impacts on the EC chain mobility by varioMg, TMSS

the consistent trend of the solubility decrease in PTMSP/TMSS
systems, no uniform trend of solubility change in EC/TMSS is
observed. In the EC/TMSG composite, the gas solubility
decreases as TMSG content increases, which is quite consistent
with the prediction of the additive model. However, another
more plausible explanation is the decreased gas solubility in
EC/TMSG attributed to a decreased “excess FFV” in EC/TMSG
composite. It is generally known that a surplus in FFV (i.e.,
excess FFV) in glassy polymers exists owing to restricted
polymer segmental mobility in the glassy state compared to
rubbery polymer in an equilibrium stateTherefore, gas
solubility in a glassy polymer is generally somehow higher than
that in rubbery polymer. As TMSG in EC acts as a plasticizer,
the plasticized EC polymer chain will relax more easily, leading
to a reduced “excess FFV” and consequently a reduced gas
absorption. This similar behavior in EC/TMSG and PTMSP/
TMSG further reveals that the “excess free volume” is a critical
factor for gas absorption.

Concerning gas absorption behavior in the EC/TMSD1
composite, the nitrogen solubility is constant in EC filled with

fillers cause the corresponding changes in gas diffusivities at a small portion of TMSD1 (11 and 32 vol %). With a further

an equivalent filler load. The extent of gas diffusivity increase
in EC/TMSS is well related to the declinely at 32 vol %

increased content of TMSD1, the solubility increases slightly
by about 10%. The filler TMSD1 plasticizes the EC polymer
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Figure 10. Selectivity of He/CH in EC/TMSG (), EC/TMSD1 0), Figure 11. Relationship between oxygen permeability and its selectiv-

ity over nitrogen for EC/TMSGM), EC/TMSD1 ©), EC/TMSD500
EC/TMSD500 ¢©), PTMSP/TMSG M), PTMSP/TMSD1 @), and !
PTMSP/TMSD500 ) composites as a function of loading amount of (<), PTMSP/TMSG W), PTMSP/TMSD1 @), and PTMSP/TMSDS00

respective TMSS filler. () composite membranes in this study. For comparison, this relation-
ship for several commercial air separation membrén@sg., poly-

(dimethylsiloxane) [PDMS], poly(4-methyl-1-pentene) [TPX], poly(2,6-

chain less than TMSG, indicated by thk comparisons. dimethylphenylene oxide) [PPO], and polysulfone [PS]). The upper

Resultantly, the reduced “excess FFV” in EC by TMSD1 is bound line comes from Robeséh.

less than that in EC/TMSG. In addition, compared to the

rubberlike TMSG, a glassy oligomer TMSD1 might introduce the He/CH selectivity systematically increases in PTMSP with

extra “excess FFV” in this composite at 30, which will more increasing load of TMSG and TMSD1, which serves as another
or less compensate the reduced “excess FFV” caused by theéndirect evidence of the “pore filling”.
plasticization effect. O2/N, Permselectivity in PTMSP/TMSS and EC/TMSS

In the EC/TMSD500 composite, an increased gas solubility Systems. It is worthwhile to review the oxygen/nitrogen
is observed with the increased load of TMSD500. Contrary to Separation in PTMSP/TMSS and EC/TMSS systems, since air
the impact on the “excess FFV” in EC by loMy, analogies separation is the largest market in gas separation. In Figure 11,
TMSG and TMSD1, the solubility change in EC/TMSD500 the Q/N; selectivity and @ permeability for PTMSP/TMSS
might be just the sum of the solubilities in both EC and and EC/TMSS composites are presented. Four commercial air
TMSD500 phases, which is similar to that in PTMSP/TMSD500 Separation membrane materfdl{PDMS, poly(4-methyl-1-
composites. Since the microsized phase separation in EC/pentene) (TPX), poly(2,6-dimethyl-1,4-phenylene oxide) (PPO),
TMSD500 and PTMSP/TMSD500 is revealed by SEM, the and polysulfone (PS)) are also included, in addition to the well-
increased gas solubility for this composite might be due to the known Robeson’s upper boAéiThe PTMSP/TMSD1 compos-
fact that TMSD500 has a higher gas sorption than EC. ites also shows a similarfN, separation performance relative
Permselectivity. He/CH, Permselectivity in the PTMSP/ to PTMSP/TSMG. However, in PTMSP/TMSD500, the de-
TMSS and EC/TMSS SystemsThe unusual, large FFV in  creased permeability cannot be sufficiently compensated by the
PTMSP causes a weaker gas-size-dependent selectivity comincreased selectivity compared to those in other two analogue
pared to conventional, low FFV polymetsFor example, the ~ composites. Compared to the fastest permeability polymer
permeability of the small gas Helds = 0.178 nm) is even 2.5-  PDMS, the transport properties in PTMSP/TMSG and PTMSP/
fold lower than that of the large gas GKter = 0.318 nm) in TMSDL1 is noticeably located more close to the Robeson’s upper
PTMSP. In contrast, in the low FFV, glassy polymer ethylcel- bond.
lulose, theP(He) is 5.7-fold faster than th@(CH,). The Ethylcellulose was one of the first successful polymers for
permeability change as a function of gas diameter is extraor- commercial air separation membrarié$ The addition of
dinarily sensitive to polymer FFV and chain mobility change. TMSSfillers into EC leads to a significant permeability increase
In order to clearly visualize the impacts of the free volume Wwith only a slight selectivity loss. With a permeability of 50
change in PTMSP and the chain mobility variation in EC on barrer and an &N, selectivity of more than 3, the EC/TMSS
the gas size-selectivity behavior by the loading of variblys composite might be as an attractive low cost material for oxygen
TMSS fillers, Figure 10 plots the He/GHselectivity as a enrichment.
function of loading content of TMSG, TMSD1, and TMSD500
in PTMSP and EC. The hight, filler TMSD500 in PTMSP ~ Summary
and EC insignificantly alters the He/GHelectivity, which is In the rigid, high free volume PTMSP filled with TMSS, gas
in good agreement with the observation of phase separation bypermeability, diffusivity, and solubility decreased consistently
SEM. Therefore, nearly undisturbed FFV in the continuous with increasing filler content. Lovid,, fillers (e.g., TMSG and
PTMSP phase and almost unchanged chain mobility in the TMSD1) led to a stronger reduction of gas transport parameters
continuous EC phase are the result. Additionally, the lowest compared to the high,, filler TMSD500. The small fillers
My, filler TMSG in both systems has the strongest influence on caused a reduction of the free volume. Consequently, perme-
the variation of the He/Cldselectivity compared to highdd,, ability, diffusivity, and solubility were reduced. The large filler
TMSS fillers at the equivalent filler load. In the opposite way, TMSD500, on the other hand, was too large to occupy the free
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volume elements of PTMSP. A microsized phase separation (16) Lin, H.; van Wagner, E.; Freeman, B. D.; Toy, L. G.; Gupta, R. P.

could be observed by SEM. In this composite, the reduced
permeability could be attributed to the combined permeability
in both PTMSP and TMSD500 phases.

Contrary to the PTMSP/TMSS system, the TMSS filled EC
(low FFV) showed a higher gas permeability than the pure
polymer. Additionally, no clear correlation betwebh, of the
filler and permeability increase could be observed. The low-
My fillers TMSG and TMSD1 led to a decreaség and an
increase of gas diffusivity, which can be explained by an
increase in chain mobility (plasticization effect). Moreover, the
plasticization simultaneously leads to a reduction of “excess
FFV” in the glassy polymer EC, resulting in a decrease of gas
sorption. Similar to the PTMSP/TMSD500 composite, the high-
My, filler TMSD500 did not change the polymer chain mobility
and the FFV, which is also supported by SEM observation and
Ty measurements. The increased permeability, diffusivity, and

sorption can be explained by the combination of the transport

properties of the EC and TMSD500 phases.
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