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1. Introduction

Hybrid organic-inorganic materials based on incorporation of polyoctahedral oligomeric
silsesquioxanes (POSS) into polymeric matrices have received a considerable attention
(Gnanasekaran et al, 2009; Krishnan et al, 2005; Chang et al, 2003; Phillips et al, 2004; Kudo
et al, 2006; Hong, 1997; Isayev et al, 2004; Ni et al, 2004). Silsesquioxane (Fig. 1) (Laine et al,
2005) consists of a rigid, crystalline and silica-like core structure.
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Fig. 1. Silsesquioxanes. (a) Q8 (Q = SiO,,»); R =H, vinyl, epoxy, methacrylate, etc.
(b) RsTs (T = R-5i03/7); R = alkyl, alkene, acetylene, acrylate, (c) Typical sizes/volumes.

POSS derivatives have two unique features: 1) Their chemical composition (RSiO;5) was
found to be intermediate between that of silica (SiO;) and siloxane (R,SiO). 2) POSS
compounds can be tailored to have various functional groups or solubilizing substituents
that can be attached to the POSS skeleton. POSS molecule was perfectly defined spatially
(0.5-0.7 nm), have general formula (RSiO15).(H20)05:, where R is a hydrogen atom or an
organic group and a and b are integer numbers (1 =1,2,3,..;0=0,1,2,3, ...), witha +b =
2n, where n is an integer (n=1, 2, 3, ...) and b < a + 2. Of several structures of silsesquioxanes
(random, ladder and cage), cage structure contains 8 silicon atoms placed at cube vertices.
Cubic structural compounds (completely and incompletely condensed silsesquioxanes) are
commonly illustrated as Te, T7, Ts, T10 and T12 based on the number of silicon atoms present
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in cubic structure (Fig. 2). POSS based compounds were thermally and chemically more
stable than siloxanes. A variety of POSS nanostructured chemicals contain one or more
covalently bonded reactive functionalities that are suitable for polymerization, grafting,
surface bonding, or other transformations (Lichtenhan et al, 1999; Lichtenhan et al, 2001).
Incorporation of nanosized POSS macromers into polymers have produced significant
property enhancements in processability, toughness, thermal and oxidative resistance as
well as reduction in flammability and increased gas permeability.
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Fig. 2. Chemical Structures of different types of silsesquioxanes

1.1 Classification of silsesquioxanes
The chemistry of silsesquioxanes were classified into three broad groups on the basis of

functional groups
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1.1.1 Mono-functional silsesquioxanes:

These are suitable POSS monomers for the synthesis of linear thermoplastic
nanocomopsites. Prepared by the selective hydrolysis of alkyl or aromatic trichlorosilane
with water followed by in situ reaction with R'SiCl; (R” = functional group). Corner capping
reaction yields a closed cube with 7 corners of inert groups (cyclopentyl or cyclohexyl) and
the remaining one vertex possesses highly reactive functional group such as amine (Haddad
and Lichtenhan, 1996), styryl (Ikeda and Saito, 2007) acrylic (Zhang, 2009), epoxide (Liu
and Zheng, 2006), norbornyl (Zheng et al, 2001) and bisphenol (Iyer and Schiraldi, 2007)

(Fig. 3).
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Fig. 3. Synthesis and structures of monofunctional POSS macromonomers

1.1.2 Multifunctional monomers
These are prepared by hydrosilylation reaction using Pt catalyst with either m-isopropenyl-

a-o’-dimethylbenzyl isocyanate or 2-chloroethyl vinylether or allyl alcohol or 4-
acetoxystyrene or 4-[(2-(vinyloxy)ethoxy)methyl]cyclohex-1-ene (Fig. 4).
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Fig. 4. Synthesis of octafunctional POSS macromonomers through hydrosilylation reaction

1.1.3 Incomplete silsesquioxanes

Heptameric siloxanes with partially formed cages containing 2 or 3 residual silicon hydroxyl
functional groups, obtained through hydrolysis/condensation of alkyl- or aryl
trichlorosilanes, are called as incomplete silsesquioxanes. A variety of NCs were obtained
through reactive silicon hydroxyl functional groups(-SiOH) (Fig. 5).
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Fig. 5. Synthesis of polynorbornene, polyurethane and cyanate ester nanocomposites using
partially caged silsesquioxanes.

1.2 Preparation of membranes - literature reports

Organic-inorganic hybrid membranes could be prepared by simply embedding the
inorganic particles such as silica, TiO,, ZrO, alumina, and carbon molecular sieves
(Peinemann et al, 2005; Yave et al, 2007, Genne et al, 1997; Wara, 1995; Miller, 2003). In
particular the incorporation of nanosized inorganic particles in the membranes is of more
interesting in the gas separations. The main disadvantage of incorporating fillers to the
polymers by blending is the agglomeration of particles and formation of nonselective voids
at the interface of particles and the polymer matrix. The formation of voids between both
materials could be controlled through in situ generation of inorganic nanoparticles in the
polymer matrix through sol-gel process or crosslinking the functional group of nanoparticle
with polymer functional groups (Nunes, 1999; Park, 2003). Therefore, the modification of
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fillers and matrices has become an expanding field of research as the introduction of
functional groups can improve dispersion of fillers and change chemical affinities of
penetrants in nanocomposite membranes. There is much scope for research innovation and
the development of polymer-inorganic nanocomposite membranes for gas separation.

1.3 Importance of membrane technology

Natural gas plays an important role in today’s energy production and is one of the fastest
growing fossil fuels. It has been widely used as the energy source for electricity generation
as well as the natural gas powered vehicles domestic appliances, manufacturing of metals
and chemicals. According to the available statistics that US produces 50% of this domestic
comsumption of electricity through the combustion of natural gas. There is energy
possibility that the dramatic increase use of natural gas in the next 20-30 years. This main
reason being that the natural gas offers many environmentally friendly properties without
producing sulphur oxides (SOx), low levels of nitrogen oxides (NOx) and relatively lower
emissions of carbon dioxide than those of other fossil fuels such as coal and oil. CO; is a
major component contributing to the sweetening of natural gas and causing greenhouse
effect. Therefore, the separation of CO, from natural gas is utmost important as this may
dramatically reduce the pipeline corrosions and enhance the efficiency of high-purity energy
products (Paul and Yampol'skii, 1994; Table-Mohammadi, 1999; Li et al, 2007). According to
acceptable pipeline requirements for optimizing corrosion, the concentration specification of
CO2 must be <2%. Amine absorption is a main strategy that is currently employed in the
industry to facilitate CO, removal from natural gas (Yeh and Pennline, 2001). In contrast,
membrane separation processes have been proven to be technically and economically far
superior in view of their versatile properties, simplicity and ease of installation and
operation, low maintenance requirements and reduced cost.

1.4 Structure — property relationships

1.4.1 Morphology effect on permeability:

Generally, surface morphology of memebranes depend on polymer molecular structure,
composition, molecular weight, and can also be influenced by a suitable choice of the
substrate surface free energy. The POSS portion combines the features of organosilicon
compounds and possess low free energy (Youngblood and McCarthy, 1999). Thus, the
enrichment of the POSS portion at the surface could occur upon incorporating the organic-
inorganic amphiphile into organic polymer and the surface hydrophobicity of materials will
significantly be enhanced (Koh, 2005). Hence, the hydrophobic part of POSS was chosen to
study the effect of POSS on surface morphology of polymers and thereby influencing the
permeability and selectivity of gases.

1.4.2 Incorporation of PU/Pl on mechanical properties of PDMS:

Polydimethylsiloxane (PDMS) (M,=5,600) has the highest gas permeability of all synthetic
polymers produced so far on an industrial scale, except for some glassy polymers with a
high free volume fraction. However, it has poor separation ability for small gas molecules
(eg., Oz, Ny, Hz and CO3), and low mechanical properties that restrict its application in gas
separation (Achalpurkar et al, 2007; Sheth, 2004). On the other hand, polyurethanes and
polyimides are promising materials that have good mechanical properties and better gas

selectivities (Huang and Lai, 1995; Yoshino et al, 2000; Yang et al, 2002). In our previous

www.intechopen.com



Structure-Gas Transport Property Relationships
of Poly(dimethylsiloxane-urethane) Nanocomposite Membranes 201

work, we have reported that the PDMS based polyurethanes show better gas separation
process (Madhavan and Reddy, 2006). However, it was observed that increase in PDMS
content was associated with a decrease in the mechanical properties and gas selectivities. In
order to retain both selectivity and permeability with good thermal and mechanical
properties, we have incorporated POSS nanoparticles in the hybrid membranes by
chemically reacting functional groups of POSS molecules with the polymer matrices. Here,
we have tried to optimize the adopted synthetic strategy to obtain hybrid materials suitable
for membrane preparation and expect to have better separation factor for gas mixtures.

1.4.3 Effect of PDMS on thermal properties of PU:

There are many accepted approaches for the improvement of thermal stability of PUs. One
of the important approaches is the chemical modification of its structure by blending or
copolymerizing with more thermally stable polymers such as PDMS (Wang et al, 2000) or
polyimide (PI) (Yeganeh and Shamekhi, 2004). However, the incorporation of PDMS leads
to a decrease in the mechanical properties, whereas PI imparts poor solubility. Also, the
difficulty in processing techniques limits the usage of PI and PDMS in PUs. The other way
of solving this problem is to modify the thermal and mechanical properties of PU by
blending nanoparticles into the thin films of diblock copolymers of PU using ZnO
nanoparticle. However, the nanoparticles having controlled and well-defined surfaces are
needed to control the properties of block copolymers (Zheng et al, 2005). We have
developed a synthetic strategy to link up POSS based nanoparticles covalently rather than
blending or doping. This methodology stops leaching out of the nanoparticles from the
membrane and provides longer life for the usage of membranes.

A very few research works were reported on PU’s incorporated POSS macromer because
functionalization of POSS macromer to form PU nanocomposite is difficult. Neumann et al
(2002) synthesized PU network using isocyanate-functionalized POSS cage and
polyethylene glycol. Liu and Zheng (2005) and Liu et al (2006) used amine- and hydroxyl-
functionalized POSS cages for the synthesis of PU-POSS nanocomposite. Fu et al. (2001)
synthesized POSS group pendant to PU chain. Recently, Oaten and Choudhury (2005)
synthesized a POSS-urethane hybrid using isobutyltrisilanol POSS with hexamethylene
diisocyanate (HMDI) and they have shown that the POSS incorporation improves the
thermal and mechanical stability of thin PU hybrid films. Liu et al (2005) obtained
polyurethane networks with POSS by reacting octa(amino)phenylsilsesquioxane with
isocyanate terminated polyurethane prepolymer. Thermal stability of hybrid polyurethanes
is more than conventional PU elastomer due to nanoscale reinforcement effect of POSS on
polyurethane networks.

2. Synthesis of macromers and polymers

The experimental details about the synthesis of allyl-4-nitrobenzoate, synthesis of allyl 4-
aminobenzoate and the synthesis of POSS-amine were reported by us earlier (Madhavan
and B. S. R. Reddy, 2009).

Synthesis of octakis(hydridodimethylsiloxy)octasilsesquioxane (Completely condenced-
POSS) (POSS-H) and the synthesis of heptacyclopentyl tricycloheptasiloxane triol
(Incompletely condenced-POSS) (CyPOSS) were reported elsewhere (Madhavan et al, 2009).
The experimental details about the synthesis of N-(POSS)-7-oxanorbornene-5, 6-dicarboximide
(NPONDI) were reported by us earlier (Gnanasekaran and B. S. R. Reddy, 2010).
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2.1 POSS-PDMS and POSS-PPG membrane preparation
Into a 100 ml three necked flask, methylene diphenyl diisocyanate (MDI) dissolved in 10 ml
of dry THF was added under nitrogen atmosphere. To this, pre-determined amount of
PDMS and/or polypropylene glycol (PPG) (M,=3,500) and POSS-amine (Table 1) dissolved
in 20 ml of THF was added at 60°C. Then 1-2 drops of DBTDL catalyst was added and
stirred the reaction mixture vigorously for 6 h (Sheme 2). Finally, the reaction mixture was
poured into teflon coated glass plate and kept for curing at room temperature. To prevent
dust pollution, the glass plate was covered with a filter paper. The hybrid film was then
peeled out from the glass plate and dried at 80°C in the atmospheric air for 48 h.
A schematic representation of the membrane formation was given in the schemes 1 and 2.
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Scheme 1. Synthesis of POSS-amine
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2.2 Synthesis of PU-POSS hybrid nanocomposites

Into a 100ml three neck flask, hexamethylene diisocyanate (HMDI) was dissolved in 10 ml of
dry toluene under nitrogen atmosphere. To this, predetermined amount of PDMS, CyPOSS
and POSS-H (Table 1) dissolved in 20ml of toluene was added at 60°C. Then 1-2 drops of
dibutyltin dilaurate (DBTDL) catalyst was added and the reaction mixture was stirred
vigorously for 6h. The rest of the procedure was adopted as given under POSS-PDMS and
POSS-PPG membrane preparation.

A schematic representation of the membrane formation was given in the schemes 3 and 4.

PDMS | HMDI | CyPOSS | POSS-H POSS-
S.No Sample /Ay {wt% V| ety | MDI | PPG |
1 PU-POSS-1 70 20 10 - - - .
2 PU-POSS-2 70 175 10 25 - - -
3 PU-POSS-3 70 15 10 5 - - -

4 PU-POSS-4 70 125 10 75 - -

5 | POSS-PDMS-5 | 75 - - - 20 - 5
6 | POSS-PDMS-15| 65 - - - 20 ; 15
7 | POSS-PDMS-25 | 55 3 - - 20 ; 25
8 | POSS-PPG-5 | 375 - - - 20 375 5
9 | POSS-PPG-15 | 325 - - - 20 325 15
10 | POSS-PPG-25 | 27.5 - - - 20 275 25

Table 1. Various chemical compositions of PU-POSS, POSS-PDMS and POSS-PPG hybrid
nanocomposites.

| DBTDL
() o || —Si-oH+ R—NCO = —= —Si-0—C—NH—R
| o)
| DBTDL | |
—Si—OH + —Si-H —= —Si-0—Si— + H;
amn | B I |
OH HO HSi SH
oH 7 SiH SiH
V, DBTDL  \ PN
(ln) g OH + R—NCO —s Si O—C—NH—R
SN 7\ o

DBTDL-Dibutyltindilaurate

Scheme 3. Model reaction of the monomerfunctional groups
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Scheme 4. Chemical structure of PU-POSS hybrids

2.3 Synthesis of homo- and copolymers TFONDI and POSS-ONDI
Ruthenium catalyst 1mg (0.0011mmol) dissolved in CHCl; was added to the solution of
various compositions of TFONDI and POSS-ONDI macromonomer in chloroform (Table 2).
The polymers were precipitated into 100 mL of methanol (yield 80%).

POSS-
TFONDI ONDI MnX10¢| PDI | DSC TGA

Sample (wt %) (wt %) (g/mol) Tg (C) | Ts* (C) ’(1:5(3)

Homopoly
(TFONDI) 100 - 26.65 35 175 356 413
POSS25-ONDI 75 25 20.37 1.7 180 336 409
POSS50-ONDI 50 50 5.02 1.4 176 318 398
POSS75-ONDI 25 75 4.28 1.3 173 320 385

*Tsand Tso represents the decomposition temperatures at 5 and 50-% weight loss

Table 2. Molecular weight, feed composition and thermal properties of homopoly(TFONDI)
and copoly(POSS-ONDI-TFONDI) nanocomposites

www.intechopen.com



206 Advances in Nanocomposites - Synthesis, Characterization and Industrial Applications

3. Results and discussion

3.1 Synthesis and characterization of POSS-amine macromer

In order to synthesize POSS incorporated hybrid materials, the functionalisation of POSS
molecule is essential. To incorporate the functional group into the POSS molecule,
hydrosilylation reaction is the best method to introduce the functional group with POSS
molecule. Allyl-4-aminobenzoate was introduced into POSS (QsMsH) molecule (Scheme 1)
through hydrosilylation reaction using Pt(dvs) catalyst in toluene medium. The macromer
synthesized was confirmed well with FT-IR and 'H NMR. The characteristic Si-H band at
2100cm? and the chemical shift at 4.7ppm which was fully disappeared confirming
complete substitution in the POSS molecule. The POSS functionalised macromer was further
characterized using 2°Si NMR spectroscopic technique. Figure 6 shows two chemical shift
values corresponding to the two types of silicon atoms present in the macromer. The
chemical shift at 13.6ppm corresponds to the silicon atom present at the outer core bonded
to the POSS cube and a shift at -108.52ppm was due to the silicon atom present in the core.
The presence of these two chemical shifts confirm the complete substitution in the POSS
molecule, which further supports that the cube structure of POSS has remained unaltered
during the hydrosilylation reaction.

- ;II_\_ o _,-'-II-'I |:I -\-_‘ H s [r j
& __II II I_-. .HH;\. b

{ - o T - T T T ¥ T = T o Fmm—pam—

1{nkd ¥ =1L —20L0

136002
—I IR EETE

Fig. 6. 2951 NMR of POSS-amine

3.2 Synthesis of POSS-PDMS and POSS-PPG hybrid membranes

Several compositions of POSS-amine incorporated membranes were synthesized and their
chemical compositions were shown in Table 1. The POSS incorporated hybrids were
characterized using 29Si CP-MAS solid state NMR spectroscopic technique. 295i-NMR
spectrum of the POSS-PDMS-25 hybrid membrane was shown in Fig.7. The spectrum
shows three chemical shift values corresponding to three types of silicon atoms present in
the membrane. The chemical shift at 14.6 ppm corresponds to the silicon atom (b) present in
the outer core bonded to the POSS cube. The shift at -110.23 ppm was due to the silicon
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atom (a) present in the inner core. The chemical shift at -25 ppm was due to the silicon atom
(c) of linear siloxane chain of membrane matrix. These chemical shifts were very close to the
reported values by Sellinger et al (2007). The presence of chemical shifts at 14.6 ppm and -
110.23 ppm confirms the cubic structure of the POSS molecule which was unaltered during
the formation of hybrid membrane.
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Fig. 7. 295i CP-MAS solid state NMR spectroscopic of POSS-PDMS and POSS-PPG
membrane hybrids

3.3 Synthesis of homo- and co-polymers of TFONDI and POSS-ONDI

Phenyl-capped silsesquioxane POSS-Ph, POSS-Ph-NO,, POSS-Ph-NH, and N-(POSS)-7-
oxanorbornene-5,6-dicarboximide were reported by us earlier (Gnanasekaran and B. S. R.
Reddy, 2010).

The homopolymer of TFONDI and the copolymers of TFONDI and POSS-ONDI have been
prepared using the Grubbs ring opening metathesis polymerization (ROMP) catalyst.
Attempts to prepare the homopolymer of POSS-ONDI was not successful, presumably due
to the steric hindrance imposed by the bulky POSS group. The H NMR spectra of the
homopolymer of TFONI and of copolymers exhibited the expected shifts at 6.0 (trans), 5.8
(cis), 5.1 (cis), 4.6 (trans) and 3.4 ppm.

3.4 Synthesis and characterization of PU-POSS hybrid nanocomposites

In this work, we have tried to incorporate both completely condensed POSS and
incompletely condensed CyPOSS into the PU matrices. Hence, we have chosen the
incompletely condensed CyPOSS molecule with a hydroxyl functional group to form
urethane linkage with the isocyanate group. On the other hand, the completely condensed
POSS-H molecule with hydride functional group, having an ability to react with the
hydroxyl functional group of incompletely condensed CyPOSS molecule in the presence
DBTDL catalyst (Schemes 3 and 4). The hybrid films synthesized were characterized using
FTIR. FTIR technique was found to be quick and accurate method to determine the chemical

www.intechopen.com



208 Advances in Nanocomposites - Synthesis, Characterization and Industrial Applications

_NO,
f_oH HO cl
|~
S'ESi o\m\is<ﬂ Cl—Si—cl R o }_o—si
R |_/ —Si__ di 0\\0
o\ 0/ s/I /o + NEt; /s|-o\sI 0}\5/ Fuming HNO 5 /;isl/ }O\S,/
N - -
R/SI‘FEQ?/ Nosdi-R E— dF / /° o B o\ o/ o
[T \s. \ /Si‘o /R 0 OC /Si\\_ /sk < //R
RS 9 \}>S|/ R ‘o ?\ Si
[ o
CyPOSS - OH R
POSS - Ph POSS -Ph-NO,

9°c T CH ,CN /H,0
Zn | HCOONH,

HoN CF3
2 90 ° ¢| cH, coon
+

CH,COONa| (CH,C0),0

RSiCl

R: Cyclopentyl

90° C

TFONDI + POSS - ONDI

POSS - Ph- NH,
Grubbs Catalyst F.c

TFONDI

.1 90°C
Grubbs Catalyst CH; COONa
° (CH4CO0),0

POSS - ONDI - TFONDI COpOlyn’lCI‘S Homopolymer POSS - ONDI

Scheme 5. Synthesis of macromonomer, homopoly(TFONDI) and copolymers of POSS-
ONDI and TFONDI

www.intechopen.com



Structure-Gas Transport Property Relationships
of Poly(dimethylsiloxane-urethane) Nanocomposite Membranes 209

structure of PU hybrids. The characteristic band near 2270 cm-! represents the isocyanate
group. This was completely disappeared in the IR spectrum of all the PU-POSS hybrid films,
confirming that all the isocyanate molecules were completely reacted with the hydroxyl
groups of CyPOSS and PDMS chain. On the other hand, the Si-H of POSS band near 2100cm-
1 was also completely disappeared for all the PU-POSS films. We have anticipated that the
Si-H condensation reaction with Si-OH in the presence of DBTDL catalyst may not proceed
completely due to bulkiness of the POSS molecule. But in this case, surprisingly all the POSS
was completely reacted and forming CyPOSS-POSS linkage and showing the complete
distribution of POSS in the PU-POSS nanocomposites. The band near 1627cm-! shows the
formation of (C=0) urethane linkage with Si-OH group and 1590cm-! showing the formation
of (C=0) urethane linkage by CH>-OH. A very broad band near 3341cm-! corresponds to the
hydrogen bonded N-H urethane linkage, which confirms the existence of hydrogen bond
formation between the urethane linkages. PU-POSS hybrids show two bands at 1104 and
1013cm-1 corresponding to the Si-O-Si linkage of the POSS cubic structure and Si-O-Si
linkage of the PDMS straight chain. The band at 1104cm-! (Si-O-Si cube) was observed in all
the PU-POSS films suggesting that the POSS cube has remained intact during the
nanocomposite formation.

3.5 Thermogravimetric analysis of POSS-PDMS/PPG hybrid membranes

3.5.1 Complete-POSS

The thermal stability and degradation behaviour of PU-POSS hybrids were examined using
TGA. The TGA was performed in the N, atmosphere and the TGA values of PU-POSS
hybrids were shown in Table 3. The POSS based hybrids show enhanced thermal properties
like initial decomposition temperature (IDT) and the char yield values when compared with
POSS free PU hybrids. The initial decomposition near 270°C is mainly attributed to the
degradation of labile urethane group present in the hybrids. It was observed that the
incorporation of increased wt % of POSS molecules increases the IDT of the hybrids. The
char yield values for the POSS incorporated hybrids show higher value (20-30 wt% at
600°C), indicating the rigid POSS cubes which remain stable even at higher temperatures.
This indicates that the degradation of labile urethane group was controlled by the POSS
rigid molecules. All the PPG soft segment based hybrids show decomposition pattern
similar to the PDMS based hybrids. For all the hybrids, increase in the crosslinker (POSS)
content increases the thermal properites of the hybrids. That means the IDT and char yield
values increases with increase in the POSS content. This proves that POSS macromers
improve the thermal properties of the hybrids to a greater extent. Zheng et al (2006)
reported that the increase in POSS content does not alter the degradation pattern of the PU
hybrids. But, the char yield values and Tmax varies with POSS content. The literature
reported incorporation of POSS molecule enhances the thermal properties of the hybrids
(Moreau et al, 2004). Based on the TGA results, it was possible to suggest that POSS nano
cubes based hybrids possess enhanced thermal properties of hybrids.

3.5.2 Incomplete-POSS

The thermal stabilities of the PU-POSS hybrids were characterized with TGA under N»
atmosphere and the TGA data of PU-POSS hybrids were shown in Table 3. The initial
decomposition for all the PU-POSS were similar and the initial decomposition (5 wt%) starts at
268°C for all the PU-POSS hybrids showing with excellent thermal stability. The decrease in
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the thermal properties was observed for PU-POSS hybrid films with increase in the addition of
completely condensed POSS group. The CyPOSS substituted hybrid shows a very high
thermal stability due to the presence of thermally stable cyclopentyl group in the vertices of
CyPOSS group and likely the formation of more hydrogen bonding compared to methyl
substitution in the POSS-H group. Incorporation of 2.5 Wt% of completely condensed POSS-H
into the PU-POSS matrices show very high decrease in thermal properties of the PU-POSS-2
hybrid film. On further increase in the POSS-H incorporation, thermal properties slightly
increased for the hybrids as observed in PU-POSS-3 and PU-POSS-4. But, the improved
thermal properties of these hybrids were quite low compared to PU-POSS-1 hybrid film. The
completely condensed POSS and incompletely condensed POSS incorporated PU-POSS
hybrids (PU-POSS-2, PU-POSS-3 and PU-POSS-4) show two stage decomposition and the
incompletely condensed POSS incorporated hybrid (PU-POSS-1) shows a single stage
decomposition. These observations indicate that the completely condensed POSS molecule
relatively affects the thermal properties of PU-POSS hybrids even at lower concentration. The
final residue for PU-POSS-1 and PU-POSS-2 hybrids at 700°C remains the same, where as the
residue increases in the case of PU-POSS-3 and PU-POSS-4 hybrids with increase in the
concentration of completely condensed POSS. This clearly shows that the POSS-H aggregates
remain unaltered even at 700°C but the contribution of completely condensed POSS-H for the
polymer matrices as a whole towards thermal properties appears to be very less. From these
observations, it was concluded that the nature of the POSS group, reactive functional group in
the POSS molecule and the rigid bulky group on the vertices of the POSS were the three main
factors which significantly alter the thermal properties of the hybrids.

3.5.3 Copolymers of POSS-ONDI and TFONDI

The decomposition temperature and the char yield values of the polymers were listed in
Table 2. It was observed that the incorporation of POSS (e.g., copolymers of POSS-ONDI)
decreased the thermal stability of the polymers, whereas TFONDI homopolymer showed
very high thermal stability. The addition of POSS decreased the thermal stability of POSS-
ONDI copolymers due to the disruption of close packing of the polymer units by the bulky
POSS groups and leads to an increase in the free volume between the polymer chains. The
overall observation suggests that the POSS molecule affects the thermal properties of
polymers of N-(POSS)-7-oxanorbornene-5,6- dicarboximide nanocomposites even at low
concentrations.

3.6 Differential scanning calorimetric analysis.

The DSC values of POSS incorporated hybrid membranes were shown in Table 3. The
POSS/PPG incorporated hybrids show two distinct glass transition temperatures (Tg’s). The
lower Tg values around -48 to -40°C was attributed to the PPG soft segment and the Tg
around 179 - 185°C was due to the PU hard segment (Reddy et al 2009). The Tg values of
POSS incorporated hybrids were given in Table 3. The Tgs corresponding to the hard
segment increases drastically with increase in the POSS incorporated hybrid membranes.
This indicates that the POSS rigid cube restricts the free rotation of the macromolecular
chains to a greater extent.

The nanocomposite membranes showed an enhanced Tg, with increase in the POSS content.
The Tgs at 197, 191, and 220°C were observed for 5, 15, and 25 wt% of POSS incorporated
membranes, respectively. The increase in Tg for POSS incorporated membranes was due to
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SAMPLE Ts (°C) Tso (°C) nggoycle(l%at Tg 1) (C)
PU-POSS-1 268 465 10 195
PU-POSS-2 268 413 8 197
PU-POSS-3 269 404 15 191
PU-POSS-4 270 388 10 220
POSS-PDMS-5 225 380 22 179
POSS-PDMS-15 250 382 25 185
POSS-PDMS-25 260 390 28 189
POSS-PPG-5 270 380 17 180
POSS-PPG-15 273 365 20 183
POSS-PPG-25 275 385 26 185

Table 3. TGA and DSC Values for PU-POSS, POSS-PDMS and POSS-PPG based PU hybrid

nanocomposites

the nano-reinforcement of POSS molecule in the polymer matrices, which restricts the
motions of polymer chains (Madhavan and Reddy, 2009). Tgs at 197, 191, and 220°C were
observed for PU-POSS-2, PU-POSS-3 and PU-POSS-4 nanocomposite membranes,
respectively.

The glass transition temperature of the POSS-ONDI nanocomposites was significantly
enhanced by the incorporation of 25-wt % of POSS units. This may be due to the restricted
motion of the polymer chains caused by the even distribution of bulky POSS units at the
segmental level and increased rotational barrier of the polymers at low POSS concentration.
But, the Tg values were lowered when the loading of POSS units increased to 50 or 75-wt %.
This effect could be possibly explained by the fact that the bulky POSS creates more chain
spacing resulting in the increase in free volume with larger fraction of low molecular weight
component giving raise to the decrease in the Tg values.

3.7 Dynamic mechanical analysis

3.7.1 Complete-POSS

The storage modulus values (E’) of PU hybrids were shown in Table 4. It was observed that
E’ was increased by incorporating a small amount of POSS into the hybrid. E” values for all
the POSS hybrids were higher than those of linear PDMS chain incorporated hybrids. The E’
values at 30°C were found to be 9.1, 14.6, 18.2, 29.2, 32.1 and 35.0 for POSS-PDMS-5, POSS-
PDMS-15, POSS-PDMS-25, POSS-PPG-5, POSS-PPG-15 and POSS-PDMS-25 respectively.
The increasing % of POSS incorporated hybrids show three fold greater than that of the free
POSS content hybrids. This implies that the incorporation of the POSS nanoparticles play an
important role in the viscoelastic behaviour of the synthesized hybrids. The hybrids show a
very long range of rubber plateau region since all the hybrids contains almost 90% of both
the PPG and PDMS soft segments. The enormous increase in the storage modulus of the
nanohybrids even at low concentration of 15wt% of POSS (POSS-PDMS-15) incorporation
confirms that the contribution of POSS cage structure towards the increase in viscoelastic
properties of the nanohybrids. The Tg values significantly increased with the increase in the
incorporation of the POSS content as explained in the DSC analysis. The Tg values obtained
through DSC measurements were found to be in good agreement with the Tg values
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obtained from the DMA measurements. For the POSS incorporated PU hybrids, the tan &
values were found to be very high and the peaks were broadened, when compared to the
PDMS incorporated PU hybrids. The high & peaks show even distribution of POSS
molecules in the PU network structure.

Sample MOSC;ZEEQ(E,) Tg (PDMS soft Tg (PPG soft Tg

at 300C segment) segment) (HS)
POSS-PDMS-5 9.1 -112 - 162
POSS-PDMS-15 14.6 -104 - 164
POSS-PDMS-25 18.2 -101 - 169
POSS-PPG-5 29.2 -105 -33 168
POSS-PPG-15 32.1 -107 -29 170
POSS-PPG-25 35.0 -108 -23 175

Table 4. DMA results of POSS-PDMS and POSS-PPG based PU hybrid nanocomposites

3.7.2 Incomplete-POSS

The bending storage modulus (E’) versus temperature curves at 0.1 Hz for PU-POSS hybrids
were shown in Figure 8. The decrease in E” with increase in the concentration of completely
condensed silsesquioxane was observed. E” value of PU-POSS-1 was higher than that of the
mixed CyPOSS and POSS hybrid films such as PU-POSS-2, PU-POSS-3, and PU-POSS-4.
This is due to the CyPOSS-urethane interaction with polymer matrix and the formation of
hydrogen bonding in the case of PU-POSS-1. The decrease in the storage modulus of PU-
POSS-2, PU-POSS-3 and PU-POSS-4 perhaps attributed to the formation of hydrophobic
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Fig. 8. The storage modulus (E") Versus Temperature curves of PU-POSS hybrid
nanocomposites

www.intechopen.com



Structure-Gas Transport Property Relationships
of Poly(dimethylsiloxane-urethane) Nanocomposite Membranes 213

CyPOSS-POSS aggregates in the matrices. This in turn reduces the interchain interactions
and interrupts the PU hydrogen bonding formation. All these factors suggest that the
contribution of POSS cage structure alone may not be enough to improve the mechanical
properties. However, the cage interaction with the polymer matrix and their functional
groups were all highly dependent on each other.

3.8 Atomic Force Microscopy (AFM)

Surface morphology of PU-POSS nanocomposite membranes was examined by AFM. The
images of PU-POSS-2 and PU-POSS-4 were shown in Figures 9 and 10. It was observed
clearly that the spherical domains correspond to POSS clusters which spread over the
surface of the membranes. This may be most likely due to the incompatible nature of POSS
molecule with polymer matrices and confirms that even the crosslinking of POSS with
polymer matrices through functional group will not restrict the formation of aggregation of
a POSS nanoparticle (Madhavan and Reddy, 2009). In the case of nanocomposite

Topography - Scan fonearnd

Tepography - Scan forwand

Meanfiddm

Fig. 9. AFM images of PU-POSS-1

Topogeaphy - Scan forwand | Topography - Scan forwand

Fig. 10. AFM images of PU-POSS-2
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membranes with POSS nanoparticles show more granular type POSS aggregates with rough
membrane surface area indicating that the surface morphology of membranes was highly
affected by the addition of POSS molecule to PU-POSS membranes. The AFM image reveals
a highly heterogeneous morphology reflecting the less dispersive nature of POSS molecules
with PDMS-PU hybrids.

The AFM image of TFONDI was slightly different from the POSS incorporated
nanocomposites, showing a smooth surface having microphase separated morphology. It
was observed that a uniform distribution of spherical POSS aggregates dispersed in the
nanocomposites. In the case of our systems, the aggregation of POSS might be created by
self-assembling of POSS.

3.9 Transmission Electron Microscopy (TEM)

TEM imaging analysis of the polymers (Fig.11) provide further information about the POSS
dispersion in the polymer matrix. No particles could be observed for the transparent
TFONDI. However, transmission electron microscopy of POSS525-ONDI revealed nano-sized
POSS clusters with varying sizes ranging from 50 nm examined in various areas of the film
surface. TEM imaging POSS domains were darker than the polymer matrix because of their
higher mass contrast in comparison with polynorborene-imide chains. This observation also
showed that the discreetly sized POSS cage aggregates were well dispersed within the bulk
polymer (Zeng and Zheng, 2007).

W

ol

Fig. 11. TEM images of homopolymer of TFONDI (right) and copolymer of POSS25-ONDI (left).

3.10 Scanning Electron Microscopy (SEM) analysis

Figure 12 display SEM images of the bulk morphology of PU-POSS-1, PU-POSS-2, PU-
POSS-3 and PU-POSS-4 hybrid films. All the PU-POSS films show a microphase separation
of urethane hard segments and a micro/nano level spheroidical aggregation of POSS rich
domains. Similar observations were reported (Zhang et al, 2006) about the aggregation of
POSS from nano- to micro- level, and the hydrogen bonding increases the compatibility in
the phenolic reisn-POSS hybrid nanocomposites. It can be clearly seen in the SEM images
that the POSS aggregates in to POSS rich spheroidical domains in the PU-POSS hybrid films.
But the type of aggregation of POSS groups and the phase separation in the all films were
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~ PU-POSS-3
Fig. 12. SEM images of PU-POSS nanocomposites

found to be different. There was an excellent dispersion of CyPOSS-urethane aggregates in
the PU-POSS-1 film. The aggregations were not homogeneous in the case of PU-POSS-2, PU-
POSS-3 and PU-POSS-4 films and were highly phase separated from the polymer matrix.
The excellent dispersion of CyPOSS-urethane aggregates in the PU-POSS-1 was explained
by the combination of three factors. i) The reactivity of trisilanol group with isocyanate so
that it can incorporate CyPOSS evenly in the network during the early stages of the
polymerization. ii) The high compatibility of CyPOSS in the PU matrices rather than
completely condensed POSS-H, where the CyPOSS interacts highly with the polymer
matrices. iii) The possibility of favourable CyPOSS- CyPOSS organisation in the PU
matrices. The combination of these three factors create a homogeneous aggregation of
CyPOSS-urethane and even distribution of aggregates in the polymer matrices (Madhavan
et al, 2009). The PU-POSS-2, PU-POSS-3 and PU-POSS-4 hybrids show a large fraction of
POSS aggregation and inhomogeneous aggregations. This may be due to the formation of
hydrophobic CyPOSS-POSS aggregates, which seems to be having less interaction with
polymer matrices. The fraction of POSS aggregation increases with increasing in the
addition of completely condensed POSS-H cage structure.
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3.11 Wide-Angle X-ray Diffraction (WAXD)

1) The microstructure of PU-POSS hybrids was of further interest to us and studied using
the WAXD measurements. Fig. 13. displays XRD patterns of PU-POSS hybrids. For
comparison, the diffraction patterns of pure CyPOSS and POSS-H were also shown. The
pure Cy-POSS and POSS-H molecules show crystalline peaks at 20= 7.0°, 10.2°, 11.5°, and
18.3°. All the crystalline peaks of Cy-POSS and POSS-H peaks were absent in the PU-POSS
hybrid films. This implies that the crystallinity of POSS molecules were collapsed by the
polymer matrices in the PU-POSS hybrids. A broad peak at 20 =11.3° in all the hybrids was
observed, which may be due to the amorphous nature of the PDMS matrices. These
observations could reflect that the absence of crystalline microdomains in the POSS rich
phase and also confirms the absence of macrolevel POSS aggregation in the PU-POSS
hybrids.

2) The WAXD pattern of POSS-PDMS-25 and POSS-PPG-25 hybrid membranes were
measured and the results were shown in Fig. 14. A broad diffraction intensity was observed
around 20 =11.0-13.5° which may be due to amorphous PDMS soft segment present in the
matrices. It could be seen that a very weak peak ca at 20 =18.3-21.0° in the hybrids reflect the
amorphous PU groups present in the membrane matrix. After hybridization, the crystalline
peaks of bulky POSS groups were absent in the membrane matrices showing that the
membranes were found to be highly amorphous in nature. Similar observations were
reported by Chang et al, 2004.

Scattering Angle (20)
Fig. 13. WAXD curves of Pure-POSS-H, Pure-CyPOSS and PU-POSS hybrid nanocomposites
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Fig. 14. WAXD curves of POSS-PPG-25 and POSS-PDMS-25 hybrid nanocomposites

3.12 Pressure dependency of permeability of membranes

Solution-diffusion transport model was applied for gas transport process through dense
polymer film. The permeability coefficient (PA) of a penetrant through a membrane was
measured as a steady state flux (Na), normalized by partial pressure difference (APA) and
membrane thickness (d).

Pa=Na AgA

Permeability is frequently expressed in Barrers, where 1 Barrer= 1010 cm3 (STP) cm/cm? s
cmHg. Permeability coefficient of a particular penetrant can also be expressed as the
product of a kinetic factor, the diffusion coefficient (D), and a thermodynamic factor, the
sorption or solubility coefficient (Sa).

PA = DASA

Membrane separation performance is characterized by ideal selectivity of a membrane, s/
when the downstream pressure is negligible. This ideal selectivity is defined as the ratio of
permeabilities of two gases and is the product of diffusivity selectivity Da/Dp and solubility
selectivity Sa/Ss, of two gases in the membranes.

P S
e

Permeability of N> and O, gases drastically decreases with the increase in penetrant
pressure for all the POSS incorporated membranes. This may be due to two factors. (i) When
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the penetrant pressure increases, there must be a compression of polymer matrix which
leads to reduction in the free volume for penetrant transport. This in turn reduce penetrant
gas diffusion coefficient. (ii) The other factor may be due to the dispersion of POSS
aggregates on the surface of membranes, which restricts the interaction of penetrant with
the surface of the membrane matrices. If the penetrant’s pressure increases, adsorption of
lighter gases on the surface of membrane may likely decreases due to the POSS aggregates.
This leads to a decrease in permeability of gases. In the case of CO,, the permeability was
found to be quite different and increases with the increase in pressure. This perhaps may be
due to more condensable nature of CO; gas. Also, by increase in pressure, the adsorption of
CO; gas on the surface of membranes seems to be high and the diffusion of CO, gas was
more when compared to that of N> andO, gases. But, it was observed that at higher POSS
content the increasing order of CO, permeability was slightly reduced with pressure, due to
the restriction of interaction of CO, with membrane matrix by the presence of POSS
aggregates. Incorporation of nonporous (impermeable) nanoparticles to polymer
membranes unfortunately tends to reduce penetrant’s permeability. This effect can be
accurately modelled by Maxwell’s relationship (Maxwell 1873) originally derived to
describe the dielectric properties of suspension of spheres and this can also be used to model
permeability of membranes filled with spherical impermeable particles. In this work, we
have observed that the CyPOSS content in all the compositions decreases permeability
drastically in Ny, O, and O gases (Maxwell relationship). This indicates that increase in the
CyPOSS nanoparticle volume fraction tends to reduce the permeability. But, many
researchers reported that the incorporation of inorganic nanoparticles like fumed silica in
polymeric membrane leads to increase in permeability of gases, showing non-Maxwellian’s
effect (Moaddeb and Koros, 1997; Patel, 2003). Cong et al, 2007 explained the non-
Maxwellian’s effect of nanocomposite membranes was due to poor compatibility between
silica surface and the polymer chains. This could not organise the nanoparticles to have tight
packing, whereby forming a narrow gap surrounding the nanoparticles. The gas diffusion
path was shortened and thus apparent gas diffusivity and permeability were increased. On
the other hand, non-Maxwellian’s effect was described using a slightly different
phenomenon where silica nanoparticles were small enough to disrupt polymer chain
packing in the polymers. This resulted in an increase in polymer fractional free volume
which increases the permeability of the membranes. Similar observations were made by
Gonzalez et al, (2006) who reported an increase in POSS concentration increases the
permeability of all gases due to nanocracks or nanogap formation in the membranes. But,
modified silica nanoparticle (Cong et al, 2007) incorporated membranes show decrease in
permeability of gases. Similar decrease in the permeability with increase in POSS
concentration was observed in the case of CyPOSS incorporated nanocomposite membranes.
Lin and Freeman reported a drastic decrease in permeability in the case of
poly(trimethylsilylpropyne) membrane containing POSS nanoparticles. The CyPOSS
nanoparticle incorporated PDMS-PU membranes show decrease in permeation with
increase in POSS concentration for all gases (Maxwell’s effect). But, surprisingly there was
slight increase in the permeability when the POSS-H content was added to CyPOSS
incorporated membranes (non-Maxwell’s effect). This may be due to the poor compatibility
of POSS-H aggregates forming heterogeneous dispersion over the membranes. This causes
the disruption of polymer chain packing and resulted an increase in the free volume. The
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increase in free volume was well corroborated with the decrease in the measurement of
density of the membranes. Based on the above observations, it was predicted that the
compatibility of POSS nanoparticles alter the permeation of diffusing molecules. POSS
molecule either aids the formation of more free volume or provides torturous route for
penetrant diffusion depending upon the compatibility. In the case of CyPOSS incorporated
nanocomposite membranes, the dispersed POSS phases act as a blocking agent and produce
higher resistance route for diffusing molecules.

3.13 Selectivity of the membranes

Selectivity of O,/N> gas pair was in the range of 1.9-2.4 and for CO,/N; was 7.4-14.9. Figs.
15 and 16 represent O,/N> and CO,/N; gas pair selectivities of membranes as a function of
pressure. The O»/N, gas pair selectivities increased slightly with the increase in POSS
content as well as with pressure. This seems to be mainly due to high interactions between
O gas and high concentration of silicon and oxygen atoms that constitute POSS cage. It is
reported that O, gas has more interaction with the polar groups and silicon atoms of
polymers that lead to higher solubility of oxygen gas in the membranes (Khotimskii et al,
2000). In the case of CyPOSS incorporated membranes, an increase in the POSS content leads
to the presence of either more urethane linkages or unreacted triol functional groups of
POSS and Si atoms of POSS molecules in the membranes. But, the addition of POSS-H to
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Fig. 15. O2/N2 gas pair selectivity as a function of pressure.
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Fig. 16. CO,/ N> gas pair selectivity as a function of pressure.

nanocomposite membranes does not increase the O,/ N selectivity. This might be due to the
restriction in the formation of urethane linkages by the POSS-H molecule as we have
reported earlier (Madhavan et al 2009). Likewise, the selectivities of CO,/N, gas pair
increases from 7.4 to 14.9 with an increase in POSS content and pressure, whereas CO,/N,
selectivity was slightly decreased by the addition of POSS-H nanoparticles. This shows that
selectivity parameter was controlled by the diffusion of gas molecule through the urethane
polar groups rather than the POSS aggregates in the membrane.

4. Conclusions

A new class of ester, aliphatic, aromatic-amine functionalised silsesquioxane macromers,
completely condensed and incompletely condensed POSS were synthesised and these
macromers were used to synthesize poly(ester-urethane), polyimide and polyurethane-
POSS nanocomposites. Linear poly(dimethylsiloxane) was also synthesized to study the
influence of different wt% of silsesquioxane macromer, PDMS macromer and a series of PU-
POSS hybrids consisting of various compositions of completely condensed and incompletely
condensed POSS hybrids were synthesized. Thermal, mechanical, morphological and
surface properties of POSS based hybrids were studied using TGA, DSC, SEM, TEM and
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AFM. Based on the char yield values of the hybrids, it was observed that a slight increase in
the thermal properties of the silsesquioxane incorporated PU networks than that of the
linear PDMS macromer incorporated hybrids. The TGA thermograms of the macromers
reveal that the thermal stability depends on both the functional group substituted and the
structure on the siloxane compound. The DSC values of macromers show that the thermal
transitions were mainly dependent on the functional group substituted in the inorganic
core. The glass transition temperatures of the POSS incorporated PU networks increases
with increase in the wt% of POSS. This may be due to the increasing number of bulky POSS
which makes the membrane to vibrate the polymer chain giving rise to higher Tgs. The
surface morphology was highly affected by the POSS molecule and this may be due to
formation of nano/micro level spheroidical aggregations. The mechanical and thermal
properties were enhanced by the formation of these aggregates since these aggregates act
like spacers between the polymer chains due to its incompatible nature with the PU-POSS
matrices. TEM and AFM micrographs of nanocomposites were consistent with a self-
assembled spherical aggregation of POSS dispersed in POSS based nanocomposites. The
absence of crystalline domains due to POSS molecule in the membranes were found to be
highly suitable for gas separation process since the crystalline domains in the membrane
affect the permeability of gases. Permeability measurement reveals that the permeability of
N2 and O, gases decreases with the increase in pressure. The permeability of all the gases
decreases with the increase in the incomplete condenced-POSS nanoparticle concentration.
But, addition of a small concentration of complete condenced-POSS nanoparticles to
incomplete condenced-POSS based membrane increases permeability while selectivity of
O2/N3 gas pair decreases. This reveals that the nature and compatible of POSS groups alter
the permeability of gases and the polar urethane linkages play a vital role in the gas pair
selectivities of nanocomposite membranes. The selectivity of O,/N2 gas pair was in the
range of 1.9-2.4 and for CO,/N pair from 7.4 to 14.9. The overall conclusion drawn from all
the observations was that the rigid POSS cubic cage structure alone was not imparting the
properties to the bulk polymer, but the functional group, compatibility of the POSS
molecule with the polymer matrices and bulky substituents in the vertices of the POSS
molecules alters the bulk properties of the polymers.
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