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Chapter 1

Introduction

Nowadays, every part of our society depends on energy mass consumption of fossil
fuel. However, the significant increase in energy consumption due to the economic
development and world population growth in recent years causes the depletion of fossil
fuel. In order to build a sustainable development society, it is necessary to develop the
alternative energy source of fossil fuel, renewable energy, and low environmental
impact process. For example, the utilization of biomass is one of the preferable
solutions. Biomass is biological material derived from not only plant-based materials
but also animal-derived materials. We can convert biomass energy to useful energy
forms by “direct burning”, “gasification” or “fermentation”. Biogas obtained from the
fermentation of biomass such as waste wood, sewage sludge, livestock excreta, and
waste oil is a flammable gas which consists primarily of methane and carbon dioxide.
High purity methane gas as energy can be produced by separating and refining biogas !>\,

In addition, global warming has been a problem for a long time as an international
issue. For years, scientists have been trying to figure out what causes global warming,
and reached the conclusion that there were several greenhouse gases such as carbon
dioxide, exhausted from industrial and human activities such as the burning of fossil
fuels and deforestation. Nowadays, many studies about Carbon dioxide Capture and
Storage (CCS) are being carried out widely 46l cCSisa technique of capturing waste
carbon dioxide from industrial and energy-related sources before it enters the

atmosphere, transporting it to a storage site, and injecting it into the deep secure

geological formations.



In recent years, a large number of researches about polymeric membranes for CO,
separation have been performed because membrane separation is a key technology
for both utilization of renewable energy and CCS (Figure 1-1) .

Gas separation membranes can be classified into inorganic membranes and polymeric

membranes. Inorganic membranes are porous membranes having nano-ordered fine
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Figure 1-1 The conceptual diagram of utilization of biomass and CCS by using
membrane separation



pores and exert the superior gas separation performance by molecular sieving function 31
However, most gas separation membranes which have been put to practical use are
polymeric membranes because of their low cost and good processability. Aromatic
polyimides have been of particular interest in gas separation membranes because of
their excellent mechanical and thermal properties, and high gas permeability and
selectivity 2,

Polyimide is one of the most thermally stable engineering plastics, which was
developed by DuPont for use in the aerospace and military applications in the early
1960°s 13, Today, polyimide is used in a wide range of industrial fields as electric and
microelectronic materials as well as aerospace field because of their thermal stability,
mechanical and electrical properties, chemical resistance and processability. Polyimides
can be generally synthesized by a two-step polymerization process. In this method,
firstly, polyamic acid as precursor is prepared by polycondensation reaction of a
dianhydride and a diamine at ambient conditions in a dipolar aprotic solvent such as
N,N-dimethylacetamide (DMAc) or N-methyl-2-pyrrolidone (NMP). And then, the
prepared polyamic acid is cyclodehydrated to the corresponding polyimide by
subsequent thermal or chemical imidization. A wide variety of polyimides suitable for
the specific intended uses have been developed by choosing optimum monomers.

Hyperbranched polymers are highly branched three-dimensional dendritic polymers
possessing unique properties (e.g., good solubility, reduced viscosity, higher fractional
free volume, and multifunctionality) arising from multiple end groups. Hyperbranched
polyimides (HBPIs) can be synthesized from either the self-polycondensation of AB,-
type monomers or the polycondensation reaction of A, + B3 monomers, where A,
represents a dianhydride monomer and Bj represents a triamine monomer. In the case of

an A, + Bs type polycondensation reaction, a variety of HBPIs can be synthesized by
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changing the monomer ratio and combining A and B; monomers 4161 From this point
of view, in recent years, a lot of researches on gas transport properties of HBPI
membranes have been studied "% Fang et al. were the first to report the synthesis of
HBPIs derived from a triamine, tris(4-aminophenyl)amine (74PA4), and commercially
available dianhydrides. They have revealed that the HBPI membranes had a good gas
separation performance compared with corresponding linear-type polyimides U8,
Suzuki et al. have also studied the gas transport properties of HBPI membranes prepared
by polycondensation reaction of a triamine, 1,3,5-tris(4-aminophenoxy) benzene
(TAPOB), and a dianhydride, 4,4’-hexafluoroisopropylidene diphthalic anhydride
(6FDA), and found that these HBPI membranes exhibit high gas permeability and O,/N;
selectivity arising from its characteristic hyperbranched structure '),

Organic-inorganic hybrid or composite materials have been extensively studied
because the newly combined materials offer the advantages of both properties of an
organic polymer (e.g., flexibility, dielectric, ductility, and processability) and an
inorganic material (e.g., rigidity, thermal stability) (22231 1n this thesis, the “hybrid
materials” mean those that have strong (physicochemical) interaction between organic
and inorganic components such as covalent bonding, and the “composite materials”
mean those that show weak or no interactions between the two components.
Synthesizing polyimide-silica hybrid or composite materials and investigating their
physical and gas transport properties have also received much attention **?”. Suzuki et
al. have studied the syntheses and gas transport properties of the HBPI-silica hybrid
membranes prepared with commercially available dianhydride monomers and several
kinds of triamine monomers. As an example, a schematic diagram for the preparation of

6FDA-TAPOB system HBPI-silica hybrid membrane is shown in Figure 1-2. They

found that these membranes have shown characteristics quite different from the
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conventional polymer membranes. Specifically, the gas permeability and the CO,/CH4
selectivity of the HBPI-silica hybrid membranes prepared by sol-gel reaction using
tetramethoxysilane (TMOS) increased with increasing the silica content without any
dependence on the HBPI molecular structure, suggesting the characteristic distribution
and the interconnectivity of free volume holes created by the incorporation of silica 323!,

However, at this stage, there are few systematically investigated works that respect to
the structure-property relationship and gas transport mechanism of the HBPI-silica
hybrid and composite membranes.

In this study, HBPI-silica hybrid and composite membranes with various structures
were prepared and their physical and gas transport properties were investigated to
clarify the structure-property relationship and gas transport mechanism.

This thesis consists of the following ten chapters.

Chapter 1: Introduction

Chapter 2: Synthesis and Gas Transport Properties of Hyperbranched Polyimide
Membranes

Chapter 3: Effects of the Degree of Terminal Modification on Physical and Gas
Transport Properties of Hyperbranched Polyimide-Silica Hybrid
Membranes

Chapter 4: Effects of the Terminal Structure on Physical and Gas Transport Properties
of Hyperbranched Polyimide-Silica Hybrid Membranes

Chapter 5: Physical and Gas Transport Properties of Asymmetric Hyperbranched
Polyimide-Silica Hybrid Membranes

Chapter 6: Gas Transport Mechanism of Hyperbranched Polyimide-Silica Hybrid /
Composite Membranes

Chapter 7: Study on Nanostructure-Gas Transport Property Relationship of
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Hyperbranched Polyimide-Silica Hybrid Membranes
Chapter 8: Study on Physical and Gas Transport Properties of Polyimide-Silica Hybrid
Membranes Treated with CO, Gas
Chapter 9: Conclusions
Chapter 10: Acknowledgement
The HBPI-silica hybrid and composite are composed of the HBPI matrix, silica
domain, and interfacial region between HBPI matrix and silica. Therefore, it is
necessary to investigate the influence of these three areas on the physical and gas
transport properties of the HBPI-silica hybrid and composite membranes. The HBPI
matrix structure-property relationship was investigated in chapter 2-5; the influence of
silica domain was investigated in chapter 6. And the effect of interfacial region was
determined in chapter 3 and 6. In addition, the nanostructure-gas transport property
relationship and the influence of the molecular structure on the stability of gas transport
property of HBPI-silica hybrid membranes treated with CO, gas were investigated in

chapter 7 and 8, respectively.
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Chapter 2

Synthesis and Gas Transport Properties of
Hyperbranched Polyimide Membranes

1. Introduction

Gas permeabilities and gas selectivities of polymer membranes depend on their basic
structure (chemical composition) and secondary structure (polymer chain arrangement) ',
Thus a great number of studies on structure-gas transport property relationships have
been done. For the linear type polyimide membranes, many studies also have been
performed (3] And from these previous researches, it was revealed that the more rigid
the polyimide molecular backbone is, the larger the permeability or diffusion coefficient
is.

The most widely practiced procedure in polyimide synthesis is the two-step polyamic
acid process which involves the reaction of a dianhydride monomer and a diamine
monomer. By using the two-step process, a variety of polyimides can be synthesized by
changing the combination of monomers. This technique can be applied to the synthesis
of the hyperbranched polyimides (HBPIs).

In chapter 2, a variety of HBPIs were synthesized and their physical and gas transport

properties were investigated.

2. Experimental
2.1 Materials
1,3,5-Tris(4-aminophenoxy)benzene (TAPOB) was synthesized by the reduction of

1,3,5-tris(4-nitrophenoxy)benzene with palladium carbon and hydrazine in methanol [e],

Sl g



In this study, four kinds of following dianhydride were used. Pyromellitic dianhydride
(PMDA) and 3,3'.4,4'-Biphenyltetracarboxylic dianhydride (BPDA) were purchased
from Daicel Chemical Industries, Ltd (Osaka, Japan) and Sigma-Aldrich Co. LLC. (St.
Louis, MO, USA), respectively. 4,4’-(Hexafluoroisopropylidene) diphthalic anhydride
(6FDA) was kindly supplied by Daikin Industries (Osaka, Japan). 4,4’-Oxidiphthalic
anhydride (ODPA) was purchased from Manac Inc. (Hiroshima, Japan). 3-
Aminopropyltrimethoxysilane (APTrMOS) was purchased from Sigma-Aldrich Co.
LLC. N, N-Dimethylacetamide (DMAc) used as a solvent was purchased from Nacalai
Tesque (Kyoto, Japan). The chemical structures of monomers and silane coupling agent
are shown in Figure 2-1.

H,N
DURE e O,
o o
T Oy
o 0 0 0 o

NH,

Pyromellitic dianhydride 3,3',4,4'-Biphenyltetra-
(PMDA) carboxylic dianhydride
(BPDA)

NH,

1,3,5-Tris(4-aminophenoxy)benzene
F;C_ CF; (TAPOB)

0 0O o 0
o) o] | S o
o
= OMe
0 o o o}

I
HZN\/\/?l—OMe

OMe
4,4’-(Hexafluoroisopropyli- 4.4°-Oxidiphthalic ' _ '
dene) diphthalic anhydride anhydride 3-Aminopropyltrimethoxysilane
(6FDA) (ODPA) (APTrMOS)

Figure 2-1 Chemical structures of monomers and silane coupling agent.

2.2 Polymerization

Three mmol of anhydride (6FDA, PMDA, ODPA or BPDA) was dissolved in 40 ml

2.



of DMACc in a 100-ml three-neck flask under N, flow at room temperature. To this
solution, 1.6 mmol of TAPOB in 20-40 ml of DMAc was then added dropwise through
a syringe with stirring for 3 h to afford hyperbranched polyamic acids (HBPAAs). The
solid contents of reaction solutions were controlled to ca. 3.5 wt%. Subsequently, 0.4
mmol of the silane coupling agent, APTrMOS, was added into the reaction mixture to
modify the end groups of the HBPA As with further stirring for 1 h.
2.3 Membrane formation

The HBPAA solutions were cast on PET films and dried at 85°C for 3 h. The
prepared films were peeled off and subsequently imidized at 100°C for 1 h, 200°C for 1
h, and 300°C for 1 h in a heating oven under N, flow. A schematic diagram for the

preparation of HBPI membranes is shown in Figure 2-2.

0 o0
)k )k \Q/ Polymerization
+ 0 >» HBPAASs
\,( \,( R.T., 3h
O O In DMAc
i M m‘\ e
o o
4 o TAPOB
PMDA BPDA
FiC_ CF;
- BEDIA SE S DR TOBRACT
Terminal Membrane Thermal
modification > formation > imidization > HBPI membranes
R.T. 1h 85°C, 3h 1) 100°C, 1h with various basic structures
OMe 2) 200°C, 1h
. L 3)300°C, 1h
HZE\'\/\/Sl—OMe >
e N, flow
APTrMOS

Figure 2-2 A schematic diagram for the preparation of HBPI membranes with
various basic structures.
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2.4 Measurements

Attenuated total reflection Fourier transform infrared (ATR FT-IR) spectra were
recorded on a JASCO (Tokyo, Japan) FT/IR-4100 at a wavenumber range of 550-4000
cm™ and a resolution of 1 cm™. Ultraviolet-visible (UV-vis) optical transmittances were
measured with a JASCO V-530 UV/vis spectrometer at wavelengths of 200—800 nm.
Thermogravimetric-differential thermal analysis (TG-DTA) experiments were
performed with a Seiko Instruments (Chiba, Japan) TG/DTAS5200 at a heating rate of
10°C/min under air flow. Thermal mechanical analysis (TMA) measurements were
carried out using a Seiko Instruments TMA/SS6100 at a heating rate of 5°C/min under
N, flow. The mechanical properties were measured at room temperature on a Tokyo
Testing Machine Inc. (Aichi, Japan) Little Senstar LSC5/30 with a crosshead speed of 5
mm/min. The densities (ps) of the HBPIs were measured by a floating method with

bromoform and 2-propanol at 25°C. According to the group contribution method, the

o,

fractional free volume (FFV) of HBPIs can be estimated by the following equation

V,, ~1.3V,

FFV = (1)

»
where Vg (cm3/m01) is the specific molar volume and V, (cm3/m01) is the van der
Waals volume of the repeating unit. CO,, O,, N,, and CH4 permeation measurements
were taken with a constant volume/variable pressure apparatus under 76 cmHg at 25°C.
The permeability coefficient, P [cm?(STP)em/cm” s cmHg), was determined by the

equation (8]

L
P=22414_ \' d_p )
A pRTdt

where A is the membrane area (cm?), L is the membrane thickness (cm), p is the

upstream pressure (cmHg), V is the downstream volume (cm?), R is the universal gas
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constant (6236.56 cm’ cmHg/mol K), T is the absolute temperature (K), and dp/dt is the

permeation rate (cmHg/s). The gas permeability coefficient can be explained on the

basis of the solution-diffusion mechanism, which is represented by the equation [5,101,

P=DxS 3)
where D (cm?/s) is the diffusion coefficient and S [cm3(STP)/cm3polym cmHg] is the

solubility coefficient. The diffusion coefficient was calculated by the time-lag method

represented by the equation [

2

L..

D=
60t

4)

where 0t (s) is the time-lag.

3. Results and discussion
3.1 Polymer characterization

ATR FT-IR spectra of the prepared HBPI films are shown in Figure 2-3. The bands
observed 1774-1784 cm™ (C=O asymmetrical stretching), 1710-1721 cm” (C=0
symmetrical stretching), 1368-1374 cm™ (C-N stretching), and 720-743 cm” (C=0O
bending) are -characteristic absorption bands of polyimides. In contrast, the
characteristic absorption band of polyamic acid at 1680 cm™ disappeared, indicating
that the prepared films are well imidized !'*'*!. Some strong absorption bands attributed
to C—O and C-F stretching are observed in the region of 11001300 cm™. The bands

"and 1273 cm™ were attributed to the trifluoromethyl group in

observed at 1143cm’
6FDA-TAPOB and to the aromatic ether linkages in ODPA-TAPOB, respectively [14.15]
The appearances of the prepared films are shown in Figure 2-4. 6FDA-TAPOB and

ODPA-TAPOB films are almost colorless in contrast to PMDA-TAPOB and BPDA-

3 15 -
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Figure 2-3 ATR FT-IR spectra of the HBPI films with various basic structures.

TAPOB films. More planar and rigid backbone of PMDA and BPDA-TAPOB
molecules result in the strong intramolecular and intermolecular interactions that cause
the charge transfer complex between alternating electron-donor (triamine) and electron-
acceptor (dianhydride) moieties [16] Nevertheless, the optical transmittances at 600nm
of the prepared films were higher than 80% (Table 2-1).

Glass transition temperatures (T,s) and 5% weight loss temperatures (T4’s) of HBPIs

PMDA-TAPOB BPDA-TAPOB 6FDA-TAPOB ODPA-TAPOB
(thickness : ca. 22um) (thickness : ca. 20um) (thickness : ca. 20um) (thickness : ca. 14um)

Figure 2-4 The appearance of the HBPI films with various basic s&uctures.
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Table 2-1 Physical properties of the HBPIs.
Transmittance TG-DTA TMA Mechanical properties

at600nm T, T,  CTE® E G e g/5m3]

[%] [°C]  [°Cl _ [ppmPC] [GPa] [MPa] _[%]
PMDA-TAPOB 852 326 478 35 29 889 53 1399
BPDA-TAPOB 843 203 499 36 30 929 37 1362
6FDA-TAPOB 889 282 457 54 24 743 37 1433
ODPA-TAPOB 858 212 470 52 26 1110 59 139

*CTE at 100-150°C

were investigated by TG-DTA and are summarized in Table 2-1. Generally, T, depends
on the rigidity of polymer chains. The HBPIs derived from PMDA or BPDA exhibited
higher T,s as a result of the rigid polymer backbone. On the other hand, the HBPIs
derived from 6FDA or ODPA showed lower Tgs due to the bulky trifluoromethyl group
in 6FDA-TAPOB and flexible ether linkage in ODPA-TAPOB. T4’ value of 6FDA-
TAPOB was lower than those of other HBPIs. This may be related to the low thermal
stability of the trifluoromethyl group in 6FDA.

Coefficients of thermal expansion (CTEs) from 100 to 150°C of the prepared HBPI
films are listed in Table 2-1. CTEs of PMDA and BPDA-TAPOB HBPI films are lower
than those of 6FDA and ODPA-TAPOB HBPI films. This result also related to the
rigidity of HBPI molecular chains.

Young’s moduli (E), tensile strength (o), and elongation at break (g) are listed in
Table 2-1. The E values of PMDA and BPDA system HBPI films with rigid molecular
chains were higher than those of 6FDA and ODPA system HBPI films. The ¢ and ¢
value of ODPA-TAPOB HBPI which contains flexible ether linkage was highest among
the prepared films.

3.2 Gas transport properties

Gas permeability, diffusion, and solubility coefficients of the prepared HBPI

membranes are summarized in Table 2-2 along with the FFV values calculated from the

group contribution method, and diffusion coefficients were plotted against inverse FFV
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Table 2-2 Gas transport properties of the HBPI membranes

Px10" Dx10° Sx10°
FFV  [ecm’(STP)m/cm’ s cmHg] [cm’/s) [cm’(STPYem' polym cmHg]

¢, o6 N CH €O O N, CHg CO, O N, CHs

PMDA-TAPOB 0.138 33 059 0.088 0.066 0.14 0.57 0.1 0020 24 1.0 077 33
BPDA-TAPOB 0.125 0.56 0.12 0.012 0.0077 0.032 0.17 0.019 00020 18 069 063 39
6FDA-TAPOB 0.165 74 15 023 0098 030 14 025 0028 25 1.1 092 35
ODPA-TAPOB 0.129 0.63 0.13 0.013 0.0064 0.030 0.16 0021 0.0019 21 0.81 060 3.3

10 6FDA PMDA ODPA BPDA

/ N\

00: ™~
O®N: ‘\
ACHs AA
0.001 i T .
55 6.5 75 8.5
1/FFV

Figure 2-5 Relationship between 1/FFV and gas diffusivity
coefficient (D) of the HBPI membranes.
in Figure 2-5.

It is well known that the gas diffusivities of polymers are strongly correlated to their
FFVs 7181 1 Figure 2-5, we can also see the distinct correlation between log D and
inverse FFV. The FFVs rank in the following order: 6FDA-TAPOB > PMDA-TAPOB
> ODPA-TAPOB > BPDA-TAPOB. This order agrees with the order of diffusion
coefficient. The larger FFV of 6FDA system HBPI was caused because the bulky
trifluoromethyl groups disrupt the polymer chain packing. On the other hand, the strong
intermolecular interactions in PMDA and BPDA system HBPI and the flexible ether

linkage in ODPA system HBPI lead to the compact chain packing (low FFV).
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Table 2-3 0,/N, and CO,/CHj selectivities of the HBPI membranes at 76 cmHg and 25°C

0O,/N, selectivity CO,/CH, selectivity
a(0x/Ny)  a®(0y/N))  o(0,/N))  a(CO,/CHy) a®(CO,/CH,) a3(CO./CH,)
PMDA-TAPOB 6.7 5.9 13 50 6.9 73
BPDA-TAPOB 9.8 8.8 1.1 72 16 45
6FDA-TAPOB 6.8 5.8 12 75 11 7.0
ODPA-TAPOB 10 77 13 98 16 6.3

The ideal permselectivity for the combination of gases A and B [a(A/B)] is defined

by the equation ["";

P(A) _D@A) SA) _ ;b (AB)xa’(A/B) (5)
P(B) D(B) S(B)

a(A/B)=

where a(A/B) is the diffusivity selectivity and a>(A/B) is the solubility selectivity. The
0,/N, and CO,/CHy4 selectivities of the HBPI membranes are listed in Table 2-3, and the
0,/N; and CO,/CH4 permselectivities are plotted against O, and CO, permeability
coefficients, respectively (Figure 2-6 (a, b)). In Figure 2-6 a), it is recognized that the

0,/N; permselectivity of the prepared membranes changed along with the upper bound

50 500 | —
I R ~~._upperbound
i Fb) e, 009
I A upperbound\\~\ “H\‘_
__bu-“‘*u__*_ upper bound (1991) “‘u‘ S
. ST TTTeeell 2008 =
2 10 @A R T \\(uh_ﬁ) é 100 f A ey
S . e ) o
= upper bound % VS
(1991)
[ #PMDA-TAPOB [ | € PMDA-TAPOB
@®BPDA-TAPOB . | @ BPDA-TAPOB
6FDA-TAPOB 6FDA-TAPOB
A ODPA-TAPOB A ODPA-TAPOB
1 =S = 10 == =
0.1 1 10 0.1 1 10
P(0;)x10' [cm3(STP)cm/cm? s cmHg] P(CO,)x10' [em3(STP)cm/cm? s cmHg]

Figure 2-6 Ideal a) O,/N, permselectivity [a(O2/N,)] and b) CO,/CH,4 permselectivity
[a(CO,/CHa4)] of the HBPI membranes with various basic structures plotted against O,
and CO; permeability coefficient, respectively.
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trade-off lines demonstrated by Robeson (20211 This behavior is consistent with the
general understanding that more permeable polymers are generally less selective, and
vice versa "1, On the other hand, compared to the other HBPI membrane, 6FDA-
TAPOB membrane displayed around tenfold high CO, permeability and nearly equal
CO,/CH4 permselectivity. For this result, it is considered that the free volume of 6FDA-

TAPOB membrane is suitable for CO,/CH4 separation.

4. Conclusions

HBPIs with various molecular structures were prepared and their general and gas
transport properties were investigated.

ATR FT-IR spectra revealed satisfactory imidization in all prepared HBPIs. 6FDA-
TAPOB and ODPA-TAPOB films were almost colorless, whereas PMDA-TAPOB and
BPDA-TAPOB films were colored to yellow. From the TG-DTA and TMA
measurements and tensile test, it was suggested that the 6FDA-TAPOB molecular chain
which contains bulky trifluoromethyl group and ODPA-TAPOB molecular chain which
contains flexible ether linkage are more flexible than PMDA-TAPOB and BPDA-
TAPOB. 6FDA-TAPOB HBPI membranes demonstrated the highest gas permeability
and relatively high CO,/CH4 permselectivity due to the high FFV and the free volume

suitable for CO,/CH4 separation.
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Chapter 3

Effects of the Degree of Terminal Modification on
Physical and Gas Transport Properties of
Hyperbranched Polyimide-Silica Hybrid Membranes

1. Introduction

The most remarkable characteristic of dendritic polymers is that they have a large
number of molecular terminal groups that can be modified to create different types of
multifunctional polymers L2 15 synthesizing the hyperbranched polyimide (HBPI) -
silica hybrids, a part of molecular terminals of the HBPIs are modified with a silane
coupling agent to enhance the compatibility between the HBPI and silica, and thereby to
improve the dispersibility of the silica element. Some of the alkoxysilyl groups
introduced into the molecular terminals may have cross-linked with each other.
However, at this stage, there are no data pertinent to the physical and gas transport
properties of the HBPI-silica hybrid membranes with different degrees of terminal
modification.

The objective of chapter 3 is to prepare and characterize the HBPI-silica hybrid
membranes with different degrees of terminal modification, which is expected that an
increased degree of modification leads to improved characteristics and gas transport

properties of the HBPI-silica hybrids.

2. Experimental
2.1 Materials

1,3,5-Tris(4-aminophenoxy)benzene (7APOB) was synthesized by the reduction of
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1,3,5-tris(4-nitrophenoxy)benzene with palladium carbon and hydrazine in methanol .
4,4°-(Hexafluoroisopropylidene) diphthalic anhydride (6F/DA) was kindly supplied by
Daikin Industries (Osaka, Japan). 3-Aminopropyltrimethoxysilane (APTrMOS) was
purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA) and tetramethoxysilane
(TMOS) was purchased from AZmax, Co., Ltd (Tokyo, Japan). N, N-
Dimethylacetamide (DMAc) used as a solvent was purchased from Nacalai Tesque
(Kyoto, Japan). The chemical structures of monomers, silane coupling agent, and silicon

alkoxide are shown in Figure 3-1.

H,N. : : NH,
0} F,C_ CF; 0 O (¢)
1 J U
O
o o

4,4’-(Hexafluoroisopropyli-
dene) diphthalic anhydride

(6FDA) Nk
1,3,5-Tris(4-aminophenoxy)benzene
(TAPOB)
(I)Me ?Me
HN i OMe MeO—Si—OMe
OMe OMe
3-Aminopropyltrimethoxysilane Tetramethoxysilane
(APTrMOS) (TMOS)

Figure 3-1 Chemical structures of monomers, silane coupling agent, and silicon
alkoxide.

2.2 Polymerization
Three mmol of 6FDA was dissolved in 40 ml of DMAc in a 100-ml three-neck flask
under N, flow at room temperature. 1.6 mmol of TAPOB in 20 ml of DMAc was then

added dropwise through a syringe with stirring. After stirring for 3 h, the reaction
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mixture was diluted to ca. 2.0 wt% solid content to avoid gelation. Subsequently, an
arbitrary quantity of the silane coupling agent, APTrMOS, was added into the reaction
mixture to modify the end groups of the hyperbranched polyamic acids (HBPAAs) with
different ratios. After stirring for 1 h, 6FDA-TAPOB HBPAAs with different degree of
terminal modification were obtained.
2.3 Membrane formation

The 6FDA-TAPOB HBPI-silica hybrid membranes were prepared to react HBPAAs
with silicon alkoxide, TMOS, by sol-gel reaction, and then followed by thermal
imidization. Appropriate amounts of TMOS, deionized water (TMOS : deionized water
=1 : 6 as a molar ratio), and a drop of 1 N-HCI were added into the DMAc solution of
the HBPAAs. The mixed solutions were stirred for 24 h and then cast on PET films and
dried at 85°C for 3 h. The prepared films were peeled off and subsequently imidized
and hybridized at 100°C for 1 h, 200°C for 1 h, and 300°C for 1 h in a heating oven

under N, flow. The average thickness of the HBPI-silica hybrid films was about 30 um.

HZN\CL NH,
o 0~ :

o re on o \Q/ Polymerization) HBPAA
N + S
00 i R.T., 3h
J \ © In DMAc
6FDA i, N, flow
TAPOB
Terminal Membrane Thermal

HBPI-silica hybrid membranes

modification > Hybridization > forr:ation > lim:((j)ig?(t:iorll? with different degree of
RT, lh RT, 24h 85 C, 3h ) R 3 temllnal modiﬁcation
OMe TMOS 2)200°C, 1h
HaN__~_S$i~OMe H,0 3)300°C, 1h
OMe  cat.(HCl aq.) N, flow
APTrMOS

Degree of terminal modification :
1/3, 2/3, 3/3

Figure 3-2 A schematic diagram for the preparation of HBPI-silica hybrid
membranes with different degree of terminal modification.
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A schematic diagram for the preparation of HBPI-silica hybrid membranes with
different degree of terminal modification is shown in Figure 3-2.
2.4 Measurements

Inherent viscosity of HBPAAs was measured in a DMAc solution of 0.5 g/dl
concentration at 25°C with an Ubbelohde viscometer. Attenuated total reflection Fourier
transform infrared (ATR FT-IR) spectra were recorded on a JASCO (Tokyo, Japan)
FT/IR-4100 at a wavenumber range of 550-4000 cm™ and a resolution of 1 cm™.
Ultraviolet-visible (UV-vis) optical transmittances were measured with a JASCO V-530
UV/vis spectrometer at wavelengths of 200-800 nm. Thermogravimetric-differential
thermal analysis (TG-DTA) experiments were performed with a Seiko Instruments
(Chiba, Japan) TG/DTAS5200 at a heating rate of 10°C/min under air flow. Dynamic
mechanical analysis (DMA) measurements were performed with a Seiko Instruments
DMAG6100 at a heating rate of 5°C/min under N, flow; the load frequency was 1 Hz.
Thermal mechanical analysis (TMA) measurements were carried out using a Seiko
Instruments TMA/SS6100 at a heating rate of 5°C/min under N, flow. Density of the
pure HBPIs was measured by the floating method with bromoform and 2-propanol at
25°C. According to the group contribution method, the fractional free volume (FFV) of

a polymer can be estimated by the following equation !*:

V,, ~1.3V,

FFV = (1)

sp

where Vg, (cm’/mol) is the specific molar volume and V,, (cm’/mol) is the van der
Waals volume of the repeating unit. CO,, O,, N,, and CH4 permeation measurements
were taken with a constant volume/variable pressure apparatus under 76 cmHg at 25°C.
The permeability coefficient, P [em*(STP)cm/ecm? s cmHg], was determined by the

equation 1l:
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A pRTdt

where A is the membrane area (cm?), L is the membrane thickness (cm), p is the
upstream pressure (cmHg), V is the downstream volume (cm®), R is the universal gas
constant (6236.56 cm’ cmHg/mol K), T is the absolute temperature (K), and dp/dt is the
permeation rate (cmHg/s). The gas permeability coefficient can be explained on the
basis of the solution-diffusion mechanism, which is represented by the equation *7!:
P=DxS 3)

where D (cmz/s) is the diffusion coefficient and S [cm3(STP)/cm3p(,|ym cmHg] is the
solubility coefficient. The diffusion coefficient was calculated by the time-lag method

represented by the equation (8]

L2
L 4
60t @)

where 0t (s) is the time-lag.
3. Results and discussion
3.1 Polymer synthesis

Two types of HBPIs can be prepared by a different addition order and molar ratio of
each monomer in the synthesis of HBPI by an A, + B; type polycondensation reaction .
In this study, the triamine solution was added into the dianhydride solution with a
triamine and dianhydride monomer molar ratio of 1:2, thus obtaining the dianhydride
terminated HBPIs. The influence of terminal groups on gas transport property is
investigated in chapter 4. To prepare three kinds of HBPAA with different terminal
modification rates, an arbitrary quantity of silane coupling agent, APTrMOS, was added

into the reaction mixture. In a 6FDA-TAPOB system, a three-dimensional

intermolecular cross-linking reaction can easily occur because of the high reactivity of
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Silica
HBPI

Figure 3-3 A schematic representation of the HBPI-silica hybrid.

6FDA monomers and the equivalent reactivity of the three amino groups of TAPOB.
However, a series of HBPAAs were successfully prepared without gelation by
controlling the reaction condition, mainly the monomer concentrations in this study.
HBPI-silica hybrid films were prepared by sol-gel reaction using HBPAA, TMOS,
water, and hydrochloric acid as a catalyst, followed by thermal imidization. A schematic

representation of the HBPI-silica hybrid is shown in Figure 3-3.

Table 3-1 Physical properties of the HBPI-silica hybrid films.

a Transmittance at
Ninn [

[di/g] [e/em’] 6?%‘“
6FDA-TAPOB-APTrMOS(0/3) 033 1.439 833
6FDA-TAPOB-APTrMOS(1/3) 034 1.429 89.7
| OWL%SiO, - ) 92.9
20Wi%Si0, ] ] 92.0
30W%SiO, . : 93.0
6FDA-TAPOB-APTrMOS(2/3) 0.36 1.420 92.0
1OW%Si0, - : 928
20Wt%SiO, 5 . 912
30Wt%Si0, § ; 94.4
6FDA-TAPOB-APTrMOS(3/3) 0.40 41l 91.8
10Wt%SiO, ) i 91.6
20Wt%SiO, . . 91.9
30Wt%SiO, . : 93.5

* i value on corresponding HBPAA
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The inherent viscosities (Mi;s) of HBPAAs are shown in Table 3-1 and plotted
against the degree of modification in Figure 3-4. The n, value increased with

increasing the degree of modification, suggesting the increase of molecular weight by

0.45

0.40

= Ninh [d Vg]

B35 F

./

0.30 . :
0 1/3 2/3 1

Degree of modification

Figure 3-4 Relationship between the degree of modification and the
inherent viscosity (1i,n) of HBPAA solutions.
the formation of cross-linking through the coupling agent.
3.2 Polymer characterization
The HBPI densities (ps), listed in Table 3-1, decreased with increasing the degree of
modification. This indicates that the HBPI molecular chains with a higher degree of
modification are difficult to pack because of the cross-linking through the coupling
agent.
ATR FT-IR spectra of the HBPI films with different degrees of terminal modification
and the HBPI-silica hybrid films (degree of modification: 3/3) are shown in Figure 3-5
(a, b). The bands observed around 1784 cm™ (C=0 asymmetrical stretching), 1720 cm™

(C=0 symmetrical stretching), 1374 cm™ (C-N stretching), and 720 cm™ (C=0 bending)
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©19 - In contrast, no

are characteristic absorption bands of polyimides
characteristic bands of polyamic acids around 1680 cm™ were found. These results
indicate that the prepared films are well imidized. The band around 1857 cm™ attributed
to the terminal anhydride groups decreased with increasing the degree of modification,
indicating that the coupling agents reacted with the terminal anhydride groups
quantitatively. For the HBPI-silica hybrid membranes, the bands observed around 1100
cm’, assigned to Si-O-Si stretching, increased with increased silica content, indicating
sufficient formation of the three-dimensional Si-O-Si network (Figure 3-5 b)) U The
broad absorption bands around 3480 cm are likely attributed to silanol groups
remaining in the silica domain.

The optical transmittances of the HBPI-silica hybrid films are shown in Table 3-1.

These films had good transparency, indicating a favorable dispersion of silica

nanoparticles. This high homogeneity results not only from the covalent bonds between

VsC=0 | Ve
1720cm” N
a) Vst A 1374em! 8c-0 b)
-1
g 1784cm”! | 720cm
1857cm!
VO-H
~3480cm’!
i SiO; : 30Wt%
Degree of m_g__diﬁcation 2313 __l,_i,w"'""'"-g ______________________

5 Si0; : 20wt%

2
« EEES _
< [ bl -

% Degree of modification : 2/3 i
2 i

Degree of modification : 1/3 SiQ? : R

Degree of modification: 0/3 |}, 4 }n2 | SiO, : Owt%

L I 1 L (] HH { - 1 H J L 1 1 1 Il L i |

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber[cm™!] Wavenumber[cm™!]

Figure 3-5 ATR-FTIR spectra of the a) HBPI and b) HBPI-silica hybrid films
(degree of modification = 3/3).
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Table 3-2 Thermal properties of the HBPI-silica hybrid films.

TG-DTA DMA TMA
b c
Ky Residue * Tg CTE CTE
[ppm/°C] _ [ppm/°C]
6FDA-TAPOB-APTrMOS(0/3) 484 0 279 51 4345
6FDA-TAPOB-APTrMOS(1/3) 469 0 293 52 1679
10wt%Si0, 488 10 316 49 730
20wt%Si0, 499 20 330 39 292
30wt%SiO, 508 32 341 31 123
6FDA-TAPOB-APTrMOS(2/3) 462 0 312 55 1352
10wt%Si0O, 494 11 346 48 503
20wt%Si0, 502 22 356 36 148
30wt%SiO, 510 32 371 31 71
6FDA-TAPOB-APTrMOS(3/3) 460 1 331 58 984
10wt%SiO, 482 9 361 52 334
20wt%Si0O, 500 21 376 45 132
30wt%SiO, 509 30 390 36 67

 Determined from the residual at 800°C
®CTE at 100-150°C
¢ CTE at the temperature that the dimensional change marks the maximum

the HBPI and the silica domain formed by APTrMOS but also from the characteristic

hyperbranched structure of the molecular chains ['?],

Thermal properties of the HBPI-silica hybrid films were investigated by TG-DTA,

550

500
G
o,
[_"?
450
® Degree of modification : 0/3
Degree of modification: 1/3
—&— Degree of modification : 2/3
—A— Degree of modification : 3/3
400 . :

0 10 20 30
Silica content [wt%)]

Figure 3-6 5% weight loss temperatures (T4’s) of the HBPI-silica hybrids
with different degree of terminal modification.
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DMA, and TMA measurements. 5% weight loss temperatures (T4’s) of the HBPI-silica
hybrids were investigated by TG-DTA and are summarized in Table 3-2 along with the
silica content determined from the residues at 800°C. The residues showed that all
hybrids contained an appropriate amount of silica, as expected. In Figure 3-6, T4’ values
of the HBPI-silica hybrids are plotted against the silica content. The Tq4’s of the pristine
HBPIs without silica decreased with increasing the degree of modification. This is
probably because C-N bonds formed by the addition of APTrMOS are less thermally
stable. The Tq’s of the HBPI-silica hybrids increased with increasing silica content. This
increased thermal stability of the HBPI-silica hybrids results from the formation of
cross-linking mediated by the silica domain, the introduction of inorganic characteristics,
and the radical trapping effect of silica.

The storage moduli (E’s) and tan & of the HBPI films with different degrees of
terminal modification are shown in Figure 3-7 a). In the rubbery region, E’s of the HBPI

films increased with increasing the degree of modification. This result indicates that, in

1.0E+12 g 4 1.0E+12 ¢ 4
E Degree of modification : 0/3 c —— SiO2 : Owt%
Degree of modification : 1/3 i SiO2 : 10wt%
Degree of modification:2/3( | |----- SiO2 : 20wt%
——De f modification:3/3| . | |- 02 : '
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Figure 3-7 Strage moduli (E’s) and tan 6 of the a) HBPI films with different degree of
modification and b) HBPI-silica hybrid films (degree of modification = 3/3).
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rubbery region, the mobility of the HBPI molecular chains decreases due to the
increased degree of cross-linking through the coupling agent. In contrast, in the glassy
region, the E’s decreased with increasing the degree of modification. This is because, in
the glassy region, the HBPI molecular chains with a higher degree of modification are
difficult to pack because of the cross-linking through the coupling agent, leading to an
enlargement of the free volume holes !"*). E’s of the HBPI-silica hybrid films increased
with increasing the silica content in both regions (Figure 3-7 b)). This increase is caused
by the increasing of inorganic behavior and the decreasing of mobility of HBPI
molecular chains by hybridization with silica.

Glass transition temperatures (Tgs) of the HBPI-silica hybrid films determined from
the peak of tan & are summarized in Table 3-2 and plotted against the silica content in
Figure 3-8. When the degree of modification and the silica content were increased, Tgs
shifted to a higher temperature along with a decrease of peak intensity and a broadening

of the half-width of tan 3. This result indicates that Tgs increased with the increase of

400
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o
oA
=
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® Degree of modification : 0/3
Degree of modification: 1/3
—&— Degree of modification: 2/3
—&— Degree of modification : 3/3
250 ; '
0 10 20 30

Silica content [wt%]

Figure 3-8 Glass transition temperatures (Tgs) of the HBPI-silica
hybrid films derived from the peak of tan .
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inorganic behavior and the decrease of mobility of the HBPI molecular chains caused
by cross-linking through the coupling agent and/or silica domains.

Coefficients of thermal expansion (CTEs) of the HBPI films with different degrees of
terminal modification are listed in Table 3-2 and plotted against the degree of
modification in Figure 3-9. CTEs in the glassy region increased with increasing the
degree of modification. This result indicates that the free volume holes of the HBPIs
increase in the glassy region due to the increase of the degree of cross-linking through
the coupling agent. In contrast, CTEs in the rubbery region decreased with increasing
the degree of modification. This result indicates that the mobility of the HBPI molecular
chains decreases in the rubbery region due to the increase of the degree of cross-linking
through the coupling agent !'*). For the HBPI-silica hybrid films, in both regions, CTEs
decreased with increasing the silica content. This is also caused by the enhancement of
the thermal mechanical stability of the HBPI matrix by the formation of a robust three-

dimensional Si-O-Si network and the decreased mobility of the HBPI molecular chains
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Figure 3-9 Coefficients of thermal expansion (CTEs) of the HBPI
films plotted against the degree of terminal modification.
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by hybridization with silica. The results obtained from DMA and TMA measurement
are satisfactorily correlated.
3.3 Gas transport properties

Gas permeability, diffusion, and solubility coefficients of the HBPI-silica hybrid
membranes with different degrees of terminal modification are summarized in Table 3-3,
along with the FFV wvalues calculated from the group contribution method. Gas
permeability coefficients and FFV values of pristine HBPI membranes without silica
increased with increasing the degree of terminal modification. This is due to the
increased rigidity of the HBPI molecules due to the formation of cross-linking through
the coupling agent. The increase of FFV with increasing the degree of modification
supports the above discussion about the decrease of E' and the increase of CTE in the
glassy region.

Gas permeability coefficients of the HBPI-silica hybrid membranes increased with

Table 3-3 Gas transport properties of the HBPI-silica hybrid membranes at 76cmHg and 25°C

Px10" ; Sx107
3 2 Dx10 3 3
[em’(STP)em/cm” s 2 [em”(STP)/cm” polym
FFV [cm/s]
cmHg] cmHg]
CO, O, N, CHy CO, O N, CHy CO, O, N, CH,
6FDA-TAPOB
_APTIMOS(0/3) 0.163 42 094 0.2 0.050 0.20 086 0.18 0.015 21 1.1 068 33
6FDA-TAPOB
-APTIMOS(1/3) 0164 79 16 024 011 035 14 028 0030 22 1.1 086 3.5
10wt%SiO, - 90 18 026 013 036 14 027 0039 25 13 095 33
20wt%Sio, - 11 20 030 0.13 036 14 025 0028 30 15 12 48
30wt%SiO, - 14 24 036 017 039 14 027 0052 36 17 13 33
6FDA-TAPOB
-APTIMOS(2/3) 0.164 11 21 032 0.17 043 16 033 0051 25 13 099 34
10wt%Sio, - 14 26 040 0.18 045 16 031 0038 31 1.7 13 48
20wt%Sio, - 14 25 038 020 042 15 027 0042 34 17 14 49
30wt%SiO, - 19 32 047 023 052 18 031 0060 37 18 15 3.7
6FDA-TAPOB
-APTrMOS(3/3) 0.165 14 27 042 024 051 19 034 0058 27 14 12 40
10wt%SiO, - 17 3.0 047 026 054 19 037 0063 31 16 13 41
20wt%Sio, - 19 32 052 023 053 19 036 0047 36 1.7 14 50
30wt%SiO, - 22 36 055 025 059 21 038 0050 38 1.7 15 5.1
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increasing the silica content due to the contribution of the diffusion coefficient as well
as the solubility coefficient. These results suggest the additional formation of free
volume holes and a Langmuir sorption site effective for gas transport properties by
hybridization with silica "%, Similar gas transport properties have been reported in
several other studies. Park et al. studied the gas permeation properties of siloxane
containing polyimide-porous silica hybrid membranes and suggested that gas transport
could occur through the porous silica network or in the interfacial region between the
narrow silica networks and the organic matrix ['). With regard to the increase of the
diffusion coefficient, Merkel et al. studied a superglassy polymer-fumed silica
nanocomposite and found that the relatively high free volume around the periphery of
silica particles, where the rigid polymer chains are unable to pack efficiently, causes the
gas molecules to diffuse more rapidly compared to their movement in the bulk polymer (18]
Boroglu et al. also reported that the permeability coefficient of the polyimide-siloxane
hybrid polymer membranes increased with increasing the siloxane content and
suggested that the increased gas permeability results from the disturbed polymer chain
packing and thus the increased free volume !'”). The increased solubilities suggest that
the Langmuir sorption site is additionally formed by the incorporation of silica domains.
Takahashi et al. reported that the poly(ether imide)-silica nanocomposite membranes
have shown the increase in relative solubility when SiO, content is increased, which is
contrary to Maxwell’s theory, and suggested that these results may reflect the presence
of voids in addition to sorption in the matrix polymer and possibly some contribution of
adsorption to the filler or at the filler-matrix interface 291 Garcia et al. also reported that
sorption in the carbon particles or at the interface of a particle-polymer increased the
apparent solubility for the poly(ether imide)-carbon composite membranes ',

3.4 Oy/N>and CO/CHyselectivities
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The ideal permselectivity for the combination of gases A and B [a(A/B)] is defined

by the equation 2

_P(A)_D(A) S(A)_ b a/B1as(A/B
a(AﬂB)—P(B)—D(B) S@) a” (A/B)xa”(A/B) (5)

where a”(A/B) is the diffusivity selectivity and a>(A/B) is the solubility selectivity. The
0,/N, and CO,/CHy selectivities of the HBPI-silica hybrid membranes are listed in
Table 3-4, and the O,/N; and CO,/CH4 permselectivities are plotted against the O, and
CO; permeability coefficients, respectively in Figures 3-10 (a, b). In Figure 3-10 (a, b),
the open symbols represent the data of the pristine HBPI, and the darkness of filled
symbols increase with increasing the silica content.

In general, there is a trade-off relationship between permeability and permselectivity
in both glassy and rubbery polymers: the gas permselectivity decreases with increasing
the permeability, or vice versa 221 1 Figure 3-10 a), we can see that the O,/N;

permselectivity of the HBPI and the HBPI-silica hybrid membranes slightly decreases

Table 3-4 Ideal O,/N, and CO,/CHy selectivities of the HBPI-silica hybrid membranes with
different degree of terminal modification at 76 cmHg and 25°C

0,/N; selectivity CO,/CHj, selectivity
a(0/N;)  a(0s/N))  o®(0o/N>)  a(CO,/CHy) a”(CO,/CH,) a3(CO,/CHy)
6FDA-TAPOB-

APTIMOS(0/3) 7.8 4.9 1.6 84 13 6.2

6FDA-TAPOB-

APTIMOS(1/3) 6.5 5.1 1.3 73 12 6.3
10wt%SiO, 6.8 52 1.4 68 9.2 7.6
20wt%SiO, 6.7 55 1.3 81 13 6.3
30wt%SiO, 6.8 5.3 1.3 83 7.5 11

6FDA-TAPOB-

APTIMOS(2/3) 6.6 5.0 1.3 62 8.5 7.4
10wt%SiO, 6.5 5.1 1.3 76 12 6.5
20wt%Si0, 6.5 5.5 1.2 70 10 6.9
30wt%SiO, 6.8 5.8 1.2 85 8.6 10

6FDA-TAPOB-

APTIMOS(3/3) 6.3 5.6 1.2 60 8.8 6.8
10wt%SiO, 6.4 5.0 12 65 8.5 7.6
20wt%Si0, 6.1 5.2 1e2 81 11 7.2
30wt%SiO, 6.5 5.5 1.1 88 12 7.5
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Figure 3-10 Ideal a) Oy/N, permselectivity [a(O2/N>)] and b) CO,/CHs
permselectivity [a(CO,/CH4)] of the HPBI-silica hybrid membranes with
different degree of terminal modification plotted against O, and CO; permeability
coefficient, respectively.

with increasing the O, permeability along with the upper bound trade-off line for O,/N,

(2324 That is, free volume holes formed by

separation demonstrated by Robeson
terminal modification and/or hybridization with silica are not sufficiently effective for
the separation of O, and N, that have similar kinetic diameters and shapes. However,
the HBPI-silica hybrid membranes show relatively high a(O2/N;) values.

In contrast, both CO, permeability and CO,/CH, permselectivity of the HBPI-silica
hybrid membranes increased with increasing the silica content, with a significant rise in
permselectivity for the HBPI-silica hybrid membranes with a higher degree of
modification (Figure 3-10 b)). These results suggest that 1) permeability is increased by
the additional formation of free volume holes due to the cross-linking mediated by
terminal modification and/or the incorporation of silica and the formation of an

interfacial region by the hybridization with silica, and 2) CO,/CH4 permselectivity is

increased by characteristic distribution and interconnectivity of free volume holes
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effective for CO,/CHy separation. An even greater effectiveness of the incorporation of
silica domains can be obtained by homogeneous dispersion of silica nanoparticles
arising from the characteristic hyperbranched structure. In addition, it is considered that
the nano pore inside the porous silica domains formed by the sol-gel reaction in HBPI-

silica hybrids is suitable for CO,/CH, separation.

4. Conclusions

6FDA-TAPOB HBPI-silica hybrid membranes with different degree of terminal
modification were prepared by sol-gel reaction and their physical and gas transport
properties were investigated. The inherent viscosity of HBPAA increased with
increasing the degree of modification, suggesting the formation of cross-linking through
coupling agents. ATR FT-IR spectra revealed satisfactory imidization and sufficient
formation of a three-dimensional Si-O-Si network in all prepared films. TG-DTA
measurements showed that the T4’s of HBPIs decreased with increasing the degree of
modification because of the low thermal stability of C-N bonds formed by the addition
of a silane coupling agent. The DMA and TMA measurements suggested that the
mobility of the HBPI molecular chains decreased in the rubbery region and that the free
volume holes of the HBPI increased in the glassy region due to the increase of the
degree of cross-linking through the coupling agent. The CO,, O,, N>, and CHy4 gas
permeability coefficients of the HBPI-silica hybrid membranes increased with
increasing the degree of modification and silica content, probably due to the additional
formation of free volume holes caused by the cross-linking mediated by terminal
modification and/or the incorporation of silica domains and the formation of an
interfacial region caused by the hybridization with silica. The CO,/CHy4 permselectivity

of the HBPI-silica hybrid membranes also increased with increasing the silica content,
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suggesting a characteristic distribution and interconnectivity of free volume holes

created by the incorporation of silica.
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Chapter 4

Effects of the Terminal Structure on Physical and
Gas Transport Properties of Hyperbranched
Polyimide-Silica Hybrid Membranes

1. Introduction

Hyperbranched polyimides (HBPIs) can be synthesized from either the self-
polycondensation of AB;-type monomers or the polycondensation reaction of A; + B3
monomers, where A, represents a dianhydride monomer and Bj represents a triamine
monomer. In the case of an A, + B3 type polycondensation reaction, a variety of HBPIs
can be synthesized by changing the monomer ratio and combining A; and Bsmonomers !,
Besides, dianhydride-terminated (DA-) and amine-terminated (AM-) HBPIs can be
prepared by a different addition order and molar ratio of each monomer in the synthesis

of hyperbranched polyamic acid as a precursor M A schematic image representation of

DA- and AM-HBPI is shown in Figure 4-1. These two kinds of HBPIs have the

Dianhydride monomer + Triamine monomer

| A

— K=

I =
Sy T %\i ~
NN

Dianhydride-terminated Amine-terminated
hyperbranched polyimide hyperbranched polyimide
(DA-HBPI) (AM-HBPI)

Figure 4-1 A schematic image representation of the DA- and AM-HBPI.

-44 -



following characteristics; 1) a different terminal structure and 2) a different ratio of
branching unit.
In this chapter, the DA- and AM-HBPI-silica hybrid membranes were prepared and

their physical and gas transport properties were investigated.

2. Experimental
2.1 Materials

1,3,5-Tris(4-aminophenoxy)benzene (TAPOB) was synthesized by the reduction of
1,3,5-tris(4-nitrophenoxy)benzene with palladium carbon and hydrazine in methanol B3],
4,4’ -(Hexafluoroisopropylidene) diphthalic anhydride (6F°DA) was kindly supplied by
Daikin Industries (Osaka, Japan). 3-Aminopropyltrimethoxysilane (4P7rMOS) and 3-
(triethoxysilyl) propyl succinic anhydride (TEOSPSA) were purchased from Sigma-
Aldrich Co. LLC. (St. Louis, MO, USA) and Gelest Inc. (Morrisville, PA, USA),
respectively. Tetramethoxysilane (TMOS) was purchased from AZmax, Co., Ltd (Tokyo,
Japan). N, N-Dimethylacetamide (DMAc) used as a solvent was purchased from Nacalai
Tesque (Kyoto, Japan). The chemical structures of the monomers, silane coupling
agents, and silicon alkoxide are shown in Figure 4-2.

2.2 Polymerization
2.2.1 Dianhydride-terminated hyperbranched polyamic acids (DA-HBPAAs)

Three mmol of 6FDA was dissolved in 40 ml of DMAc in a 100-ml three-neck flask
under N, flow at room temperature. 1.6 mmol of TAPOB in 20 ml of DMAc was then
added dropwise through a syringe with stirring. The solid content of the reaction
mixtures was controlled to ca. 3.5 wt%. After stirring for 3 h, 0.4 mmol of APTrMOS
as a coupling agent was added into the reaction mixture with further stirring for 1 h to

afford DA-HBPAA.
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(APTrMOS) (TMOS)

(TEOSPSA)

Figure 4-2 Chemical structures of monomers, silane coupling agents, and silicon alkoxide.

2.2.2 Amine-terminated hyperbranched polyamic acids (AM-HBPAAs)

Three mmol of TAPOB was dissolved in 34 ml of DMAc in a 100-ml three-neck
flask under N, flow at room temperature. 3.0 mmol of 6FDA in 40 ml of DMAc was
then added dropwise through a syringe with stirring. The solid content of the reaction
mixtures was controlled to ca. 3.5 wt%. After stirring for 3 h, 1.0 mmol of TEOSPSA as
a coupling agent was added into the reaction mixture with further stirring for 1 h to
afford AM-HBPAA.

2.3 Membrane formation

The DA- and AM-HBPI-silica hybrid membranes were prepared to react HBPAAs
with silicon alkoxide, TMOS, via sol-gel reaction, and then followed by thermal
imidization. Appropriate amounts of TMOS and deionized water (TMOS : deionized

water = 1 : 6 as a molar ratio) were added into the DMAc solution of the HBPAAs. The
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mixed solutions were stirred for 24 h and then cast on PET films and dried at 85°C for 3
h. These prepared films were peeled off and subsequently imidized and hybridized at
100°C for 1 h, 200°C for 1 h, and 300°C for 1 h in a heating oven under N, flow. The
average thickness of the DA- and AM-HBPI-silica hybrid films was about 30 um. A
schematic diagram for the preparation of DA- and AM-HBPI-silica hybrid membranes

is shown in Figure 4-3.

o F.C_ CF: [J] o .
: \Q/ Polymerization > HBPAA
o ] o+ S
> 7 i R.T., 3h
© InDMACc
6FDA TAPOB |1 N, flow
Molar ratio

DA-HBPI : dianhydride / TAPOB =3.0/ 1.6
AM-HBPI : dianhydride / TAPOB = 3.0/ 3.0

Terminal Membrane Thermal
modification Hybridization formation imidization DA- or AM-HBPI-silica
> > - > —> :
R.T., lh R.T., 24h 85°C, 3h 1) 100°C, 1h hybrid membranes
&= OMe ™ TMOS 2)200°C, 1h
HN__~_Si-OMe H,0 3)300°C, lh
OMe N, flow
APTrMOS

o

(|)Et
o ?i—OEt
OEt

o
\_ TEOSPSA

Figure 4-3 A schematic diagram for the preparation of DA- and AM-HBPI-silica
hybrid membranes.

2.4 Measurements
Attenuated total reflection Fourier transform infrared (ATR FT-IR) spectra were
recorded on a JASCO (Tokyo, Japan) FT/IR-4100 at a wavenumber range of 550-4000

cm” and a resolution of 1 cm™. Ultraviolet-visible (UV—vis) optical transmittances were
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measured with a JASCO V-530 UV/vis spectrometer at wavelengths of 200-800 nin.
Thermogravimetric-differential thermal analysis (TG-DTA) experiments were
performed with a Seiko Instruments (Chiba, Japan) TG/DTAS5200 at a heating rate of
10°C/min under air flow. Dynamic mechanical analysis (DMA) measurements were
performed with a Seiko Instruments DMA6100 at a heating rate of 5°C/min under N,
flow; the load frequency was 1 Hz. Thermal mechanical analysis (TMA) measurements
were carried out using a Seiko Instruments TMA/SS6100 at a heating rate of 5°C/min
under N, flow. CO,, O,, N, and CH4 permeation measurements were taken with a
constant volume/variable pressure apparatus under 76 cmHg at 25°C. The permeability

coefficient, P [cm3(STP)cm/cm2 s cmHg], was determined by the equation (6]

414L V
P:g___@ (1)

where A is the membrane area (cm?), L is the membrane thickness (cm), p is the
upstream pressure (cmHg), V is the downstream volume (cm3), R is the universal gas
constant (6236.56 cm’ cmHg/mol K), T is the absolute temperature (K), and dp/dt is the
permeation rate (cmHg/s). The gas permeability coefficient can be explained on the
basis of the solution-diffusion mechanism, which is represented by the equation * ;
P=DxS )

where D (cm?%s) is the diffusion coefficient and S [cm3(STP)/cm3pO1ym cmHg] is the
solubility coefficient. The diffusion coefficient was calculated by the time-lag method

represented by the equation ')

D=— 3)

where 0t (s) is the time-lag.
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3. Results and discussion
3.1 Polymer synthesis

DA- and AM-HBPAASs can be prepared by a different addition order and molar ratio
of each monomer in the synthesis of HBPAAs ). For the synthesis of the DA-HBPAA,
the TAPOB solution was added into the 6FDA solution with a TAPOB and 6FDA
monomer molar ratio of 1 : 2, and subsequently, a silane coupling agent, APTrMOS,
was added into the reaction mixture to prepare DA-HBPAA of which 1/3 of the
molecular terminal was modified. By contrast, for the synthesis of AM-HBPAA, the
6FDA solution was added into the TAPOB solution with a TAPOB and 6FDA
monomer molar ratio of 1 : 1, and subsequently, a silane coupling agent, TEOSPSA,
was added into the reaction mixture to prepare AM-HBPAA of which molecular
terminal was modified as same degree as DA-HBPAA. In the 6FDA-TAPOB system, a
three-dimensional intermolecular cross-linking reaction can easily occur because of the
high reactivity of 6FDA monomers and the equivalent reactivity of the three amino
groups of TAPOB. However, a series of HBPAAs were successfully prepared without
gelation by controlling the reaction condition, mainly the monomer concentrations in
this study. The DA- and AM-HBPI-silica hybrid membranes were prepared via sol-gel
reaction using HBPAA, TMOS and water, followed by thermal imidization.
3.2 Polymer characterization

ATR FT-IR spectra of the DA- and AM-HBPI-silica hybrid films are shown in Figure
4-4. The bands observed around 1784 cm™ (C=0 asymmetrical stretching), 1720 cm™
(C=0 symmetrical stretching), 1373 cm™ (C-N stretching), and 720 cm™ (C=0 bending)
are characteristic absorption bands of polyimides 01 In contrast, no characteristic
bands of polyamic acids around 1680 cm™ were found. These results indicate that the

prepared films are well imidized. The band around 1857 cm™ for the DA-HBPI film is
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Figure 4-4 ATR FT-IR spectra of the DA-HBPI and AM-HBPI-silica hybrid films.

attributed to the stretching of C=0O of the terminal anhydride groups (41 The
characteristic bands around 3392cm™ attributed to the stretching of N-H of the terminal
amino groups in the AM-HBPI films overlapped with the peak of O-H groups, and
could not be observed. For the HBPI-silica hybrid films, it can be observed that the
broad and strong absorption bands around 1100 cm’ assigned to Si-O-Si stretching are
enhanced with increasing SiO, content, indicating sufficient formation of the three-
dimensional Si-O-Si network 2. The broad absorption bands around 3480 cm™ are
likely attributed to silanol groups remaining in the silica domain.

The appearance of the DA- and AM-HBPI silica hybrid films are shown in Figure 4-5.
The AM-HBPI films are colored to dark brown. For this reason, it is supposed that a
part of terminal amino groups of the AM-HBPIs are denatured by heating during

thermal imidization. However the optical transmittances of the DA- and AM-HBPI-
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Figure 4-5 Appearance of the DA- and AM-HBPI-silica hybrid films.
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Figure 4-6 Optical transmittances of the DA- and AM-HBPI-
silica hybrid films at 600nm.
silica hybrid films increased with increasing silica content (Table 4-1 and Figure 4-6),
which might be attributed to decreased imide group density in a unit volume and
favorable dispersion of silica. Also, this result shows the favorable dispersion of silica.
The fine and homogeneous dispersion of silica is brought not only by coupling agents

which offer covalent bonds between organic and inorganic components but also by the
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Table 4-1 Physical properties of the DA- and AM-HBPI-silica hybrid films.

Transmittance 16-DIA s bTMA =
at 600nm Ty Residue® Tg CTE Ok

(%] [°C)] [%] [°C) (<Tg) (>Tg)

[ppm/°C] [ppm/°C]

DA-HBPI 88.9 457 0 304 54 2020
silica hybrid 10wt%SiO, 89.9 490 10 320 47 31
silica hybrid 20wt%SiO, 90.2 496 20 337 38 228
silica hybrid 30wt%SiO, 90.3 509 30 351 31 170
AM-HBPI 50.8 466 0 366 53 155
silica hybrid 10wt%SiO, 54.4 4717 7 379 47 124
silica hybrid 20wt%SiO, 66.8 481 20 378 41 86
silica hybrid 30wt%SiO, 76.3 495 33 N.D.¢ 31 45

? Determined from the residual at 800°C

°CTE at 100-150°C

¢ CTE at the temperature that the dimensional change marks the maximum
4Not detected

characteristic hyperbranched structures of molecular chains (",

Thermal properties of the DA- and AM-HBPI-silica hybrids were investigated by

TG-DTA, DMA, and TMA measurements. 5% weight loss temperatures (T4’s) of the

HBPI-silica hybrids were investigated by TG-DTA and are summarized in Table 4-1

along with the silica content determined from the residues at 800°C. The residues

550
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Figure 4-7 5% weight loss temperatures (T4’s) of the DA- and AM-
HBPI-silica hybrids.
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showed that all hybrids contained an appropriate amount of silica, as expected. In
Figure 4-7, T4’ values of the DA- and AM-HBPI-silica hybrids are plotted against silica
content. The T’ value of the pristine DA-HBPI without silica is lower than the
corresponding DA-HPBI. This is likely related to higher content of 6FDA component in
DA-HBPI than in AM-HBPI. In contrast, the T4 values of the DA-HBPI-silica hybrids
increased more remarkably than the AM-HBPI-silica hybrids with increasing silica
content. This is because the following reasons; the AM-HBPI is more rigid than the
DA-HBPI because there are many branching units in the AM-HBPI molecular chains.
Therefore, sol-gel reaction is hard to progress and many silanol groups remain in the
AM-HBPI-silica hybrids. The dehydration from these silanol groups causes the decrease
of Ty’s.

The storage moduli (E’s) and tan § of the DA- and AM-HBPI-silica hybrid films are
shown in Figure 4-8 (a, b). In the glassy region, no remarkable difference between DA

system and AM system hybrids was observed. In contrast, in rubbery region, the E’s of

1.OE+12 ¢ 3 1.0E+12 g 3
F a) SiO2 : Owt% E b) SiO: : Owt%
SiO2 : 10wt% - SiO2 : 10wt%
SiO2 : 20wt% SiOz : 20wt%
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i e 2 i 2
£ 1.0E+08 § S S/1.0E+08
m 3 -
1 1
1.0E+06 § 1.0E+06
E —> -
—
£ IS
1.OE+04 lssmeymsspemar e 0 ) L e 0
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Temperature [°C] Tem perature [°C]

Figure 4-8 Storage moduli (E’s) and tan d of the a) DA- and b) AM-HBPI-silica
hybrid films.
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the AM-HBPI-silica hybrid films were clearly higher than that of corresponding DA-
HBPI-silica hybrid films. This result indicates that in the rubbery region, the mobility of
the AM-HBPI-silica hybrid molecular chains is much lower than that of DA-HBPI-
silica hybrids because AM-HBPIs contain more branching units than DA-HBPIs and
terminal amino groups of AM-HBPIs form the hydrogen bonding each other. E’s of the
DA- and AM-HBPI-silica hybrid films increased with increasing the silica content in
both regions. This increase is caused by increasing the inorganic behavior and
decreasing the mobility of HBPI molecular chains by hybridization with silica.

Glass transition temperatures (Tgs) of the DA- and AM-HBPI-silica hybrid films
determined from the peak top of tan 6 are summarized in Table 4-1 and plotted against
the silica content in Figure 4-9. With increasing the silica content, Tes shifted to a
higher temperature along with a decrease of peak intensity and a broadening of the half-
width of tan 6. This result indicates that T,s increased with the increase of inorganic

behavior and the decrease of mobility of the HBPI molecular chains caused by cross-
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0 10 20 30

Silica content [wt%)]

Figure 4-9 Glass transition temperatures (T,s) of the DA- and
AM-HBPI-silica hybrids.
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linking through silica domains.

Coefficients of thermal expansion (CTEs) of the DA- and AM-HBPI-silica hybrid
films are listed in Table 4-1 and plotted against the silica content in Figure 4-10. In the
glassy region, CTEs of the pristine AM-HBPI film was approximately same as that of
the pristine DA-HBPI film. By contrast, CTEs of the pristine AM-HBPI film in the
rubbery region was much lower than corresponding DA-HBPI film. Same as a result of
DMA measurements, this result is also caused by the rigidity of the AM-HBPI
molecular chains. With increasing silica content, CTEs of the DA- and AM-HBPI-silica
hybrid films decreased in both glassy region and rubbery region. This is caused by the
enhancement of the thermal mechanical stability of the HBPI matrix by the formation of
a robust three-dimensional Si-O-Si network and the decreased mobility of the HBPI
molecular chains by hybridization with silica.

3.3 Gas transport properties

60 3000
[ DA-HBPI-silica hybrid
50 AM-HBPI-silica hybrid 2500
& 40 E : 1 2000 —
B glassy region @
= £
m 30 F 1500 &
— =
O =
20 | 1 1000 ©
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Figure 4-10 Coefficients of thermal expansion (CTEs) of the
DA- and AM-HBPI-silica hybrid films.
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Gas permeability, diffusion, and solubility coefficients of the DA- and AM-HBPI-
silica hybrid membranes are summarized in Table 4-2. Gas permeability coefficient of
the pristine AM-HBPI membrane without silica was higher than that of pristine DA-
HBPI membrane. This was probably resulting from the rigidity of the molecular chain
of the AM-HBPI. Gas permeability coefficients of the DA- and AM-HBPI-silica hybrid
membranes increased with increasing the silica content. Similar gas transport properties
have been reported in several other studies. For the imide-siloxane block
copolymer/silica hybrid membranes prepared via sol-gel reaction, Park et al. also
reported that the addition of the organosiloxane in polyimide improved the gas
permeabilities of the hybrid membranes, and suggested that the gas transport could
occur through the porous silica network or in the interfacial region between the narrow
silica networks and the organic matrix !'¥.

Gas permeability coefficients of the DA-HBPI-silica hybrid membranes increased
with increasing the silica content due to the contribution of the diffusion coefficient as
well as the solubility coefficient. On the other hand, for the AM-HBPI-silica hybrid

membranes, the effect of hybridization to gas permeability coefficient was very small,

in particular, the diffusion coefficient did not increase even when the silica content

Table 4-2 Gas transport properties of the DA- and AM-HBPI-silica hybrid membranes.

Px10" 8 Sx10°
3 2 Dx=10 3 .
[em’(STP)cm /cm™ s [om?/ ] [em’(STP) / cm’ polym
cmHg] cmHg]
CO, O, N, CHy CO, O, N CHy CO, O, N, CH,
DA-HBPI 74 1.5 023 0098 03 14 0.250.028 25 1.1 092 35

silica hybrid 10wt%SiO, 10 2.0 031 0.13 0.35 1.5 029 0.026 30 14 1.1 5.0
silica hybrid 20wt%SiO, 13 2.1 0.32 0.16 0.37 13 0.250.030 35 17 13 52
silica hybrid 30wt%SiO, 23 3.0 046 024 0.57 1.7 029 0.040 41 18 1.6 6.0

AM-HBPI 13 2.3 035 022 041 1.5 026 0048 30 1.5 13 45
silica hybrid 10wt%SiO, 15 24 0.37 023 047 1.7 032 0.055 31 14 12 4.1
silica hybrid 20wt%SiO, 16 2.5 0.38 0.22 0.41 1.4 0.27 0.048 38 1.8 14 4.6
silica hybrid 30wt%SiO, 19 29 043 021 046 15 024 0.054 42 19 18 39

-56 -



increased. The increasing of the permeability coefficient due to the hybridization with
silica was caused by 1) the additional formation of free volume holes, 2) the increased
rigidity of the polymer chains resulting from the formation of cross-linking mediated by
the silica domain, and 3) the formation of a Langmuir sorption site effective for the gas
transport properties !'>'7). In the AM-HBPI-silica hybrid membranes, it is thought that
an effect of the hybridization was hard to be taken because unreacted silanol groups
remain in the silica domain due to the rigidity of the polymer chains, which inhibit the
progress of the sol-gel reaction. With regard to the increase of the diffusion coefficient,
Boroglu et al. reported that the permeability coefficient of the polyimide-siloxane
hybrid membranes increased with increasing the siloxane content. And they suggested
that the increased gas permeability resulted from the large enhancements of mean size
and total amount of free volume holes attributed to the loose Si—O-Si networks and the
cross-linked structure of the hybrid membranes (18] The increased solubilities suggest
that the Langmuir sorption site is additionally formed by the incorporation of silica
domains. Garcia et al. also reported that sorption in the carbon particles or at the
interface of a particle-polymer increased the apparent solubility for the poly(ether
imide)-carbon composite membranes (1),
3.4 O4'Nyand CO»/CH 4selectivities

The ideal permselectivity for the combination of gases A and B [a(A/B)] is defined

by the equation?®” :

_P(A)_D(A) S(A)= D A/BX S A/B
a(A/B)= PB)"DE) SB) o’ (A/B)xa”(A/B) 4

where a°(A/B) is the diffusivity selectivity and a*(A/B) is the solubility selectivity. The

0,/N; and CO,/CHjy selectivities of the HBPI-silica hybrid membranes are listed in
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Table 4-3 O,/N, and CO,/CHj selectivities of the DA- and AM-HBPI-silica hybrid membranes.

0,/N, selectivity

CO.,/CHj, selectivity

a(Os/Ny)  a®(0,/Ny)  a%(0/Ns)  a(CO,/CH,) oa’(CO»/CH,) o’(CO,/CH,)
DA-HBPI 6.8 5.8 12 75 11 7.0
silica hybrid 10wt%SiO, 6.6 52 1.3 79 13 5.9
silica hybrid 20wt%SiO, 6.7 5.3 1.3 82 12 6.8
silica hybrid 30wt%SiO, 6.6 5.8 1.1 95 14 6.7
AM-HBPI 6.6 5.8 1.2 59 8.5 6.7
silica hybrid 10wt%SiO, 6.5 5.3 1.2 65 8.6 7.6
silica hybrid 20wt%SiO, 6.6 5.2 1.3 73 8.5 8.3
silica hybrid 30wt%SiO, 6.7 6.3 1.1 90 8.5 11

Table 4-3, and O,/N, and CO,/CH4 permselectivities are plotted against the O, and CO,

permeability coefficients, respectively in Figure 4-11 (a, b). In Figure 4-11 (a, b), the

open symbols represent the data of the pristine HBPI, and the darkness of filled symbols

increase with increasing silica content.

In general, there is a trade-off relationship between permeability and permselectivity

in both glassy and rubbery polymers: the gas permselectivity decreases with increasing

the permeability, or vice versa”. In this study, the O,/N, permselectivity slightly

decreased with increasing O, permeability (Figure 4-11 a)). That is, free volume holes
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Figure 4-11 Ideal a) O,/N, permselectivity [a(O2/N;)] and b) CO,/CH,4 permselectivity
[a(CO,/CHy)]of the DA- and AM-HPBI-silica hybrid membranes plotted against O,

and CO, permeability coefficient, respectively.
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formed by hybridization with silica are not sufficiently effective to separate O, and N,
that have similar kinetic diameters and shapes. In contrast, in Figure 4-11 b), it is
recognized that both CO, permeability and CO,/CH, permselectivity of the HBPI-silica
hybrid membranes increased with increasing the silica content and tended close up to

the upper bound for CO,/CH,; separation'*'?%

, with a significant increase in
permselectivity for the AM-HBPI-silica hybrid membranes. These results suggest that
COy/CHs permselectivity is increased by characteristic distribution and
interconnectivity of free volume holes effective for CO,/CH4 separation, and

furthermore, the high affinity of silanol groups remaining in the AM-HBPI-silica hybrid

membranes to CO,, gas.

4. Conclusions

The DA- and AM-HBPI-silica hybrid membranes were prepared via sol-gel reaction
and their physical and gas transport properties were investigated. ATR FT-IR spectra
revealed satisfactory imidization and sufficient formation of a three-dimensional Si-O-
Si network in all prepared films. Even though the silica content increased, the 5%
weight loss temperatures of the AM-HBPI-silica hybrids did not increase so
conspicuously as DA-HBPI-silica hybrids. This was probably because there were more
silanol groups left in the AM-HBPI-silica hybrids than the DA-HBPI-silica hybrids.
From the DMA and TMA measurements, it was suggested that thermomechanical
property and dimensional stability of the AM-HBPI-silica hybrid films were higher than
those of DA-HBPI-silica hybrid films because of the rigidity of the AM-HBPI
molecular chains which contain terminal amino groups and more branching units than
DA-HBPI. The CO,, O3, N, and CH4 gas permeability coefficient of the pristine AM-

HBPI membrane without silica was higher than that of pristine DA-HBPI membrane
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due to the rigidity of the molecular chain of the AM-HBPI. The gas permeability and
COy/CH,4 permselectivity of the DA- and AM-HBPI-silica hybrid membranes increased
with increasing silica content. Especially, CO,/CHy permselectivity of the AM-HBPI-
silica hybrid membranes remarkably increased with increasing silica content. This
behavior was probably due to the characteristic distribution and interconnectivity of free
volume holes created by the incorporation of silica and the high affinity of hydroxyl

groups remaining in the silica domain to CO,.
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Chapter 5

Physical and Gas Transport Properties of Asymmetric
Hyperbranched Polyimide-Silica Hybrid Membranes

1. Introduction

In the synthesis of liner-type polyimides, we can obtain various kinds of polyimides
with different structures by combining various monomers (diamines and dianhydrides).
For the asymmetric type polyimides prepared from asymmetric dianhydrides and
symmetric diamines, it has been reported that the resulting polyimides exhibited
increased solubility, reduced viscosity, and higher glass transition temperatures (T,s)
than the symmetric type polyimides. The increased Tgs were ascribable to their rigid and
bent structure, and the steric hindrance [, In general, it is said that the increase in gas
permeability is also induced by the rigid molecular chain.

In this chapter, physical and gas transport properties of the asymmetric
hyperbranched polyimide (HBPI) -silica hybrid membranes were investigated and

compared with those of symmetric HBPI-silica hybrid membranes.

2. Experimental
2. 1 Materials

1,3,5-Tris(4-aminophenoxy)benzene (TAPOB) was synthesized by the reduction of
1,3,5-tris(4-nitrophenoxy)benzene with palladium carbon and hydrazine in methanol (1,
Asymmetric triamine monomer, 2,4,4’-(triaminodiphenyl)ether (74ADE), and

dianhydride monomer, 4,4’-(hexafluoroisopropylidene) diphthalic anhydride (6FDA),

were kindly supplied from Wakayama Seika Kogyo Co. (Wakayama, Japan) and Daikin
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Industries (Osaka, Japan), respectively. 3-Aminopropyltrimethoxysilane (4PTrMOS)
and 3-(triethoxysilyl) propyl succinic anhydride (TEOSPSA) were purchased from
Sigma-Aldrich Co. LLC. (St. Louis, MO, USA) and Gelest Inc. (Morrisville, PA, USA),
respectively. Tetramethoxysilane (7MOS) was purchased from AZmax, Co., Ltd (Tokyo,
Japan). N, N-Dimethylacetamide (DM.Ac) used as a solvent was purchased from Nacalai
Tesque (Kyoto, Japan). The chemical structures of the monomers, silane coupling
agents, and silicon alkoxide are shown in Figure 5-1.

2.2 Polymerization

H,N. : : NH,
o) F,C_ CF; 0 o o NH,
o o

O

4,4’-(Hexafluoroisopropylidene) 4,4’~(triaminodiphenyl)ether
diphthalic anhydride NH,
(TADE)
(6FDA) 1,3,5-Tris(4-aminophenoxy)benzene
(TAPOB)
(o)
OMe O OMe
: Si—OEt .
H2N\/\/SI| OMe o v MeO §1 OMe
OMe OMe
0
3-Aminopropyltrimethoxysilane 3-(Triethoxysilyl) propyl Tetramethoxysilane
succinic anhydride
(APTrMOS) (TMOS)
(TEOSPSA)

Figure 5-1 Chemical structures of monomers, silane coupling agents and silicon alkoxide.

2.2.1 Dianhydride-terminated hyperbranched polyamic acids (DA-HBPAAs)
Three mmol of 6FDA was dissolved in 30-40 ml of DMACc in a 100-ml three-neck

flask under N, flow at room temperature. 1.6 mmol of triamine (TADE or TAPOB) in
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20 ml of DMAc was then added dropwise through a syringe with stirring. The solid
content of reaction mixtures was controlled to ca. 3.5 wt%. After stirring for 3 h, 0.4
mmol of APTrMOS as a coupling agent was added into the reaction mixture with
further stirring for 1 h to afford asymmetric or symmetric DA-HBPAA.
2.2.2 Amine-terminated hyperbranched polyamic acids (AM-HBPAAs)

Three mmol of triamine (TADE or TAPOB) was dissolved in 30-34 ml of DMAc in a
100-ml three-neck flask under N, flow at room temperature. 3.0 mmol of 6FDA in 28-
40 ml of DMAc was then added dropwise through a syringe with stirring. The solid
content of reaction mixtures was controlled to ca. 3.5 wt%. After stirring for 3 h, 1.0
mmol of TEOSPSA as a coupling agent was added into the reaction mixture with
further stirring for 1 h to afford asymmetric or symmetric AM-HBPAA.

2.3 Membrane formation

The asymmetric and symmetric HBPI-silica hybrid membranes were prepared by the
reaction of asymmetric or symmetric HBPAAs with silicon alkoxide, TMOS, via sol—
gel reaction, and then followed by thermal imidization. Appropriate amounts of TMOS
and deionized water (TMOS : deionized water = 1 : 6 as a molar ratio) were added into
the DMAc solution of the asymmetric or symmetric HBPAAs. The mixed solutions
were stirred for 24 h and then cast on PET films and dried at 85°C for 3 h. These
prepared films were peeled off and subsequently imidized and hybridized at 100°C for 1
h, 200°C for 1 h, and 300°C for 1 h in a heating oven under N, flow. The average
thickness of the asymmetric or symmetric HBPI-silica hybrid membranes was about 30
um. A schematic diagram for the preparation of asymmetric and symmetric HBPI-silica

hybrid membranes is shown in Figure 5-2.
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Figure 5-2 A schematic diagram for the preparation of asymmetric and symmetric
HBPI-silica hybrid membranes.

2.4 Measurements

The inherent viscosity of HBPAAs was measured in a DMAc solution with a 0.5
g/dL concentration at 25°C with an Ubbelohde viscometer. Attenuated total reflection
Fourier transform infrared (ATR FT-IR) spectra were recorded on a JASCO (Tokyo,
Japan) FT/IR-4100 (Tokyo, Japan) at a wavenumber range of 550-4000 cm™ and a
resolution of 1 cm™. Ultraviolet-visible (UV-vis) optical transmittances were measured
with a JASCO V-530 UV/vis spectrometer at wavelengths of 200-800 nm. Thermal
mechanical analysis (TMA) measurements were carried out using a Seiko Instruments
TMA/SS6100 (Chiba, Japan) at a heating rate of 5°C/min under N, flow. Dynamic
mechanical analysis (DMA) measurements were performed with a Seiko Instruments
DMAG6100 at a heating rate of 5°C/min under N, flow; the load frequency was 1 Hz.
Thermogravimetric-differential thermal analysis (TG-DTA) experiments were

performed with a Seiko Instruments TG/DTAS5200 at a heating rate of 10°C/min under
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air flow. The densities (ps) of HBPIs were measured by a floating method with
bromoform and 2-propanol at 25°C. According to the group contribution method, the

FFV of HBPIs can be estimated by the following equation [61,

V,, ~1.3V,

FFV = (1)

p

where Vg, (cm3/mol) is the specific molar volume and V, (cm’/mol) is the van der
Waals volume of the repeating unit. CO,, O,, N,, and CH4 permeation measurements
were taken with a constant volume/variable pressure apparatus under 76 cmHg at 25°C.

The permeability coefficient, P [cm*(STP)em/cm® s cmHg], was determined by the

(7]

equation ‘" :
22414L V d
pe==—=— D 2
A pRTdt

where A is the membrane area (cm?), L is the membrane thickness (cm), p is the
upstream pressure (cmHg), V is the downstream volume (cm®), R is the universal gas
constant (6236.56 cm’ cmHg/mol K), T is the absolute temperature (K), and dp/dt is the

permeation rate (cmHg/s). The gas permeability coefficient can be explained on the

basis of the solution-diffusion mechanism, which is represented by the equation (7.9,

P=DxS 3)
where D (cmz/s) is the diffusion coefficient and S [cm3(STP)/cm3p01ym cmHg] is the

solubility coefficient. The diffusion coefficient was calculated by the time-lag method

represented by the equation "% ;

2

L_

~ 66t )

where 6t (s) is the time-lag.
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3. Results and discussion
3.1 Polymer synthesis

TADE has asymmetric structure in which two amino groups bind to one of the phenyl
group of the diphenyl ether. The reactivity of the amino group in 2-position is lower
than other two amino groups. Thus, it is considered that the degree of branching (DB) of
the asymmetric HBPI is relatively low and the linearity is high. Chen et al. reported that
the DB of symmetric AM-6FDA-TAPOB HBPI was 0.65 1. In this study, the DBs of
asymmetric AM-6FDA-TAPB HBPI and the symmetric AM-6FDA-TAPOB HBPI
measured by a same manner as Chen were 0.25 and 0.65, respectively. This result
confirmed that the asymmetric HBPI is more linear than the symmetric HBPI.

The inherent viscosity (Mn) values of HBPAA are shown in Table 5-1. In Table 5-1,
it was recognized that the 1y values of the asymmetric HBPAAs were lower than those

of corresponding symmetric HBPAAs. Generally, it is said that the 1oy value of linear-

Table 5-1 Physical properties of the asymmetric and symmetric HBPI-silica hybrid films.

n Transmittance TMA DMA TG-DTA
[:i]li:‘}lg] at 600nm CTE® Tg Ty Residue®
[%] [ ppm/°C] [°C] [°C] [%]
Asymmetric DA-HBPI 0.27 69.4 47 350 471 0
10wt%SiO, - 88.0 41 390 486 10
20wt%SiO, - 89.3 33 394 492 20
30wt%Si0, - 92.9 28 N.D.* 503 30
Asymmetric AM-HBPI 0.56 20.1 45 384 455 0
10wt%SiO, - 24.5 37 385 470 9
20wt%SiO, - 34.7 31 386 478 21
30wt%SiO, - 51.9 25 N.D.¢ 495 30
Symmetric DA-HBPI 0.34 88.9 54 304 457 0
10wt%SiO, - 89.9 47 320 490 10
20wt%SiO, - 90.2 38 337 496 20
30wt%SiO, - 90.3 31 351 509 30
Symmetric DA-HBPI 0.60 50.8 58 366 466 0
10wt%SiO, - 54.4 47 379 477 7/
20wt26SiO, - 66.8 41 378 481 20
30wt%SiO, - 76.3 31 N.D. ¢ 495 33

*Nin value on corresponding HBPAA.

® CTE at 100-150°C

¢ Determined from the residual at 800°C
¢ Not detected
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type polymer is higher than that of hyperbranched polymer. Thus, it was expected that
the njiny value of asymmetric HBPAA with lower degree of branching was higher than
that of symmetric HBPAA. However the opposite result was obtained. This might result
from the fact that it is difficult to synthesize high molecular weight asymmetric HBPA A
molecule because of low reactivity of the amino group in 2-position in TADE.
3.2 Polymer characterization

ATR FT-IR spectra of the asymmetric and symmetric pristine HBPIs and the
asymmetric AM-HBPI-silica hybrid films are shown in Figure 5-3 (a, b). The bands
observed around 1784 cm’ (C=0 asymmetrical stretching), 1721 em’! (C=0
symmetrical stretching), 1360-1374 em” (C-N stretching), and 718-721 em” (C=0

bending) are characteristic absorption bands of polyimides 12l

. In contrast, no
characteristic bands of polyamic acids around 1680 cm” were found. These results

indicate that the asymmetric HBPIs are well imidized by thermal imidization at 300°C

as well as symmetric HBPIs. The bands around 1857 cm’ in Figure 5-3 a) is attributed
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Figure 5-3 ATR FT-IR spectra of the (a) asymmetric and symmetric HBPIs and
(b) asymmetric AM-HBPI-silica hybrids (SiO; content: 0-30wt%).
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to the stretching of C=O of the terminal anhydride groups in the DA-HBPIs '3 The
characteristic band attributed to the stretching of N-H of the terminal amino groups in
the AM-HBPIs around 3392cm™ overlapped with the peak of the O-H groups, and could
not be observed. For the HBPI-silica hybrid films (Figure 5-3 b)), it can be observed
that the broad and strong absorption bands around 1100 cm™ assigned to Si-O-Si
stretching are enhanced with increasing SiO; content, indicating sufficient formation of
the three-dimensional Si-O-Si network "*. The broad absorption bands around 3480
cm™ are likely attributed to silanol groups remaining in the silica domain.

The optical transmittances at 600nm are shown in Table 5-1 and plotted against silica
content in Figure 5-4. The optical transmittances of the pristine asymmetric HBPI films
are lower than that of the corresponding pristine symmetric HBPI films. This is because
the molecular size of TADE, a triamine monomer of asymmetric HBPI, is smaller than
TAPOB, a triamine monomer of symmetric HBPI, and therefore imide group density in

a unit volume of asymmetric HBPI is higher than that of symmetric HBPI. The

40

Transmittance [%o]

20 & —&— Asymmetric DA-HBPI
—&— Asymmetric AM-HBPI

Symmetric DA-HBPI

Symmetric AM-HBPI

0 10 20 30

Silica content [wt%]

Figure 5-4 Optical transmittances of the asymmetric and symmetric
HBPI-silica hybrid films at 600nm.
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asymmetric and symmetric AM-HBPI films are colored to dark brown because of the
partial thermal denaturation of terminal amino groups of the AM-HBPIs during thermal
imidization "), However the optical transmittances of asymmetric and symmetric
HBPI-silica hybrid films increased with increasing silica content, which might be
attributed to decreased imide group density in a unit volume and favorable dispersion of
silica. And this result indicated the good dispersion of silica component even in the
asymmetric HBPI with high linearity. The fine and homogeneous dispersion of silica is
brought not only by the characteristic hyperbranched structures of molecular chains but
also by silane coupling agent which offer covalent bonds between organic and inorganic
components %],

The thermal properties of the asymmetric and symmetric HBPI-silica hybrids were
investigated by TMA, DMA, and TG-DTA measurements. Coefficients of thermal

expansion (CTEs) of the asymmetric and symmetric HBPI-silica hybrid films are listed

in Table 5-1 and plotted against silica content in Figure 5-5. CTE values of the

60 l
40
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£
(=N
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o
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Symmetric AM-HBPI
0 1 1
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Figure 5-5 Coefficients of thermal expansion (CTEs) of the
asymmetric and symmetric HBPI-silica hybrid films.
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asymmetric HBPI-silica hybrid films were lower than those of symmetric HBPI-silica
hybrid films. This result is probably caused by the rigidity of the asymmetric HBPI
molecular chains. Although only one ether unit is contained in a TADE monomer, three
ether units are contained in a TAPOB monomer. Additionally, the steric hindrance is
arisen by the asymmetric structure of TADE. Thus, the asymmetric HBPI molecules are
more rigid than the symmetric HBPI molecules. With increasing silica content, CTEs of
the asymmetric and symmetric HBPI-silica hybrid films decreased. This is caused by
the enhancement of the thermal mechanical stability of the HBPI matrix by the
formation of a robust three-dimensional Si-O-Si network and the decreased mobility of
the HBPI molecular chains by hybridization with silica.

The storage moduli (E’s) and tan & of the asymmetric and symmetric HBPI-silica
hybrid films are shown in Figure 5-6 (a-d). Unfortunately, DMA measurement for the
asymmetric DA-HBPI-silica hybrid film containing 30 wt% of SiO, could not be carried
out because of its mechanical brittleness. In the glassy region, no remarkable difference
between the asymmetric HBPI and the symmetric HBPI was observed. In contrast, in
rubbery region, we can see that the E* values of the asymmetric HBPI-silica hybrid
films were higher than those of corresponding symmetric HBPI-silica hybrid films. As
in the case of CTE, this is attributed to the rigidity of asymmetric (TADE system) HBPI
molecules. E’s of the asymmetric and symmetric HBPI-silica hybrid films increased
with increasing the silica content in both regions. This increase is caused by the
increasing of inorganic behavior and the decreasing mobility of HBPI molecular chains
by hybridization with silica.

Glass transition temperatures (Tgs) of the asymmetric and symmetric HBPI-silica
hybrid films determined from the peak of tan  are summarized in Table 5-1 and plotted

against the silica content in Figure 5-7. The T, value of the asymmetric pristine HBPI is
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Figure 5-6 Storage moduli (E’s) and tan  of the a) asymmetric DA-HBPI-silica
hybrid films, b)asymmetric AM-HBPI-silica hybrid films, ¢) symmetric DA-HBPI-
silica hybrid films, and d) symmetric AM-HBPI-silica hybrid films.

higher than that of corresponding symmetric pristine HBPI. With increasing the silica
content, T,s shifted to a higher temperature along with a decrease of peak intensity and
a broadening of the half-width of tan &. This result indicates that T,s increased with the
increase of inorganic behavior and the decrease of mobility of the HBPI molecular

chains caused by cross-linking through silica domains. Particularly, the T, values of
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Figure 5-7 Glass transition temperatures (Tgs) of the asymmetric and
symmetric HBPI-silica hybrid films derived from the peak top of tan 8.

asymmetric and symmetric DA-HBPI-silica hybrids increased with increasing silica
content conspicuously. This is probably because that robust three-dimensional Si-O-Si
network is easily formed via sol-gel reaction in the DA-HBPI-silica hybrids '° 3

5% weight loss temperatures (Tq’s) were investigated by TG-DTA and summarized
in Table 5-1 along with the silica content determined from the residues at 800°C. The
residues showed that all hybrid films contained an appropriate amount of silica, as
expected. In Figure 5-8, Ty’ values of the asymmetric and symmetric HBPI-silica
hybrids are plotted against silica content. For the symmetric pristine HBPI, the T4’ value
of the AM-HBPI was higher than that of corresponding DA-HBPI. On the other hand,
in the case of asymmetric pristine HBPI, the T, value of the DA-HBPI was higher than
that of corresponding AM-HBPIL T4’ values are affected by the amount of thermally
unstable units in the molecule. For the symmetric HBPI, the Ty® value was probably

controlled largely by the degradation of C-F bond in 6FDA component (5] Thus, the

T4 value of the DA-HBPI with higher content of 6FDA was lower than that of AM-
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HBPI. On the other hand, in the asymmetric HBPI, the rigidity of AM-HBPI molecule
may have a major effect on the T’ value. The AM-HBPI is more rigid than DA-HBPI
because there are many branching units in the AM-HBPI molecular chains, and so the
cross-linking reaction between silane coupling agents is hard to progress and many
thermally unstable silanol groups remain in the asymmetric AM-HBPI molecular
terminals. The Tqs values of the asymmetric and symmetric HBPI-silica hybrids
increased with increasing silica content. This increased thermal stability of the HBPI—
silica hybrid films resulted from the formation of cross-linking between the HBPI and
the silica domain, the introduction of inorganic characteristics, and the radical trapping
effect of silica. Even though the silica content increased, the T’ of the asymmetric
HBPI-silica hybrids did not increase so conspicuously as corresponding symmetric
HBPI-silica hybrids. This was probably because there were more silanol groups left in
the asymmetric HBPI-silica hybrids than the symmetric HBPI-silica hybrids due to the

rigidity of the asymmetric HBPI molecular chains as the above mentioned discussion

550
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400 : :
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Figure 5-8 5% weight loss temperatures (T4’s) of the asymmetric and
symmetric HBPI-silica hybrids.
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about the TMA and DMA behaviour.

3.3 Gas transport properties

The gas permeability, diffusion, and solubility coefficients of the asymmetric and

symmetric HBPI-silica hybrid membranes are summarized in Table 5-2 along with the

fractional free volumes (FFVs) calculated from the group contribution method. And the

CO; and CH4 permeability, diffusion, and solubility coefficients are plotted against

silica content in Figure 5-9 (a, b), Figure 5-10 (a, b), and Figure 5-11 (a, b). In general,

it is well known that gas diffusivities of polymers strongly depend on the FFVs U718 1

this work, the gas permeabilities and FFVs of asymmetric HBPIs also tended to be

higher than those of corresponding symmetric HBPIs. This was due to the higher

rigidity of the asymmetric HBPI molecules. As shown in Table 5-2 and Figure 5-9 a),

Table 5-2 Gas transport properties of the asymmetric and symmetric HBPI-silica hybrid
membranes at 76cmHg and 25°C

Px10' : $x10°
[cm*(STP)em/cm? s D10 [em*(STPYem® polym
FFV [cm?%/s]
cmHg] cmHg]

CO, O, N, CHy CO, O, N, CHy CO, O, N; CH,

Asymmetric DA-HBPI  0.168 14 2.9 043 020 044 19 0.38 0.049 32 1.5 1.1 4.0
10wt%SiO, 16 3.1 047 0.19 045 1.8 037 0.045 35 1.7 13 43

20wt%SiO, 18 3.2 049 018 046 1.6 0.31 0.038 39 22 1.6 46

30wt%Si0, 19 35 046 0.17 047 1.6 0.28 0.039 40 2.0 1.7 44
Asymmetric AM-HBPI 0.166 18 3.6 0.68 022 0.48 1.8 0.57 0.042 38 2.0 12 53
10wt%SiO, 16 3.0 056 0.18 040 1.6 037 0035 40 19 15 52

20wt%SiO, 14 24 034 0.14 034 14 0.22 0.021 41 1.8 1.6 6.7

30wt%SiO, 13 22 031 0.10 0.32 0.93 0.20 0.019 42 23 1.6 5.3

Symmetric DA-HBPI 0.161 7.4 1.5 023 0.098 030 14 0.250.028 25 1.1 092 3.5
10wt%SiO, 10 2.0 031 0.13 0.35 1.5 029 0.026 30 14 1.1 5.0

20wt%SiO, 13 2.1 032 0.16 0.37 1.3 0.250.030 35 17 13 52

30wt%SiO, 23 3.0 046 024 0.57 1.7 0.29 0.040 41 1.8 1.6 6.0

Symmetric AM-HBPI 0.161 13 23 0.35 022 041 1.5 026 0.048 30 1.5 13 45
10wt%Si0O, 15 24 037 023 047 1.7 032 0.055 31 14 12 4.1

20wt%SiO, 16 25 038 022 041 14 0.27 0.048 38 1.8 14 4.6

30wt%SiO, 19 29 043 021 046 1.5 024 0.054 42 19 18 39
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Figure 5-9 a) CO, and b) CH, permeability coefficients of the asymmetric
and symmetric HBPI-silica hybrid membranes.

the CO, gas permeability coefficient of the asymmetric AM-HBPI-silica hybrid
membranes decreased with increasing silica content. In addition, the increasing of the
CO, gas permeability coefficient of the asymmetric DA-HBPI-silica hybrid membranes
with increasing silica content was smaller than those of corresponding symmetric DA-
HBPI-silica hybrid membranes. For the CH,4 gas transport property, from Table 5-2 and
Figure 5-9 b), it was recognized that the CH4 gas permeability of the asymmetric DA-
and AM-HBPI-silica hybrid membranes decreased with increasing silica content
conspicuously. And these results on permeability greatly reflect the change in the
diffusivity coefficient (Figure 5-10 and Figure 5-11). In the previous research, Suzuki
et al. found that the gas permeability coefficient and the CO,/CH4 permselectivity of the
symmetric DA-HBPI-silica hybrid membranes prepared via sol-gel reaction using
TMOS increased with increasing silica content, suggesting the additional formation of
free volume holes and a Langmuir sorption site effective for gas transport and

[19-21]

separation properties through hybridization with silica However, in the
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asymmetric

HBPI-silica

hybrids with

the higher linearity of polymer chains, the dispersibility of silica component is not as

good as in the symmetric HBPI-silica hybrids. Therefore, silica component is
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aggregated to the size that affects the gas permeation but doesn't affect the optical
transmittance. The more the size of a silica component is large, the more the diffusion
path formed in the HBPI-silica interfacial region becomes long and tortuous. The effect
of newly formed diffusion path was countered by the increase of total path of the gas.
Similar gas transport properties have been reported in several other studies. Merkel et al.
studied the effect of particle size on gas permeability of the superglassy polymer-silica
nanocomposites. They reported the importance of using small particles to achieve the
desired effect on gas transport in the polymer; the gas permeability increases linearly
with decreasing silica particle size "%, Dougnac et al. also reported similar results
about the transport properties of the PA6-silica nanosphere composites #°). In addition,
as reported in chapter 4, it was thought that an effect of hybridization on gas
permeability was hard to be taken in the AM-HBPI-silica hybrid membranes because of
the rigidity of the AM-HBPI polymer chains which inhibit the progress of the sol-gel
reaction. It was considered that the rigidity of asymmetric AM-HBPI was the highest of
all examined HBPIs, and that the gas permeability decreased with increasing the silica
content.
3.4 O/N>and CO,/CHy selectivities

The ideal permselectivity for the combination of gases A and B [a(A/B)] is defined

by the equation!®®! :

_P(A)_D(A) S(A)_

“AB o) DB S®B)

o (A/B)xa’(A/B) (5)

where o”(A/B) is the diffusivity selectivity and o>(A/B) is the solubility selectivity. The
0,/N, and CO,/CHy4 selectivities of the HBPI-silica hybrid membranes are listed in

Table 5-3, and O,/N; and CO,/CH4 permselectivities are plotted against the O, and CO,
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Table 5-3 O,/N; and CO,/CHj selectivities of the asymmetric and symmetric HBPI-silica
hybrid membranes at 76 cmHg and 25°C

0O,/N; selectivity CO,/CHj, selectivity
a(0/Ny)  o®(0/Ny)  o®(0o/Ny)  a(CO,/CHy) o°(CO,/CH,) a(CO,/CH,)
Asymmetric DA-HBPI 6.7 5.0 1.4 70 9.0 8.0
10wt%SiO, 6.6 49 1.3 84 10.0 8.1
20Wt%Si0, 6.5 5.2 1.4 100 12 8.5
30wt%SiO, 7.6 5.7 1.2 112 12 9.1
Asymmetric AM-HBPI 5.3 3.3 17 82 11 7.2
10wt%SiO, 5.4 43 1.3 88 11 7.8
20wt%SiO, 6.0 6.2 1.1 100 16 6.1
30wt%Si0, 7.0 47 1.5 132 17 7.8
Symmetric DA-HBPI 6.8 5.8 1.2 75 11 7.0
10wt%SiO, 6.6 52 1.3 79 13 5.9
20wt%SiO, 6.7 5.3 1.3 82 12 6.8
30wt%SiO, 6.6 5.8 1.1 95 14 6.7
Symmetric AM-HBPI 6.6 o 1.2 59 8.5 6.7
10wWt%SiO, 6.5 5.3 12 65 8.6 7.6
20wt%Si0, 6.6 52 1.3 73 9.5 8.3
30wt%SiO, 6.7 6.3 1.1 90 8.5 11

permeability coefficients in Figure 5-12 (a, b), respectively. In Figure 5-12 (a, b), the
open symbols represent the data of the pristine HBPI, and the darkness of filled symbols
increase with increasing silica content.

In general, there is a trade-off relationship between permeability and perimselectivity;
the gas permselectivity decreases with increasing the permeability, or vice versa (2% In
the previous study, Suzuki et al. reported that 1) the a(O2/N3) values of the symmetric
DA-HBPI-silica hybrid membranes slightly decreased and the O, permeability
increased with increasing silica content along with the upper bound trade-off line for
0,/N; separation demonstrated by Robeson 27.28] and 2) both a(CO,/CH,4) values and
CO; permeability of the symmetric DA-HBPI-silica hybrid membranes increased with
increasing silica content. In this study, for the asymmetric AM-HBPI silica hybrid

membranes, the plots of the O, permeability and O,/N, permselectivity relationship

shifted to the low permeability region with increasing silica content along with the
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Figure 5-12 Ideal a) O,/N; and b) CO,/CHy selectivity of the asymmetric and
symmetric HBPI-silica hybrid membranes plotted against O, and CO, permeability,
respectively.

upper bound trade-off line (Figure 5-12 a)). On the other hand, the plots of the CO,
permeability and CO,/CH4 permselectivity relationship shifted to the low permeability
region with significant increase of permselectivity with the increase of silica content
(Figure 5-12 b)). For this reason, it is considered that the free volume holes formed by
hybridization with silica in the asymmetric AM-HBPI silica hybrid membranes have an
excellent molecular sieving effect on CO,/CH4 selectivity because the CH4 gas
diffusivity coefficient decreased with increasing silica content conspicuously.
4. Conclusions

The asymmetric and symmetric HBPI-silica hybrid membranes were prepared via
sol-gel reaction and their physical and gas transport properties were investigated. It is
considered that the asymmetric HBPI molecular chain is more linear than the symmetric
HBPI. ATR FT-IR spectra revealed satisfactory imidization and sufficient formation of

a three-dimensional Si-O-Si network in all prepared films. The result of optical
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transmittances indicated the fine and homogeneous dispersion of silica component even
in the asymmetric HBPI hybrids with high linearity. From the DMA and TMA
measurements, it was suggested that thermomechanical property and dimensional
stability of the asymmetric HBPI-silica hybrids were higher than those of symmetric
HBPI-silica hybrids because the rigidity of the asymmetric HBPI molecular chains.
Besides, there were more silanol groups left in the asymmetric HBPI-silica hybrids than
the symmetric HBPI-silica hybrids due to the rigidity of the asymmetric HBPI
molecular chains. Thus, the T4’ values of the asymmetric HBPI-silica hybrids did not
increase so conspicuously as corresponding symmetric HBPI-silica hybrids with
increasing silica content. The CO,, O,, N,, and CH4 gas permeability coefficient of
asymmetric AM-HBPI-silica hybrid membranes decreased with increasing silica content.
This was because the dispersibility of a silica component in the asymmetric HBPI-silica
hybrids with the high linearity of polymer chain is not as fine as in symmetric HBPI-
silica hybrids, and therefore the long and tortuous diffusion path was newly formed by
hybridization with silica. Nevertheless, the asymmetric HBPI-silica hybrids demonstrate
superior CO,/CHjy selectivity due to the excellent molecular sieving effect of the newly

formed free volume holes by incorporation with silica.
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Chapter 6

Gas Transport Mechanism of Hyperbranched
Polyimide-Silica Hybrid / Composite Membranes

1. Introduction

Polyimide-silica hybrids and composites can be prepared by the sol-gel process or
the addition of colloidal silica. The sol-gel reaction is achieved by addition of silicon
alkoxide to polyamic acid (polyimide precursor) solution, and subsequently the
hydrolysis and polycondensation with an appropriate acid or base catalyst; the addition
of colloidal silica is commonly just mixing colloidal silica particles with the polyamic
acid solution. Generally, it is said that colloidal silica has dense structure and silica
prepared via sol-gel reaction has amorphous three-dimensional network structure with
nanopores.

The dispersion of silica components in polyimide matrix has a significant impact on
the properties of hybrids and composites. The modification of polyimide molecular
terminals is one of the most effective method to enhance the compatibility between
polyimide and silica and, thereby, to improve the dispersibility of the silica components.
Hybrid materials which have strong chemical interaction between organic and inorganic
components such as covalent bonds can be obtained by use of polyimides with terminal
modification. On the other hand, we can obtain composite materials which show weak
or no interactions between the two components by use of polyimides without terminal
modification.

In this chapter, the physical and gas transport properties of hyperbranched polyimide-

silica hybrid (HBPI-silica HBD) and hyperbranched polyimide-silica composite (HBPI-
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silica CPT) membranes prepared with silicon alkoxide or colloidal silica were
investigated to discuss and propose the gas transport mechanism in the HBPI-silica

HBD and CPT membranes.

2. Experimental
2.1 Materials

1,3,5-Tris(4-aminophenoxy)benzene (7APOB) was synthesized by the reduction of
1,3,5-tris(4-nitrophenoxy)benzene with palladium carbon and hydrazine in methanol !,
Dianhydride, 4,4’-(hexafluoroisopropylidene) diphthalic anhydride (6 DA), was kindly
supplied by Daikin Industries (Osaka, Japan). 3-Aminopropyltrimethoxysilane
(APTrMOS) was purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA).
Tetramethoxysilane (TMOS) was purchased from AZmax, Co., Ltd (Tokyo, Japan) and
colloidal silica was obtained from Nissan Chemical Industries, Ltd (Tokyo, Japan). N,
N-Dimethylacetamide (DMAc) used as a solvent was purchased from Nacalai Tesque
(Kyoto, Japan). The chemical structures of monomers, silane coupling agent, and silica

sources are shown in Figure 6-1.

e : (I)Me
H,N NH, OWO Meo—§i—0Me
\O\O O/©/ o o LG
4,4’-(Hexafluoroisopropylidene) Tetramethoxysilane
diphthalic anhydride
0 (TMOS)
(6FDA)
(?Me
H i-
QN\\//A\\/,§1 OMe
Nt OMe
1,3,5-Tris(4-aminophenoxy)benzene 3-Aminopropyltrimethoxysilane Colloidal silica
(TAPOB) (APTrMOS) (particle diameter: 10-20 nim)

Figure 6-1 Chemical structures of monomers, silane coupling agent, and silica sources.
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2.2 Polymerization

Three mmol of 6FDA was dissolved in 40 ml of DMAc in a 100-ml three-neck flask
under N, flow at room temperature. To this solution, 1.6 mmol of TAPOB in 20 ml of
DMAc was then added dropwise through a syringe with stirring for 3 h to afford
hyperbranched polyamic acids (HBPAAs). Subsequently, for the HBPAAs to be used
for the preparation of HBPI-silica HBDs, 0.4 mmol of the silane coupling agent,
APTrMOS, was added into the reaction mixture to modify the terminal groups of the
HBPAASs with further stirring for 1 h.
2.3 Membrane formation
2.3.1 TMOS system HBPI-silica HBD and CPT membranes

The TMOS system HBPI-silica HBD and CPT membranes were prepared to react
HBPAAs with silicon alkoxide, TMOS, by sol-gel reaction, and then followed by
thermal imidization. Appropriate amounts of TMOS and deionized water (TMOS :
deionized water = 1 : 6 as a molar ratio) were added into the DMACc solution of the
HBPAAs. HBPAAs modified with APTrMOS were used for the preparation of HBPI-
silica HBDs; on the other hand, unmodified HBPAAs were used for the preparation of
HBPI-silica CPTs. The mixed solutions were stirred for 24 h and then cast on PET films
and dried at 85°C for 3 h. The prepared films were peeled off and subsequently imidized
at 100°C for 1 h, 200°C for 1 h, and 300°C for 1 h in a heating oven under N, flow. The
average thickness of the prepared HBPI-silica HBD and CPT membranes was about 30
pm. A schematic diagram for the preparation of TMOS system HBPI-silica HBD and
CPT membranes is shown in Figure 6-2.
2.3.2 Colloidal silica system HBPI-silica HBD and CPT membranes

The colloidal silica system HBPI-silica HBD and CPT membranes were prepared by

mixing HBPAAs and colloidal silica, and then followed by thermal imidization.
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Appropriate amounts of colloidal silica dispersed in DMAc was added into the DMAc
solution of the HBPAAs. As is the case with TMOS system, HBPAAs modified with
APTrMOS were used for the preparation of HBPI-silica HBDs; on the other hand,
unmodified HBPAAs were used for the preparation of HBPI-silica CPTs. Shortly after
mixing the HBPAAs and colloidal silica, the prepared solutions were cast on PET films
and dried at 85°C for 3 h. The prepared films were peeled off and subsequently imidized
at 100°C for 1 h, 200°C for 1 h, and 300°C for 1 h in a heating oven under N, flow. The
average thickness of the prepared HBPI-silica HBD and CPT membranes was about 30
pum. A schematic diagram for the preparation of colloidal silica system HBPI-silica

HBD and CPT membranes is shown in Figure 6-2.

H,N 2
Q,_ "
(S\ F\(‘ CFJ\ 0 U Polymerization
°m° N : R.T., 3h o BIEBAS
o o ’

© In DMAc
6FDA % TAPOB N, flow

Hybridization

Terminal or Membrane Thermal
modification > Mixing > formation > imidization HBPI-silica HBD/CPT
R.T. 1h R.T., 24h 85°C, 3h 1) 100°C, 1h membranes
OMe 2)200°C, 1h
HyN A~ $i—OMe TMOS 3) 300°C, 1h
QLG H,0 N, flow
APTIMOS

Without modification/ | Colloidal silica

Figure 6-2 A schematic diagram for the preparation of HBPI-silica HBD and CPT membranes.

2.4. Measurements

Attenuated total reflection Fourier transform infrared (ATR FT-IR) spectra were
recorded on a JASCO (Tokyo, Japan) FT/IR-4100 at a wavenumber range of 550-4000
cm” and a resolution of 1 cm™. Transmission electron microscopy (TEM) micrographs

of ultrathin sections of the HBPI-silica HBD and CPT films were recorded with a
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Hitachi High-Technologies (Tokyo, Japan) H-7650 with an acceleration voltage of 100
kV. Ultraviolet-visible (UV-vis) optical transmittances were measured with a JASCO
V-530 UV/vis spectrometer at wavelengths of 200-800 nm. Thermogravimetric-
differential thermal analysis (TG-DTA) experiments were performed with a Seiko
Instruments (Chiba, Japan) TG/DTAS5200 at a heating rate of 10°C/min under air flow.
Dynamic mechanical analysis (DMA) measurements were performed with a Seiko
Instruments DMAG6100 at a heating rate of 5°C/min under N, flow; the load frequency
was 1 Hz. Thermal mechanical analysis (TMA) measurements were carried out using a
Seiko Instruments TMA/SS6100 at a heating rate of 5°C/min under N, flow. CO,, O,
N,, and CH4 permeation measurements were taken with a constant volume/variable
pressure apparatus under 76 cmHg at 25°C. The permeability coefficient, P
(2]

[em*(STP)em/cm® s cmHg), was determined by the equation

»_22414L V dp

1
A pRTdt M

where A is the membrane area (cm”), L is the membrane thickness (cm), p is the
upstream pressure (cmHg), V is the downstream volume (cm’), R is the universal gas
constant (6236.56 cm® cmHg/mol K), T is the absolute temperature (K), and dp/dt is the
permeation rate (cmHg/s). The gas permeability coefficient can be explained on the
basis of the solution-diffusion mechanism, which is represented by the equation * 4.
P=DxS (2)

where D (cm?/s) is the diffusion coefficient and S [cm3(STP)/cm3p01ym cmHg] is the
solubility coefficient. The diffusion coefficient was calculated by the time-lag method

represented by the equation 51,

L2

60t 3)
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where 0t (s) is the time-lag. Wide angle X-ray diffractometry (WAXD) were recorded at
room temperature by using Rigaku Co. (Tokyo, Japan) RINT2500 in the 2 theta range
of 5 - 35° with a scan rate of 2°min. Cu Ko (wavelength A = 0.154nm) radiation was

used. The average d-spacing value was determined from Bragg’s equation:

= 2sind 4)

3. Results and Discussion
3.1 Polymer characterization

The ATR FT-IR spectra of the HBPI-silica HBD and CPT films are shown in Figure
6-3 (a, b). The bands observed around 1784 cm™ (C=0 asymmetrical stretching), 1722
cm™ (C=0 symmetrical stretching), 1375 cm™ (C-N stretching), and 720 cm™ (C=0
bending) are characteristic absorption bands of polyimides. In contrast, the

characteristic band of polyamic acids around 1680 cm™ is not found. These results

VsCc=0 . VsC=0 1
Vaso=0 1722cm™  Vsi-0-si Vasc=0 1722cm” Vsi-0-Si
8) 1784cm! ~1100cm’! B) 1784cm! ~1100cm™!
VsC=0 B 5o VsC=0 Sec-0
1857cm! Y Ven | 720em’! 1857cm! Y VeN | 720cm!
1375em’! i 1375cmit l‘
Vo-H Y @w v Vo-H vi l i
~3480cm" i ~3480cm! i i}
} ‘f‘,z‘ " ] :é ,'".- s
¢ i \ § [ i .: '= \)
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..................................... A B i IR IWN .__-.,,——-“"-—--x-.._-________,._______}'3‘- Y VS :"."?;‘-, W a
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Figure 6-3 ATR FT-IR spectra of the a) TMOS system HBPI-silica HBDs (SiO,
content : 0-30wt%) and b) HBPI-silica HBDs and CPTs (SiO; content : 30wt%).
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indicate that the prepared films are well imidized. The bands around 1857 cm™ are

attributed to the stretching of C=0O of the terminal anhydride groups in the HBPI
molecules *7). For the TMOS system HBPI-silica HBDs (Figure 6-3 a), it can be seen
that the broad and strong absorption bands around 1100 cm™ assigned to Si-O-Si
stretching are enhanced with increasing SiO, content, indicating the sufficient formation
of the three-dimensional Si-O-Si network ®. The broad absorption bands around 3480
cm™ are likely attributed to silanol groups remaining in the silica domain. In comparison
of the TMOS system and the colloidal silica system (Figure 6-3 b), the absorption bands
around 3480 cm™ of TMOS system are stronger than those of colloidal silica system,
suggesting that much more silanol groups remain in the TMOS system HBDs and CPTs
than colloidal silica system HBDs and CPTs. It is also recognized that the absorption
bands around 1100cm™ of colloidal silica system are sharper and shifted slightly
toward higher wavenumber region than those of TMOS system, suggesting the presence
of rigid Si-O-Si bodings of colloidal silica system.

The TEM micrographs of the TMOS system HBPI-silica HBD and CPT are shown in

100nm

Figure 6-4 TEM micrographs of the TMOS system HBPI-silica a) HBD and b) CPT.
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Figure 6-4. The TEM data revealed that the silica moiety in the HBPI-silica HBD

dispersed finely due to the strong interaction between HBPI and silica.

The optical transmittances at 600nm are shown in Table 6-1 and plotted against silica

Table 6-1 Physical properties of the HBPI-silica hybrid and composite films.

Transmittance TG-DTA DMA TMA
at 600nm Ty Residue * Tg CTE®
[%] [°C] [wi%] [°’C]  [ppm~°C]

modified HBPI 88.9 457 0 304 56
TMOS system HBD 10wt%SiO, 89.9 490 10 320 47
20wt%SiO, 90.2 496 20 338 31
30wt%SiO, 90.3 509 30 351 25
colloidal silica system HBD 10wt%SiO, 88.5 477 9 299 47
20wt%SiO, 89.4 482 19 299 40
30wt%SiO, 89.5 488 30 304 36
unmodified HBPI 90.8 499 0 281 51
TMOS system CPT 10wt%SiO; 84.1 478 10 284 42
20wt%SiO, 78.2 488 18 285 33
30wt%SiO, 79.4 500 29 289 25
colloidal silica system CPT 10wt%SiO, 76.9 479 9 279 44
20wt%Si0, 71.4 484 17 282 38
30wt%SiO, 69.8 491 28 287 31

? Determined from the residual at 800°C
® CTE at 100-150°C

TMOS system HBD
—8®— TMOS system CPT
—&— Colloidalssilica system HBD
Colloidal silica system CPT

100
80
9
= 60 |
o
o
B
E 40 }
=
&
]'_'
20
0
0

10

Silica content [wt%]

20
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Figure 6-5 Optical transmittances of the HBPI-silica HBD and CPT films at 600nm.
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content in Figure 6-5. The hybrid films maintain high transparency similar to the
corresponding pristine HBPI up to high silica content. This result might be attributed to
the decreased imide group density in a unit volume and the favorably fine dispersion of
silica without aggregation. The fine and homogeneous dispersion of silica in the hybrid
films is brought by silane coupling agents which offer covalent bonds between organic
and inorganic components . On the other hand, the transparency of composite films
decreased severely with increasing silica content. This probably results from the low
affinity of HBPI and silica moiety which leads to the aggregation of the silica
components, consequently the light scattering occurs in the visible light region.

The thermal properties of the HBPI-silica HBDs and CPTs were investigated by TG-
DTA, DMA, and TMA measurements. The 5% weight loss temperatures (Ty’s) of the
HBPI-silica hybrids were investigated by TG-DTA and summarized in Table 6-1 along
with silica content determined from the residues at 800°C. The residues showed that all

hybrids contained an appropriate amount of silica, as expected. In Figure 6-6, the Ty’

550

500 r\\ /’\/{’/2

= @

|~

450

TE FC]

TMOS system HBD
—®— TMOS system CPT
—&— Colloidal silica system HBD
Colloidal silica system CPT
400 : A
0 10 20 30

Silica content [wt%)]

Figure 6-6 5% weight loss temperatures (T4’s) of the HBPI-silica HBDs and CPTs.
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values of the HBPI-silica HBDs and CPTs are plotted against the silica content. The T4’
of the pristine HBPI modified with APTrMOS was lower than that of the unmodified
pristine HBPI because C-N bonds formed by the addition of APTrMOS are less
thermally stable 101 The T4 values of the HBPI-silica HBDs increased with increasing
silica content due to the formation of cross-linking mediated by the silica domain, the
introduction of inorganic characteristics, and the radical trapping effect of silica.
Especially, the T4 values of the TMOS system HBPI-silica HBDs increased remarkably
because of the significant contribution of the formation of cross-linking between the
HBPI and the silica domain by using much silanol groups remaining in the amorphous
silica. For the colloidal silica system, the cross-linking reaction is hard to occur because
there are not so many silanol groups on the surface of silica particles as silica prepared
via sol-gel reaction. In the HBPI-silica CPTs, the T4 values of both TMOS and
colloidal silica system decreased in the low silica content region. This result might arise
from the influence of the dehydration from the unreacted silanol groups remaining in the
silica domain derived from sol-gel reaction or on the surface of silica particle. By
contrast, in the higher silica content region, the T4’ values of both TMOS and colloidal
silica system increased with increasing the silica content due to the strong influence of
the introduction of inorganic characteristics and the radical trapping effect of silica.

The storage moduli (E’s) and tan é of the HBPI-silica HBD and CPT films are shown
in Figure 6-7 (a-d). Only for the TMOS system HBPI-silica HBDs, the shift of T, (peak
of the tan 9) to higher temperature region along with a decrease of peak intensity and a
broadening of the half-width of tan & was observed. These results indicate the strong
interaction of the modified HBPI and silica prepared via sol-gel reaction. In Figure 6-
8(a, b), E’s in the rubbery region and glassy region are plotted against the silica content.

In the glassy region, no remarkable difference between these films was observed. In
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Figure 6-7 Strage moduli (E’s) and tan d of the a) TMOS system HBPI-silica HBD films,
b) TMOS system HBPI-silica CPT films, c) colloidal silica system HBPI-silica HBD
films, and d) colloidal silica system HBPI-silica CPT films.

contrast, in the rubbery region, the E’s of the TMOS system HBPI-silica HBD films

were higher than those of corresponding other films. This result indicates that in the

rubbery region, the mobility of the molecular chains of the TMOS system HBPI-silica

HBD is much lower than others because much more covalent bonds are formed between

the modified HBPI and the silica moiety prepared via sol-gel reaction. This result also

supports the above mentioned discussion about the T4° behaviour.

The glass transition temperatures (Tgs) of the HBPI-silica HBD and CPT films

determined from the peak of tan  are summarized in Table 6-1 and plotted against
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silica content in Figure 6-9. In Figure 6-9, it can be seen that only T,s of TMOS system

HBPI-silica HBDs increased with increasing the silica content. This result also confirms

the difference of the affinity of the HBPI molecular chain and the silica moiety; the
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Figure 6-8 Strage moduli (E’s) in the a) glassy region and b) rubbery region of the HBPI-
silica HBD and CPT films plotted against silica content..
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Figure 6-9 Glass transition temperatures (T,s) of the HBPI-silica
HBD and CPT films derived from the peak of tan 6.
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molecular mobility decreased in the TMOS system HBPI-silica HBDs because of the
strong interaction between two components through much cross-links.

The coefficients of thermal expansion (CTEs) from 100 to 150°C of the HBPI-silica
HBD and CPT films are listed in Table 6-1. The CTE values of all hybrid and
composite films decreased with increasing silica content attributed to the introduction of
inorganic characteristics. In the TMOS system, the CTE values decreased conspicuously
without dependence on hybrids or composites because the inorganic characteristics of
silica domain appear strongly due to the three-dimensional entanglement of the HBPI
molecules and the silica moiety.

3.2 Gas transport properties

The gas permeability, diffusion, and solubility coefficients of the HBPI-silica HBD
and CPT membranes are summarized in Table 6-2, and the CO, permeability, diffusion,
and solubility coefficients are plotted against the silica content in Figure 6-10 (a-c). As

shown in Table 6-2 and Figure 6-10, the gas permeability coefficients of the TMOS

Table 6-2 Gas transport properties of the HBPI-silica HBD and CPT membranes at
76cmHg and 25°C

Px10° 8 Sx10°
: 2 Dx10 3 3
[cm(STP)enven™ s [ems] [co(STPYem” polym
cmHg] cmHg]
CO, O, N CHi CO, O, N, CHy CO, O N, CHy
modified HBPI 74 15 023 0098 030 14 025 0028 25 11 092 35
TMOS system HBD 10wt%Sio, 10 20 031 013 035 1.5 029 0026 30 14 11 50

20wt%Sio, 13 21 032 016 037 13 0250030 35 1.7 13 52
30wm%SiO, 23 3.0 046 024 057 1.7 029 0040 41 18 16 60

ColloidalsilicasystemHBD  10wm%SiO, 80 1.7 027 0.2 042 18 033 0048 19 097 080 25
20wt%Sio, 81 16 030 0.2 037 15 033 0049 22 1.1 091 25
30wt%SiO, 84 19 027 013 040 1.6 035 0041 21 13 077 32

unmodified HBPI 38 086 0.11 0046 0.19 087 014 0012 21 099 0.81 39

TMOSsyseem CPT 10w%SiO, 49 10 013 0048 023 095 0.15 0011 22 1.1 083 43
20wm%Sio, 70 1.3 0.18 0.067 025 097 016 0012 28 14 11 54
30wt%Sio, 17 27 039 013 051 1.8 029 0026 33 1.5 14 50

Colloidalsilicasystem CPT ~ 10w%SiO, 48 1.1 015 0063 023 1.1 0.19 0021 21 09 0.77 3.0
20wm%Sio, 49 1.1 015 0066 026 10 021 0022 19 10 071 30
30wt%Sio, 5.1 1.1 0.5 0070 026 1.1 021 0023 20 097 074 30
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Figure 6-10 CO; a) permeability, b) diffusion and c) solubility coefficients of the HBPI-
silica HBD and CPT membranes.

system HBPI-silica HBD and CPT membranes increased with increasing the silica

content due to the contributions of both diffusion coefficient and solubility coefficient.

This result indicates the additional formation of free volume holes and a Langmuir

sorption site effective for gas transport properties through hybridization or mixing with

silica """, By contrast, the gas permeability coefficients of the colloidal silica system
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HBPI-silica HBD and CPT membranes increased very little with increasing the silica
content. From these results, it was revealed that the gas transport behavior of the HBPI-
silica HBD and CPT membranes was controlled largely by a silica source (sol-gel
reaction with TMOS or colloidal silica) than a preparation method (hybrid or
composite). Generally, it is well known that the introduction of the dense inorganic
particles to polymer matrix increases the gas barrier properties of polymer films. For
example, the permeability coefficients of the composite membrane with only 2 wt%
addition of montmorillonite is less than half of those of pristine polyimide for various
gases. This decrease of permeability coefficients was explained by the increase of the
total path of gas 4] Gases cannot diffuse through the dense inorganic filler. On the
other hand, Park et al. pointed out that the gas transport of siloxane containing
polyimide membrane could occur through the porous silica network and/or the path in
the interfacial region between silica networks and the organic matrix !, Similar gas
transport properties have been reported in several other studies. Merkel et al. reported
the increased gas permeabilities of the high-free-volume glassy polymer due to the
incorporation of nanosilica particles. They concluded that the polymer chains around the
nanosilica particles were unable to pack efficiently, resulting in a low-density polymer-
nanoparticle interfacial region which allows permeation of gases!'®'®l. Hill suggested the

19201 He concluded

theoretical model to quantitatively interpret Merkel et al.’s experiments
that the incorporation of nanoinclusion leads to the formation of a polymer-segment
depletion layer at the inclusion-polymer interface, and that the accompanying increase
in free volume increased the bulk permeability and selectivity due to a significant
increase in the local penetrant diffusivity. Zhang et al. also reported the improvement of

the permeability of poly(vinyl alcohol) / 1,2-bis(triethoxysilyl)ethane hybrid membranes,

and suggested that the amorphous region in the hybrid membranes increased with
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increasing silica content 1. The increased solubilities of the TMOS system HBPI-silica
HBD and CPT membranes suggest that the Langmuir-type sorption site is additionally
formed by the incorporation of silica domains. There are so many sorption sites in the

TMOS system HBPI-silica HBD and CPT membranes because the silica domain

prepared via the sol-gel reaction is porous and its specific surface area is large %,

3.3 O/N>and CO»/CHyselectivities

The ideal permselectivity for the combination of gases A and B [a(A/B)] is defined

by the following equation **';

_P(A)_D(A) S(A)_

“AB)= 5@ DE) SB)

a® (A/B)xa°(A/B) (5)

where a”(A/B) is the diffusivity selectivity and a>(A/B) is the solubility selectivity. The
0,/N, and CO,/CHy selectivities of the HBPI-silica HBD and CPT membranes are listed
in Table 6-3, and CO,/CH, permselectivity is plotted against the CO, permeability
coefficient in Figure 6-11. In Table 6-3, the O,/N, permselectivity slightly decreased

with increasing silica content i.e. O, permeability. This behavior is consistent with the

Table 6-3 O,/N; and CO,/CHy, selectivities of the HBPI-silica HBD and CPT membranes at
76 cmHg and 25°C

OYN,; selectivity CO,/CH,4 selectivity
aO/MNy)  d®(OMN,)  a(O/N;)  o(CO¥CHy) o”(COyCH,) @(COXCH,)

modified HBPI 6.8 58 12 75 11 70
TMOS system HBD 10\wWt%Si0, 6.6 52 13 79 13 59
20wt%SiO, 6.7 53 1.3 82 12 6.8

30wt%SiO, 6.6 58 1.1 95 14 6.7

Colloidal silica system HBD 10wt%SiO, 6.5 55 12 67 838 76
20wm%Si0, 54 44 12 66 76 8.7

30wt%SiO, 72 44 16 o4 99 6.5

unmodified HBPI 78 6.4 12 83 15 53
TMOS system CPT 10wt%SiO, 79 6.3 12 102 20 50
20wt%SiO, 73 6.0 12 14 20 53

30Wt%SiO, 70 62 1.1 129 20 6.6

Colloidal silica system CPT 1 0wt%SiO, 7.1 57 1.3 76 11 69
20Wt%SiO, 72 50 1.5 74 11 6.4

30wt%SiO, 7.0 54 13 73 11 6.5
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Figure 6-11 Ideal CO,/CH4 permselectivity [a(CO,/CHy)] of HPBI-silica
HBD and CPT membranes plotted against CO, permeability coefficient.

general understanding that more permeable polymers are generally less selective, and
vice versa 1. Hence, it can be concluded that free volume holes formed by
hybridization or mixing with silica are not sufficiently effective to separate O, and N,
that have similar kinetic diameters and shapes. For the CO,/CH,s permselectivity, in
Figure 6-11, we can see the different tendency depending on the silica source.
a(CO,/CHy) of the HBPI-silica HBD and CPT with colloidal silica slightly decrease
with increasing CO; permeability along with the upper bound trade-off line for

(24231 " suggesting that the free volume

CO,/CH,4 separation demonstrated by Robeson
formed in the colloidal silica system is not competent to separate CO, and CHs. By
contrast, both the CO, permeability and the CO,/CH4 permselectivity of the TMOS
system HBPI-silica HBD and CPT membranes increased with increasing silica content.
This result revealed that the free volume having CO,/CHy separation ability was formed

by hybridization or mixing via sol-gel reaction with TMOS.

The WAXD measurements were performed to scrutinize the difference between the
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Figure 6-12 WAXD patterns of the a) pristine HBPI, b) TMOS system HBPI-silica HBD
(SiO; content : 30wt%), and ¢) colloidal silica system HBPI-silica HBD (SiO, content :
30wt%).

TMOS system and colloidal silica system HBD and CPT membranes. Figure 6-12
shows the diffraction patterns of the a) pristine HBPI, b) TMOS system HBPI-silica
HBD, and c) colloidal silica system HBPI-silica HBD. In the spectrum of the HBPI base
polymer, the broad peak was found around 26=15.0°. The d-spacings can be calculated
by applying the scattering angles (26) of the peaks into the Bragg’s equation, ni=2d sinf.
The d-spacings determined from this manner represent approximate average
intersegmental distance of polyimide molecules (26281 Both TMOS system and colloidal
silica system hybrids show two diffraction peaks. From Figure 6-12 b) and c), the
intersegmental distance (d-spacing) of the HBPI molecule is narrowed by hybridization
with silica derived from TMOS, whereas, slightly spread by hybridization with colloidal
silica. The narrowing of the intersegmental distance in the HBPI-silica HBD with silica
derived from TMOS may arise from the cross-linking formed between the HBPI
molecular terminals and silanol groups remaining in the silica domain. On the other
hand, the d-spacing of the HBPI molecule in the colloidal silica system HBPI-silica
HBDs is expanded slightly than pristine HBPI because the nanosilica particles disrupt

the polymer chain packing. The peak around 21-24° is caused by the diffraction of silica
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moiety. It was confirmed that the silica domains prepared via sol-gel reaction with
TMOS were more amorphous than colloidal silica due to the lower and broader peak of
WAXD pattern. Comparing the d-spacing attributed to the silica moiety and the kinetic
diameters of studied gases (CO, : 3.3 A, O, : 3.5 A, N, : 3.6 A, CH, : 3.8 A), it cannot
be denied that the gases permeate through amorphous silica prepared by sol-gel reaction
that have molecular sieving function.

3.4 Gas transport mechanism

From the results of gas permeability and selectivity in the HBPI-silica HBD and CPT
membranes, the gas transport mechanism in the HBPI-silica HBD and CPT membranes
was considered as shown in Figure 6-13.

In the TMOS system HBPI-silica HBD and CPT membranes (Figure 6-13(a, b)),
gases can permeate through not only the newly formed diffusion path around the HBPI-
silica interfacial region but also inside the porous nanosilica components because the
amorphous silica is formed by sol-gel reaction. Consequently, the gas permeability
increases with increasing silica content. Furthermore, the CO,/CH4 permselectivity of
the HBPI-silica HBD and CPT membranes increased with increasing silica content
because the porous nanosilica formed by sol-gel reaction have molecular sieving effects.

On the other hand, in the colloidal silica system HBPI-silica HBD and CPT
membranes (Figure 6-13 (c, d)), large voids without CO,/CH4 separation ability are
formed around the HBPI-silica interfacial region because of the weak interaction of
HBPI and silica nanoparticles. Gases permeate through the tortuous diffusion path
formed between HBPI and silica component since it cannot permeate through the dense
colloidal silica phase. Therefore, few effects were found in permeability and CO,/CH,

permselectivity in the colloidal silica system HBPI-silica HBD and CPT membranes.
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Figure 6-13 A Schematic image of gas transport mechanism through the HBPI-silica
HBD and CPT membranes.

4. Conclusions
HBPI-silica HBD and CPT membranes were prepared via sol-gel reaction or the
addition of colloidal silica and their general and gas transport properties were

investigated. The ATR FT-IR spectra revealed satisfactory imidization and sufficient
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formation of three-dimensional Si-O-Si networks in all prepared films. And these
spectra also revealed the existence of the silanol groups in the TMOS system hybrids
and composites. The HBPI-silica HBD films maintain high transparency similar to the
corresponding pristine HBPIs at high silica content, indicating the favorable dispersion
of silica. The Tq4® values of all prepared HBPI-silica HBDs and CPTs increased with
increasing the silica content due to the formation of cross-linking between HBPI and
silica domain, the strong influence of the introduction of inorganic characteristics, and
the radical trapping effect of silica. From the DMA and TMA measurements, it was
found out that the most effective influence of the induction of silica to the
thermomechanical property is obtained in the TMOS system HBPI-silica HBD because
the interaction of the HBPI and the silica domain is stronger than other hybrids and
composites. The gas permeability and CO,/CH4 permselectivity of the TMOS system
HBPI-silica HBD and CPT membranes increased with increasing silica content. On the
other hand, CO,/CH4 permselectivity of the colloidal silica system HBPI-silica HBD
and CPT membranes slightly decreased with increasing CO, permeability. From these
results, the gas transport mechanism in the HBPI-silica HBD and CPT membranes is
proposed as follows; The increase of gas permeability and CO,/CH4 permselectivity of
the TMOS system HBPI-silica HBD and CPT membranes are caused by the
contribution of both of additional formation of free volume elements around polymer-
silica interfacial region which provides diffusion path and Langmuir-type sorption site
for gas molecules, and the formation of amorphous silica via sol-gel reaction which

have molecular sieving function.
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Chapter 7

Study on Nanostructure-Gas Transport Property
Relationship of Hyperbranched Polyimide-Silica
Hybrid Membranes

1. Introduction

In chapter 2 to chapter 6, a variety of hyperbranched polyimide (HBPI)-silica hybrid
membranes were prepared and their physical and gas transport properties were
investigated to clarify the structure-gas transport property relationship.

In this chapter, the nanostructures of HBPI-silica hybrids were examined by several

methods to discuss the gas transport mechanism.

2. Experimental
2.1 Materials

1,3,5-Tris(4-aminophenoxy)benzene (7TAPOB) was synthesized by the reduction of
1,3,5-tris(4-nitrophenoxy)benzene with palladium carbon and hydrazine in methanol .
Dianhydride, 4,4’-(hexafluoroisopropylidene) diphthalic anhydride (6F'DA), was kindly
supplied by Daikin Industries (Osaka, Japan). 3-Aminopropyltrimethoxysilane
(APTrMOS) and 3-(triethoxysilyl) propyl succinic anhydride (TEOSPSA) were
purchased from Sigma-Aldrich Co. LLC. (St. Louis, MO, USA) and Gelest Inc.
(Morrisville, PA, USA), respectively. Tetramethoxysilane (7MOS) and
methyltrimethoxysilane (MTMS) were purchased from AZmax, Co., Ltd (Tokyo, Japan).
Colloidal silica was obtained from Nissan chemical industries, Ltd (Tokyo, Japan). N,

N-Dimethylacetamide (DMAc) used as a solvent was purchased from Nacalai Tesque
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Figure 7-1 Chemical structures of monomers, silane coupling agents, and silica sources.

(Kyoto, Japan). The chemical structures of monomers, silane coupling agents, and silica
sources are shown in Figure 7-1.

2.2 Polymerization

2.2.1 Dianhydride-terminated hyperbranched polyamic acids (DA-HBPAAs)

Three mmol of 6FDA was dissolved in 40 ml of DMAc in a 100-ml three-neck flask
under N, flow at room temperature. 1.6 mmol of TAPOB in 20 ml of DMAc was then
added dropwise through a syringe with stirring. The monomer content of reaction
mixtures was controlled to ca. 3.5 wt%. After stirring for 3 h, 0.4 mmol of APTrMOS
as a coupling agent was added into the reaction mixture with further stirring for 1 h to
afford DA-HBPAA.

2.2.2 Amine-terminated hyperbranched polyamic acids (AM-HBPAAs)

Three mmol of TAPOB was dissolved m 34 ml of DMAc n a 100-ml three-neck
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flask under N, flow at room temperature. 3.0 mmol of 6FDA in 40 ml of DMAc was
then added dropwise through a syringe with stirring. The monomer content of reaction
mixtures was controlled to ca. 3.5 wt%. After stirring for 3 h, 1.0 mmol of TEOSPSA as
a coupling agent was added into the reaction mixture with further stirring for 1 h to
afford AM-HBPAA.
2.3 Membrane formation
2.3.1 Sol-gel system HBPI-silica hybrids

The sol-gel system HBPI-silica hybrids were prepared by thermal imidization and
sol-gel reaction with two kinds of silicon alkoxides, TMOS and MTMS. Appropriate
amounts of silicon alkoxides, TMOS or MTMS, and deionized water (silicon alkoxides :
deionized water = 1 : 6 as a molar ratio) were added into the DMAc solution of the
HBPAAs. The mixed solutions were stirred for 24 h and then cast on PET films and
dried at 85°C for 3 h. The prepared films were peeled off and subsequently imidized at
100°C for 1 h, 200°C for 1 h, and 300°C for 1 h in a heating oven under N, flow. The
average thickness of the prepared HBPI-silica hybrid membranes was about 30 pm. A
schematic diagram for the preparation of sol-gel system HBPI-silica hybrid membranes
is shown in Figure 7-2.
2.3.2 Colloidal silica system HBPI-silica hybrids

Colloidal silica system HBPI-silica hybrids were prepared by blending HBPAAs and
colloidal silica, and then followed by thermal imidization. Appropriate amounts of
colloidal silica dispersed in DMAc was added into the DMAc solution of the HBPA As.
Shortly after mixing the HBPAAs and colloidal silica, the prepared solutions were cast
on PET films and dried at 85°C for 3 h. The prepared films were peeled off and
subsequently imidized at 100°C for 1 h, 200°C for 1 h, and 300°C for 1 h in a heating

oven under N, flow. The average thickness of the prepared HBPI-silica hybrid
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membranes was about 30 um. A schematic diagram for the preparation of colloidal

silica system HBPI-silica hybrid membranes is shown in Figure 7-2.
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Figure 7-2 A schematic diagram for the preparation of DA- and AM-HBPI-silica
hybrid membranes.

2.4 Measurements
CO,, 0,3, Ny, and CHy permeation measurements were taken with a constant
volume/variable pressure apparatus under 76 cmHg at 25°C. The permeability

coefficient, P [em*(STP)cm/cm’ s cmHg], was determined by the equation 2F

p_22414L V dp

e 1
A pRTAdt M

where A is the membrane area (cm?), L is the membrane thickness (cm), p is the
upstream pressure (cmHg), V is the downstream volume (cm3), R is the universal gas
constant (6236.56 cm® cmHg/mol K), T is the absolute temperature (K), and dp/dt is the
permeation rate (cmHg/s). The gas permeability coefficient can be explained on the

basis of the solution-diffusion mechanism, which is represented by the equation B3:4)
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P=DxS (2)
where D (cm?/s) is the diffusion coefficient and S [cm3(STP)/cm3p0|ym cmHg] is the

solubility coefficient. The diffusion coefficient was calculated by the time-lag method

(s1,

represented by the equation

2

L._

D=
60t

3)

where 0t (s) is the time-lag.

The densities (ps) of the HBPI-silica hybrids were measured by a floating method
with bromoform and 2-propanol at 25°C. According to the group contribution method,
the fractional free volume (FFV) of the pristine HBPIs can be estimated by the

following equation te1 .

v, -1.3V,

FFV = 4)

sp
where Vs, (cm3/mol) is the specific molar volume and V,, (cm3/m01) is the van der
Waals volume of the repeat unit. Nitrogen adsorption/desorption measurements were
carried out using a Quantachrome Instruments (Boynton Beach, F1, USA) Autosorp-1
after degassing at 300 °C for 30min. Before measurements, the HBPI-silica hybrids
were baked at 650°C for 8h to pyrolyze the HBPI moiety. Wide angle X-ray
diffractometry (WAXD) were recorded at room temperature by using a Rigaku (Tokyo,
Japan) RINT2500 in the 2 theta range of 5 - 35° with a scan rate of 2°min. Cu Ka
(wavelength & = 0.154nm) radiation was used. The average d-spacing value was

determined from Bragg’s equation:

A
=
2s8inf

)

Positron annihilation lifetime spectroscopy (PALS) experiments were performed by
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using of 0.4-MBq *’Na sealed in thin Kapton foil as positron source. The samples
composed of 10 mm* 10 mm size HBPI-silica hybrid films stacked to 1 mm in thickness

were placed in a cell and subjected to vacuum at room temperature.

3. Results and Discussion
3.1 Gas permeability

Figure 7-3 shows the relationship between 1/FFV and gas diffusivity coefficient of
the HBPI membranes reported in chapter 2, 3, and 5. As mentioned in chapter 2, it is
well known that the gas diffusivities of polymers are strongly correlated to their FFVs 7.8
From Figure 7-3, it is confirmed that the distinct correlation between log D and inverse
FFV can be seen for the HBPI membranes reported in this thesis; the larger the FFV is,
the larger diffusion coefficient is.

The gas permeability, diffusion, and solubility coefficients of the HBPI-silica hybrid

membranes are summarized in Table 7-1, and the CO, permeability, diffusion, and

10 ¢
1 L
i
& 0.1
(=1
X .
]
001 -
N ; A
A
0.001 : '
5.5 6.5 7.5 8.5

1/FFV[-]

Figure 7-3 Relationship between 1/FFV and CO, gas diffusivity
coefficient (D) of the HBPI membranes.
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solubility coefficients are plotted against silica content in Figure 7-4 (a-c). As shown in
Table 7-1 and Figure 7-4, the gas permeability coefficients of the TMOS system HBPI-
silica hybrid membranes increased with increasing the silica content due to the
contributions of the diffusion coefficient and the solubility coefficient. In contrast, for
the MTMS system HBPI-silica hybrid membranes, significant increase of gas
permeability coefficients was mainly caused by the enormous improvement of gas
diffusivity. In addition, the gas permeability coefficients of the colloidal silica system
HBPI-silica hybrid membranes increased very little with increasing the silica content.

To discuss the reason for these results, densities of the HBPI-silica hybrids and BET

surface area of the silica moiety of HBPI-silica hybrids were measured. In Figure 7-5,

Table 7-1 Gas transport properties of the HBPI-silica hybrid membranes at 76cmHg and 25°C

10
3 P?<lO 2 Dx10° 3 S><1023 BET
[c(STP)em/em” s > [em’(STPYem” potym a
[em/s) surface area
o, 6, N, CHy CO, O, N, CHy CO, O, N, CHy
DA-HBPI 74 1.5 023 0098 030 14 025 0028 25 11 092 35 -

TMOS system hybrid
10W%Sio; 10 20 031 0.3 035 15 029 0026 30 14 11 50 5
0W%Si0, 13 21 032 016 037 13 0250030 35 17 13 52 -
30W%Si0; 23 30 046 024 057 17 029 0040 41 18 16 60 178

MTMS system hybrid
10Wmt%SiO, 23 44 075 045 10 38 08 013 23 12 090 36 -
20m%Si0, 3 95 19 15 26 87 22 042 21 1.1 09 37 %
30wt%SiO, 9 18 41 41 54 16 48 12 19 11 086 34 272
40wt%SiO, 158 28 76 10 99 28 93 37 16 10 08 27 -
S50m%SiO; 251 46 14 20 17 46 17 68 15 10 079 3.0 -

Colloidal silica system hybrid
10W%SiO, 80 1.7 027 0.2 042 1.8 033 0048 19 097 080 25 -
20wt%SiO, 81 16 030 012 037 1.5 033 0049 22 1.1 091 25 -
30wt%Si0, 84 19 027 0.3 040 16 035 0041 21 13 077 32 122

AM-HBPI 13 23 035 022 041 15 026 0048 30 15 13 45 -

TMOS system hybrid
I0W%Si0, 15 24 037 023 047 17 032 0055 31 14 12 4l .

20w%SiO, 16 25 038 022 041 14 027 048 38 18 14 46 -
30wt%SiO, 19 29 043 021 046 15 024 0054 42 19 18 39 186

® BET surface area of the silica moiety
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Figure 7-4 CO, a) permeability, b) diffusion, and c) solubility coefficients

of the HBPI-silica hybrid membranes.

50

the densities of TMOS system and colloidal silica system DA-HBPI-silica hybrids were

plotted against silica content. The densities of colloidal silica system DA-HBPI-silica

hybrids increased with increasing silica content linearly and the density of silica moiety

was estimated to be 1.92 g/cm’ by the extrapolation method. In contrast, the increase of

the density of TMOS system DA-HBPI-silica hybrids became small gradually with
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Figure 7-5 The density of the DA-HBPI-silica hybrids.

increasing silica content and the density of silica was estimated to be 1.68 g/cm®. These
values were smaller than that of silica glass (2.2 g/cm®), suggesting the incomplete
polycondensation reaction to form SiO; structure. In addition, these results indicate that
silica formed in the TMOS system HBPI-silica hybrid is porous and amorphous than
that of in the colloidal silica system HBPI- silica hybrid.

The BET surface area of silica moiety of HBPI-silica hybrids obtained from nitrogen
adsorption/desorption measurements were summarized in Table 7-1, and CO; diffusion
and solubility coefficients are plotted against BET surface area in Figure 7-6 (a, b). We
can see that diffusion coefficient increased with increasing BET surface area (Figure 7-6
a)). This result indicates the additional formation of diffusion path inside the porous
silica network and/or in the interfacial region between silica networks and the organic
matrix through hybridization via sol-gel reaction. In addition, solubility coefficients of
TMOS system HBPI-silica hybrid membranes were higher than those of MTMS system
and colloidal silica system HBPI-silica hybrid membranes, suggesting the formation of

Langmuir sorption site effective for gas transport properties through hybridization via
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Figure 7-6 CO, a) diffusion and b) solubility coefficient of the HBPI-silica hybrid
membranes plotted against BET surface area of silica moiety.

sol-gel reaction with TMOS P!l Although amorphous silica network is also formed in
the MTMS system HBPI-silica hybrids, methyl unit present in the silica domain is
considered to inhibit the adsorption of gases.
3.2 Gas selectivity

The WAXD measurements were performed to investigate the morphology of the
HBPI-silica hybrids. The WAXD measurement is one of the most important non-
destructive tools to analyze the crystal structure. In recent years, WAXD is widely used
as a technique of evaluating the ordered structure of polyimide !'">'"). According to their
previous studies, the WAXD pattern of polyimide consisted of two diffraction peaks;
the first peak was associated with intramolecular (along the chain axis) chain order,
while the second one was caused by the diffraction of a poor molecular packing
combined with the amorphous halo!"'". The d-spacings calculated from the second
peak by using the Bragg’s equation, ni=2d sinf, represent approximate average

intersegmental distance of polymeric molecules.
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Figure 7-7(a-e) shows the diffraction patterns of pristine HBPI and HBPI-silica

hybrid films. In Figure 7-7(a-e), we can see that different diffraction patterns are

observed according to the composition of HBPI-silica hybrid films. The d-spacings

determined from the Bragg’s equation are summarized in Table 7-2. For the pristine

DA- and AM-HBPI (Figure 7-6 a) and €)), only one broad peak was found around

26=15.0° and 16.0°, respectively. These broad peaks are caused by the diffraction of the

poor molecular packing combined with the amorphous halo of the HBPI. Both TMOS

system and colloidal silica system HBPI-silica hybrid films show two diffraction peaks,

and MTMS system HBPI-silica hybrid film shows three diffraction peaks. The

diffraction peak of amorphous SiO, was reported to be observed around 26=21.8-23.0°

[18,19]

b - o 26=10.3° o
D 2e-1500 ) (31251 65(')’;‘) 20236° O (qlgsoay 26=15.8
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Figure 7-7 WAXD patterns of the a) pristine DA-HBPI, b) TMOS system DA-HBPI-
silica hybrid, ¢) MTMS system DA-HBPI-silica hybrid, d) colloidal silica system DA-
HBPI-silica hybrid, e) pristine AM-HBPI, and f) TMOS system AM-HBPI-silica hybrid.
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Table 7-2 The d-spacing and average diameter of free volume holes ofthe HBPI-silica hybrids.

WAXD PALS
Average

Diffraction peak d-Spacing Life time diameter of

] [A] Fis] free volume
holes
[A]
DA-HBPI 15.0 5.91 2.431 6.44
TMOS system hybrid * 23.6 158 3.77 5.60 2.341 6.30

MTMS system hybrid * 229 158 103 3.88 5.61 8.59 1.355 4.514 434 9.04
Colloidal silica system hybrid * 21.6  14.7 4.11 6.03 2.270 6.18
AM-HBPI 16.0 5.54 2.354 6.32
TMOS system hybrid * 245 16.8 3.63 5.28 2.206 6.08

# SiO, content : 30 wt%

Therefore it is thought that these plural peaks are attributed to the HBPI (26=14.7-16.8°)
and silica domain (26=10.3, 21.6-24.5°).

Figure 7-8 shows the relationship between d-spacing and CO,/CH4 diffusivity
selectivity of the HBPI-silica hybrid membranes. The d-spacing used in Figure 7-8 is
the biggest one obtained for each sample, and the open symbols and the filled symbols

represent the data of the pristine HBPIs and the HBPI-silica hybrids, respectively. In

100

DA-HBPI-TMOS
ADA-HBPI-MTMS
© DA-HBPI-colloidal silica
AM-HBPI-TMOS

aP(CO,/CHy)
=

d-spacing[A]
Figure 7-8 CO,/CH, diffusivity selectivity [a®(CO,/CHy)] of

the HBPI-silica hybrid membranes plotted against the d-spacing
determined from WAXD measurement.
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Figure 7-8, we can see that the diffusivity selectivity increased with decreasing the d-
spacing, and that the d-spacing was narrowed by hybridization with silica derived from
TMOS. In addition, CO,/CH,4 diffusivity selectivity was controlled by the biggest d-
spacing obtained for each sample. From these results, it can be said that the HBPI—silica
hybrid membranes possess the CO,/CH, separation ability attributed to a size-selective
molecular sieving effect brought by the incorporation of silica. In addition, comparing
the d-spacing attributed to the silica moiety and the kinetic diameters of studied gases
(CO,:33A,0,:35A, Ny:36 A, CHy: 3.8 A), it cannot be denied that the gases
permeate through amorphous silica prepared by sol-gel reaction.

The positron annihilation lifetime spectroscopy (PALS) was also employed for the
estimation of the average diameters of free volume holes. In this technique, a positron
from a radioactive source is injected into a polymer sample; forms a spin parallel bound
state with an electron, which is called ortho-positronium (o-Ps). The 0-Ps is easy to be
captured in free volume holes. The lifetime of an 0-Ps particle captured in free volume
holes depends on the electron density in its local environment. A correlation between
the measured lifetime of 0-Ps and the size of the void volume is used to determine the
average diameters of free volume holes ?%?!1. The average diameters of free volume
holes measured by PALS were listed in Table 7-2. For all examined membranes except
the MTMS system HBPI-silica hybrid membrane, only one life time was observed. It is
thought that these life times are attributed to the free volume holes in the HBPI moiety.
The reason that the life time attributed to silica component was not observed in the
TMOS system and colloidal silica system HBPI-silica hybrid was because the
morphology of the silica component might be unsuitable for the PALS examination. For
the MTMS system HBPI-silica hybrids, two life times were observed, considering that

both of these life times is arise from the silica component derived from MTMS. It is
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considered that the life time attributed to HBPI moiety in the MTMS system HBPI-
silica hybrid is overlapped by other two life times and cannot be observed.

The relationship between CO,/CH,4 diffusivity selectivity of the HBPI-silica hybrid
membranes and the average diameter of free volume holes determined from PALS was
shown in Figure 7-9. The average diameter of free volume holes used in Figure 7-9 is
the biggest one obtained for each sample, and the open symbols and the filled symbols
represent the data of the pristine HBPI and HBPI-silica hybrid, respectively. As is the
case in the WAXD measurement, the diffusivity selectivity increased with decreasing
the average diameter of free volume holes and the average diameter of free volume
holes was narrowed by hybridization with silica derived from TMOS. This result also
supports the suggestion that the HBPI-silica hybrid membranes possess the CO,/CHy
separation ability attributed to a size-selective molecular sieving effect brought by the

incorporation of silica.

100

DA-HBPI-TMOS
ADA-HBPI-MTMS
©® DA-HBPI-colloidal silica
AM-HBPI-TMOS

aP(CO,/CHy)
=

]

4 5 6 7 8 9 10
Average diameterof free volume holes [A]
Figure 7-9 CO,/CHy diffusivity selectivity [a°(CO,/CH,)] of

the HBPI-silica hybrid membranes plotted against the average
diameter of free volume holes determined from PALS
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In Figure 7-10, we can see the linear correlation between the average diameter of free
volume holes estimated from PALS and the d-spacing determined from WAXD.
Originally, the average diameter of free volume holes estimated from PALS and the d-
spacing determined from WAXD is used for different purposes. However, for the HBPI-
silica hybrid membranes, it can be alleged that both methods are valuable for the

evaluation of the gas permeation property.
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Figure 7-10 The relationship between the average diameter of
free volume holes estimated from PALS and the d-spacing
determined from WAXD.

4. Conclusions

To evaluate the nanostructure of HBPI-silica hybrids, several methods such as
nitrogen adsorption/desorption measurement, WAXD measurement, and PALS
experiment were applied. From the relationship between FFV and gas diffusivity, it was
confirmed that the larger the FFV was, the larger diffusion coefficient was. From the

measurements of nitrogen adsorption isotherms, wide angle X-ray diffractometry
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(WAXD), and positron annihilation lifetime spectroscopy (PALS), it was suggested that
the HBPI-silica hybrid membranes possessed the CO,/CHjy separation ability attributed
to a size-selective molecular sieving effect brought by the incorporation silica. The
linear correlation was found between the d-spacing determined from WAXD and the
average diameter of free volume holes estimated from PALS. Therefore, both WAXD
measurement and PALS experiment are valuable for the evaluation of the gas

permeation property.
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Chapter 8

Study on Physical and Gas Transport Properties
of Polyimide-Silica Hybrid Membranes Treated
with CO, Gas

1. Introduction

Aromatic polyimides have been of great interest in gas separation membranes
because of their excellent mechanical and thermal property, and high gas permeability
and selectivity. However, exposure to CO, gas causes plasticization or swelling of the
polyimide membrane, as well as another polymeric membrane, which greatly
diminishes the separating efficiency of the membrane. Recent work demonstrates that

(13) " Besides, Shimazu et al.

cross-linking a polyimide inhibits the plasticization
reported that for polyimide-C4 hydrocarbon system the formation of cluster by
penetrant and the strong interaction of penetrant with the surrounding polymer may lead

(431 Both the hyperbranched structure and the

to a decreasing of diffusivity
hybridization are techniques for forming the cross-linked structure in polymer chains,
and the cross-linked structure is expected to be effective for the CO, plasticization
resistance.

In this chapter, physical and gas transport properties of the hyperbranched polyimide
(HBPI) -silica and the linear-type polyimide-silica hybrid membranes treated with CO,

gas were investigated to estimate the influence of the molecular structure and the

hybridization on the stability of gas transport property.

2. [Experimental
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2.1 Materials

1,3,5-Tris(4-aminophenoxy)benzene (TAPOB) was synthesized by the reduction of
1,3,5-tris(4-nitrophenoxy)benzene with palladium carbon and hydrazine in methanol [ .
1,3-Bis(4-aminophenoxy)benzene (TPER) was obtained from Wakayama Seika Kogyo
Co., Ltd (Wakayama, Japan). Dianhydride, 4,4’-(hexafluoroisopropylidene) diphthalic
anhydride (6FDA), was kindly supplied by Daikin Industries (Osaka, Japan). 3-
Aminopropyltrimethoxysilane (APTrMOS) was purchased from Sigma-Aldrich Co.
LLC. (St. Louis, MO, USA). Tetramethoxysilane (7TMOS) and methyltrimethoxysilane
(MTMS) were purchased from AZmax, Co., Ltd (Tokyo, Japan). N, N-
Dimethylacetamide (DMAc) used as a solvent was purchased from Nacalai Tesque
(Kyoto, Japan). The chemical structures of monomers, silane coupling agent and silicon

alkoxides are shown in Figure 8-1.

O\Q/O

Q  FyC_ CFs 0
O O
H,N NH
[¢] O

NH,

1,3,5-Tris(4-aminophenoxy)benzene 1,3-Bis(4-aminophenoxy)benzene  4,4’-(Hexafluoroisopropylidene)
diphthalic anhydride

(TAPOB) (TPER)
(6FDA)
?Me (')Me (')Me
H,N Si-OMe MeO—Si—OMe Me—Si—OMe
2 \/\/| I 1
OMe OMe OMe
3-Aminopropyltrimethoxysilane Tetramethoxysilane Methyltrimethoxysilane

(APTrMOS) (TMOS) (MTMS)

Figure 8-1 Chemical structures of monomers, silane coupling agent and silicon alkoxides.
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2.2 Polymerization
2.2.1 6FDA-TAPOB hyperbranched polyamic acid (HBPAA)

Three mmol of 6FDA was dissolved in 40 ml of DMAc in a 100-ml three-neck flask
under N, flow at room temperature. To this solution, 1.6 mmol of TAPOB in 20 ml of
DMACc was added dropwise through a syringe with stirring. After stirring for 3 h, 0.4
mmol of APTrMOS was added into the reaction mixture with further stirring for 1 h to
afford 6FDA-TAPOB HBPAA.

2.2.2 6FDA-TPER liner-type polyamic acid

Three mmol of 6FDA was dissolved in 9 ml of DMAc in a 50-ml three-neck flask
under N, flow at room temperature. To this solution, 2.75 mmol of TPER was added
with stirring. The reaction mixture was further stirred for 3 h. After that, 0.5 mmol of
APTrMOS was added into the reaction mixture with further stirring for 1 h to afford
6FDA-TPER liner-type polyamic acid.

2.3 Membrane formation

The 6FDA based HBPI and liner-type polyimide-silica hybrids were prepared via
sol-gel reaction with two kinds of silicon alkoxides, TMOS and/or MTMS, and thermal
imidization. Appropriate amounts of TMOS and/or MTMS and water (silicon
alkoxides : deionized water = 1 : 6 as a molar ratio) were added into the DMAc solution
of the polyamic acids. For TMOS/MTMS combined system, TMOS and MTMS were
added to achieve equivalent weight fraction of silica components arising from TMOS
and MTMS. The mixed solutions were stirred for 24 h and cast on PET films and dried
at 85°C for 3 h. The prepared films were peeled off and subsequently imidized and
hybridized at 100°C for 1 h, 200°C for 1 h, and 300°C for 1 h in a heating oven under
N, flow. The average thickness of the obtained membranes was about 30 pm. KAPTON

100H® film was purchased from DU PONT-TORAY CO., LTD. (Tokyo, Japan), and
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used as received. U-VERNISH-A® was purchased from Ube Industries, Ltd. (Tokyo,
Japan), and used after film formation and thermal imidization.
2.4 CO; treatment

The HBPI and liner-type polyimide-silica hybrid films were put in the autoclave and
exposed to a mixture gas of CO, and N, at 50°C for 168 h. The treatment pressure was
2.5 MPa for CO; and the total pressure was 6.0 MPa. A schematic diagram for the
preparation and CO, treatment of polyimide-silica hybrid membranes is shown in

Figure 8-2.

Sl o
O\Q/O
o
E> Polymerization
NH,

HBPAA
TAPOB R.T., 3h > E

In DMACc

6FDA /@/’@"\@\ N, flow
H,N NH

2 2

31 TPER )
Terminal Membrane Thermal
modification Hybridization > formation > imidization > polyimide-silica hybrid
R.T, lh R.T., 24h 85°C, 3h 1) 100°C, 1h membranes
oMe  TMOS and/or MTMS 2)200°C, 1h
HN A~ $i-OMe H,0 3) 300°C, 1h
Obe N, flow

APTrMOS

CO, treatment
Gas : CO, and N, mixture
Pressure : 2.5MPa(CO,) (Total pressure : 6.0MPa)
Temperature : 50°C, Processing time : 168 hours

Figure 8-2 A schematic diagram for the preparation and CO, treatment of
polyimide-silica hybrid membranes

2.5 Measurements
Attenuated total reflection Fourier transform infrared (ATR FT-IR) spectra were
recorded on a JASCO (Tokyo, Japan) FT/IR-4100 at a wavenumber range of 550-4000

cm’ and a resolution of 1 cm™. Ultraviolet-visible (UV-vis) optical transmittances were
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measured with a JASCO V-530 UV/vis spectrometer at wavelengths of 200-800 nm.
Thermogravimetric-differential thermal analysis (TG-DTA) experiments were
performed with a Seiko Instruments (Chiba, Japan) TG/DTAS5200 at a heating rate of
10°C/min under air flow. The mechanical properties were measured at room
temperature on a Tokyo Testing Machine Inc. (Aichi, Japan) Little Senster LSC5/30
with a crosshead speed of 5 mm/min. CO, and CH4 permeation measurements were
taken with a constant volume/variable pressure apparatus at 76 cmHg and 25°C. The

permeability coefficient, P [cm*(STP)cm/cm? s cmHg], was determined by the equation " :

224141 V d
p===—"-—_*°F (1)
A pRTdt

where A is the membrane area (cm?), L is the membrane thickness (cm), p is the
upstream pressure (cmHg), V is the downstream volume (cm®), R is the universal gas
constant (6236.56 cm’ cmHg/mol K), T is the absolute temperature (K), and dp/dt is the
permeation rate (cmHg/s). The gas permeability coefficient can be explained on the
basis of the solution-diffusion mechanism, which is represented by the equation 891,
P=DxS )

where D(cmz/s) is the diffusion coefficient and S [cm3(STP)/cm3poly,m cmHg] is the
solubility coefficient. The diffusion coefficient was calculated by the time-lag method

represented by the equation % :

12
D= 3
60t 3)

where 0t (s) is the time-lag.

3. Results and Discussion

3.1 Polymer characterization
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In this study, the HBPIs were prepared from polycondensation reaction of a
dianhydride, 6FDA, and a triamine, TAPOB. For 6FDA-TAPOB system, the
hyperbranched structure polymer can be easily obtained because of the high reactivity
of 6FDA monomer and equivalent reactivity of three amino groups of TAPOB !,

The ATR FT-IR spectra of the 6FDA based polyimides before and after CO,
treatment are shown in Figure 8-3. The bands observed around 1784 cm® (C=O
asymmetrical stretching), 1722 cm™ (C=0O symmetrical stretching), 1375 cm” (C-N
stretching), and 720 cm™ (C=O bending) of the control samples are characteristic
absorption bands of polyimides "*!3!. In contrast, the characteristic band of polyamic
acids around 1680 cm™ is not found. These results indicate that the prepared films are
well imidized. The bands around 1857 cm™ observed in the 6FDA-TAPOB HBPIs are
attributed to the terminal anhydride groups of HBPI moleculer chains which contain a

lot of molecular terminals. For the hybrid system, the bands observed around 1100 cm™,

VsC=0 ;
-l
Visc—o 1 722¢Mm Vsi-0-Si
1784cm’! ~1100cm!
VsC=0 \ &-0
1 857cm'1 VC-N 720(:m']
1375cn’!
\
VO-H Y l /
~3480cm”!

6FDA-TPER CO, treated

6FDA-TPER control

S L

_ng 6FDA-TAPOB-TMOS(30wt%) CO, treated
2

6FDA-TAPOB CO,; treated
6FDA-TAPOB control

1 1 Il L I3 ]

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber[cm™!]

Figure 8-3 ATR FT-IR spectra of the 6FDA-based polyimides before and
after CO, treatment.
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assigned to Si-O-Si stretching 'Y, increased with increased silica content, indicating
sufficient formation of the three-dimensional Si-O-Si network. In addition, there was no
marked difference in ATR FT-IR spectra before and after CO, treatment. This
experimental result indicates that CO, treatment had no influence on the polyimide
molecular chain and the three-dimensional Si-O-Si network themselves.

Optical transmittances of the HBPI-silica hybrid films before and after CO; treatment
are summerized in Table 8-1 with those of typical linear-type polyimide-silica hybrid
films. The HBPI-silica hybrid films had good transparency better than liner-type

polyimide-silica hybrid films, indicating high homogeneity and favorable dispersion of

Table 8-1 Physical properties of the polyimide-silica hybrid films before and after CO,
treatment

Transmittance TG-DTA Mechanical properties
at 600nm Tg T, Residue® E G 3
(%] [°C]  [°C]  [wit%] [GPa] [MPa] [%]
Control
6FDA-TAPOB 88.2 288 467 0 21 506 26
TMOS 10wt%SiO, 88.4 302 481 8 2.1 446 23
30wt%Si0, 91.3 332 494 29 24 229 09
MTMS 10wt%SiO, 89.8 285 475 5 1.9 441 26
30wt%SiO, 88.0 295 483 28 1.6 194 12
50wt%Si0, 95.2 N.D.® 501 49 1.1 660 06
TMOS/MTMS 30wt%SiO, 91.3 311 493 30 22 188 12
6FDA-TPER 90.0 245 499 0 1.9 101 14
TMOS 30wt%SiO, 48.7 253 512 31 3.1 101 4.3
KAPTON 100H® 76.3 N.D.® 557 0 2.5 300 89
U-VERNISH-A® 84.1 N.D.® 567 0 2.2 140 93
CO, treated
6FDA-TAPOB 86.2 292 439 0 24 804 49
TMOS 10wt%SiO, 86.0 310 457 6 25 750 3.7
30wt%SiO, 87.4 N.D.® 474 28 30 385 12
MTMS 10wt%SiO, 88.1 290 456 6 20 750 5.2
30wt%SiO, 92.4 303 478 30 1.6 285 2.1
50wt%SiO, 95.0 N.D.® 499 49 095 628 1.0
TMOS/MTMS 30wt%SiO, 91.2 317 476 28 23 215 14
6FDA-TPER 89.8 231 490 0 19 882 16
TMOS 30wt%SiO, 51.8 254 504 29 3.2 111 7.1
KAPTON 100H® 77.3 N.D.® 545 0 25 302 99
U-VERNISH-A® 84.5 N.D.® 559 0 2.5 143 52

? Determined from the residual at 800°C
® Not detected
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silica nanoparticle. These results are arising from not only the covalent bond parts
between the organic and inorganic components formed by APTrMOS but also the
characteristic hyperbranched structure of molecular chains '*!. Transmittances of all the
examined films did not change even after CO, treatment. This result also suggests that
CO, treatment had no influence on the polyimide molecular chains and the
three-dimensional Si-O-Si network themselves.

Glass transition temperatures (T,s) and 5% weight loss temperatures (Tq’s) of the
6FDA based polyimides before and after CO, treatment were investigated by TG-DTA
and summarized in Table 8-1 in addition to the silica content determined from the
residual at 800°C. The residual showed that all hybrid membranes contained an
appropriate amount of silica, as expected. In Figure 8-4, T, and Ts values of the
prepared polyimide-silica hybrids before and after CO, treatment are plotted against
silica content. The filled symbols and the open symbols represent the data of the control
samples and the CO, treated samples, respectively. For MTMS system 6FDA-TAPOB
HBPI-silica hybrid (Si0,=50wt%), KAPTON 100H® and U-VERNISH-A®, T,s were
not detected because of their rigid molecular chains. After CO, treatment, T, of the
pristine 6FDA-TAPOB HBPI increased slightly while that of the pristine 6FDA-TPER
decreased. This result indicates that in the 6FDA-TAPOB HBPI, the restraints of the
micro-Brownian motion or the densification of polyimide molecular chain are caused by
CO; treatment. In contrast, plasticization seems to be caused in the 6FDA-TPER liner-
type polyimide. In the hybrid membranes, the changes of Tgs before and after CO,
treatment decreased with increasing silica content. This fact suggests that stiffening of
the three-dimensional Si-O-Si network was caused by CO, treatment. Tdss of all
samples decreased after CO, treatment. The T4 value change of the 6FDA-TAPOB

base polymer was larger than that of 6FDA-TPER, because parts of the moleculer
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Figure 8-4 a) Glass transition temperatures (T,gs) and b) 5% weight-loss temperatures (Tq’s)

of the polyimide-silica hybrids before and after CO, treatment. (Filled symbols : before
treatment, Open symbols : after treatment)

terminal of the polyimide molecular chains were decomposed during CO; treatment and
the molecular weight decreased. There are many molecular terminals in the HBPI, so
the T4° value change of the HBPI is larger than that of the linear-type polyimide. In the
silica hybrid system, the change of Tds decreased with increased silica content,
indicating that the three-dimensional Si-O-Si network inhibits the decomposition of
polyimide molecular chains caused by CO, treatment.

Figures 8-5 a) and b) show the effect of CO, treatment on the Young’s moduli (Es)
and the tensile strengths (os) of the 6FDA based polyimide films. For all films except
the MTMS system 6FDA-TAPOB HBPI-silica hybrid (Si0,=50wt%) and the 6FDA-
TPER, E and o increased after CO, treatment. These results indicate that the restraints
of the micro-Brownian motion or the densification of polyimide molecular chains and
the stiffening of the three-dimensional Si-O-Si networks were caused by CO, treatment,
in agreement with the results of the thermal property investigation. Meanwhile, for the

MTMS system, the change of the E and o decreased with increasing silica content. This
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Figure 8-5 a) Young’s modulus and (b) Tensile strength of the polyimide-silica
hybrid membranes before and after CO, treatment. (Filled symbols : before
treatment, Open symbols : after treatment)

suggests that the methyl groups may suppress the stiffening of the three-dimensional Si-
O-Si networks due to CO, treatment.In the 6FDA-TPER film, after CO, treatment, the
Young's modulus did not increase, and, in contrast, tensile strength slightly decreased.
These results indicate that the plasticization may be caused in the 6FDA-TPER film by
CO, treatment.
3.2 Gas iransport properties

Gas permeability, diffusion, and solubility coefficients of the 6FDA based polyimide
membranes before and after CO, treatment are summarized in Table 8-2 with those of
typical liner-type polyimide membranes. And CO, permeability, diffusion, and
solubility coefficients were plotted against the silica content in Figure 8-6 (a-c). Gas
permeability of all 6FDA-TAPOB HBPI membranes except MTMS system HBPI-silica
hybrid (Si0,=50wt%) decreased after CO, treatment. The decreases of diffusion
coefficients were more remarkable than those of solubility coefficients. This is because

by CO, treatment, the restraint of the micro-Brownian motion or the densification of
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Table 8-2 Gas transport properties of the polyimide-silica hybrid membranes at 76 cmHg
and 25°C before and after CO, treatment

Px10" 8 Sx107
3 2 Dx10 3 3
Sample [cm’(STP)cm / cm™ s [om?/ §] [ecm’(STP) / cm” polym
cmHg] cmHg]
CO, CH, CO, CH, CO, CH,
Control
6FDA-TAPOB 7.3 0.11 0.31 0.028 23 3.7
TMOS 10wt% SiO, 7.5 0.15 0.34 0.053 22 2.8
30wt% SiO, 10 0.17 0.32 0.051 32 3.3
MTMS 10wt% SiO, 20 0.42 0.90 0.13 22 32
30wt% SiO, 84 4.4 5.0 1.5 17 3.0
50wt% SiO, 236 18 15 5.7 16 32
TMOS/MTMS  30wt% SiO, 40 0.94 1.7 0.29 24 3.2
6FDA-TPER 5.6 0.095 0.30 0.033 19 2.9
TMOS 30wt% SiO;, 9.6 0.14 0.25 0.032 39 4.2
KAPTON 100H® 0.46 0.0087 0.026 0.0024 17 3.6
U-VERNISH-A® 0.10 0.0056  0.0087  0.0019 12 3.0
CO; treated
6FDA-TAPOB 7.0 0.10 0.31 0.036 23 2.8
TMOS 10wt% SiO, 7.2 0.11 0.28 0.034 26 3.1
30wt% SiO, 7.9 0.11 0.22 0.027 37 4.0
MTMS 10wt% SiO, 18 0.37 0.83 0.13 21 2.8
30wt% SiO, 73 32 4.0 0.99 19 32
50wt% SiO, 266 20 19 6.9 14 2.9
TMOS/MTMS 30wt% SiO, 21 0.37 0.90 0.14 23 2.6
6FDA-TPER 5.9 0.099 0.30 0.044 20 2.3
TMOS 30wt% SiO, 7.3 0.11 0.21 0.024 34 4.5
KAPTON 100H® 0.40 0.012 0.030 0.0018 13 6.8
U-VERNISH-A® 0.091 0.01 0.0081 0.0027 11 3.7

polyimide molecular chains and the stiffening of the three-dimensional Si-O-Si
networks. Consequently, diffusions of the gases through the membranes became slower.
Plasticization is a phenomenon in which a polymer is swollen by a penetrant such as
COas. In general, this swelling causes an increase of free volume and a flexible of a
polymer, resulting in the decrease of Tg and mechanical strength, and the increase of
gas permeability. In this study, for all of 6FDA-TAPOB HBPI membranes except the
6FDA-TAPOB-MTMS (Si0,=50%), Tg and mechanical strength increased and gas
permeability decreased after CO, treatment. These results indicate that plasticization
seems not to be caused in the 6FDA-TAPOB HBPI membranes. For the TMOS system,

because the robust three-dimensional Si-O-Si network is formed, gas permeability of
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the CO, treated membrane decreases with increasing the silica content. In contrast, for

the MTMS system, insufficient and loose three-dimensional Si-O-Si network is formed

due to the methyl group. For this reason, it is thought that the CO, plasticization

resistance of TMOS system membrane is superior to that of MTMS system membrane.
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Figure 8-6 CO, a) permeability, b)diffusion and c) solubility coefficient of
the polyimide-silica hybrid membranes before and after CO, treatment.

(Filled symbols : before treatment, Open symbols : after treatment)
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After CO, treatment, the gas permeability coefficient of the 6FDA-TPER membrane
increased a little, suggesting that the plasticization was caused by CO,; treatment slightly.
On the other hand, because the gas permeability coefficient of the TMOS system
6FDA-TPER hybrid membrane (30 wt%) decreased, the plasticization seems to be
inhibited by hybridization.

3.3 COy/CHy selectivity
The ideal permselectivity for the combination of gases A and B [a(A/B)] is defined

by the following equation (4) !'®):

Table 8-3 CO,/CHj selectivites of the polyimide-silica hybrid membranes at 76 cmHg
and 25°C before and after CO, treatment

Sample CO,/CHjy selectivity
a(CO,/CH,) aP(CO,/CHy) a®(CO,/CH,)
Control
6FDA-TAPOB 66 11 6.2
TMOS 10wt% SiO, 50 6.4 7.9
30wt% SiO, 59 6.3 9.7
MTMS 10wt% SiO, 48 6.9 6.9
30wt% SiO, 19 3.3 5.7
50wt% SiO, 13 2.6 5.0
TMOS/MTMS 30wt% SiO, 43 5.9 7.5
6FDA-TPER 59 9.1 6.6
TMOS 30wt% SiO, 69 7.8 93
KAPTON 100H® 53 11 4.7
U-Vernish-A® 18 4.6 4.0
CO, treated
6FDA-TAPOB 70 8.6 8.2
TMOS 10wt% SiO, 65 8.2 8.4
30wt% SiO, 72 8.1 9.3
MTMS 10wt% SiO, 49 6.4 7.5
30wt% SiO, 23 4.0 5.9
50wt% SiO, 13 2.8 4.8
TMOS/MTMS 30wt% SiO, 57 6.4 8.8
6FDA-TPER 60 6.8 8.7
TMOS 30wt% SiO, 66 8.8 7.6
KAPTON 100H® 33 17 1.9
U-Vernish-A® 9.1 3.0 3.0
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where a”(A/B) is the diffusivity selectivity, and o®(A/B) is the solubility selectivity.
The CO,/CHy selectivities of the 6FDA based polyimide membranes before and after
CO; treatment are listed in Table 8-3, and CO,/CH4 permselectivity is plotted against
the CO, permeability coefficient in Figure8-7. In Figure 8-7, it is recognized that the
a(CO,/CHjy) values of the 6FDA based polyimide membranes change slightly after CO,
treatment along with the upper bound trade-off line for CO,/CH,; separation
demonstrated by Robeson !'”!®]. On the other hand, both the permeability and the
permselectivity of KAPTON® and U-VARNISH-A®, which are non-6FDA based

polyimides, decreased after CO, treatment. These results suggest that the stability of gas

a1



transport property of the 6FDA based polyimide membrane was superior to that of non-
6FDA based polyimide membrane. Trifluoromethyl group having a low surface energy

in 6FDA may inhibit the penetration of CO,.

4. Conclusions

Physical and gas transport properties of the polyimide-silica hybrid membranes
treated with carbon dioxide (CO,) gas were investigated. Comparison of ATR FT-IR
spectra shows no marked change before and after CO, treatment, suggesting that there
was no influence on the polyimide molecular chain and three-dimensional Si-O-Si
network themselves by CO, treatment. For the 6FDA-TAPOB HBPI, T,, Young’s
modulus, and tensile strength increased, whereas the gas permeability coefficient
decreased. By contrast, for the 6FDA-TPER linear-type polyimide, T,, Young’s
modulus, and tensile strength decreased, whereas the gas permeability coefficient
increased slightly. These experimental results indicate that the restraints of the micro-
Brownian motion or densification of polyimide molecular chains in the 6FDA-TAPOB
HBPI membrane are caused by CO, treatment. For the polyimide-silica hybrids, CO,
treatment stiffened the three-dimensional Si-O-Si network and improved the thermal
stability of polyimide-silica hybrids. Further, although both the gas permeability and the
permselectivity decreased in the non-6FDA based polyimide membranes, CO, treatment
increased the selectivity of the 6FDA based polyimide membranes. For this reason, it is
suggested that the 6FDA based polyimides have relatively high stability of gas transport

property even after CO, treatment.
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Chapter 9

Conclusions

In recent years, a large number of researches on polymeric membranes have been
conducted because membrane is a key technology for gas separation with high
performance and low cost. Especially CO, separation membrane is expected to develop
the alternative energy source of fossil fuel and to solve global warming through Carbon
dioxide Capture and Storage (CCS). The hyperbranched polyimide (HBPI)-silica hybrid
membranes have been received much attention because the newly combined materials
offer the advantages of both properties of a polymer (e.g., flexibility, dielectric,
ductility, and processability) and an inorganic material (e.g., rigidity and thermal
stability).

The main objective of this thesis was to synthesize the HBPI-silica hybrid /
composite membranes with various structures and to investigate their physical and gas
transport properties in order to clarify the structure-property relationship and gas
transport mechanism.

In Chapter 2, the HBPI membranes with various basic structures were prepared using
four kinds of dianhydride monomers; pyromellitic dianhydride (PMDA), 3,3'.4.,4'-
biphenyltetracarboxylic =~ dianhydride = (BPDA), 4.,4’-(hexafluoroisopropylidene)
diphthalic anhydride (6FDA), and 4,4’ -oxidiphthalic anhydride (ODPA), and triamine,
1,3,5-tris(4-aminophenoxy)benzene (TAPOB), by polycondensation reaction of A, + B3
monomer system. The 6FDA based HBPI membranes demonstrated the highest gas
permeability and relatively high CO,/CH4 permselectivity due to the high FFV and the

appropriate pore size.
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In Chapter 3, the effect of the degree of terminal modification was investigated. A
part of molecular terminals of HBPIs were modified with a silane coupling agent to
enhance the compatibility between HBPI and silica, and thereby to improve the
dispersibility of silica element. The mobility of HBPI molecular chains decreased in the
rubbery region and that the free volume holes of HBPIs increased in the glassy region
with increasing the degree of modification. Consequently, the gas permeability
coefficients of the HBPI-silica hybrid membranes increased with increasing the degree
of terminal modification.

In Chapter 4, the dianhydride-terminated (DA-) and amine-terminated (AM-) HBPI-
silica hybrid membranes were prepared and their physical and gas transport properties
were investigated to clarify the influence of molecular terminal groups. The gas
permeability coefficient of the pristine AM-HBPI membrane without silica was higher
than that of the pristine DA-HBPI membrane. In addition, the gas permeability and
CO,/CH4 permselectivity of the DA- and AM-HBPI-silica hybrid membranes increased
with increasing silica content. Especially, the CO,/CH4 permselectivity of AM-HBPI-
silica hybrid membranes remarkably increased with increasing silica content. This
behavior was probably due to the characteristic distribution and interconnectivity of free
volume holes created by the incorporation of silica and the high affinity of hydroxyl
groups remaining in the silica domain to CO,.

In Chapter 5, the asymmetric HBPI-silica hybrid membranes were prepared and their
physical and gas transport properties were investigated, comparing with those of
symmetric HBPI-silica hybrid membranes. The asymmetric HBPI was more linear than
the symmetric HBPI because the degree of branching was low. The dispersibility of
silica components in the asymmetric HBPI-silica hybrids was not as fine as in the

symmetric HBPI-silica hybrids. As a result, the long and tortuous diffusion path formed
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by hybridization with silica caused decreasing of gas permeability.

In Chapter 6, the gas transport mechanism in the HBPI-silica hybrid and composite
membranes was discussed. The structures of HBPI-silica hybrid membranes are
different depending on the preparation method (hybrid or composite) and the silica
source (sol-gel reaction or colloidal silica). The gas transport could occur through the
porous silica network having a molecular sieving effect derived from sol-gel reaction
and/or through the narrow interfacial region between silica components and organic
matrix. Therefore, it is concluded that the high permeability and CO,/CH4
permselectivity in the HBPI-silica hybrid membranes were controlled by the narrow
interfacial region and the pore size of silica network.

In Chapter 7, the nanostructures of HBPI-silica hybrids were examined by several
methods to clarify the gas transport mechanism. From the relationship between FFV and
gas diffusivity, it was confirmed that the larger the FFV was, the larger diffusion
coefficient was. The diffusion path was found to be formed inside silica domain of the
HBPI-silica hybrid membranes from the measurements of nitrogen adsorption isotherms,
wide angle X-ray diffractometry (WAXD), and positron annihilation lifetime
spectroscopy (PALS). The results of WAXD and PALS measurement also revealed that
the HBPI-silica hybrid membranes possessed the CO,/CH4 separation ability attributed
to a size-selective molecular sieving effect brought by the incorporation of silica. The
linear correlation was found between the d-spacing determined from WAXD and the
average diameter of free volume holes estimated from PALS.

Finally, in Chapter 8, the influence of the molecular structure on the stability of gas
transport property of the polyimide-silica hybrid membranes treated with CO, gas was
investigated. The 6FDA based polyimides have relatively high stability of gas transport

property even after CO, treatment. Hybridization with silica was also effective to
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stabilize against CO, treatment.

In this thesis, several types of HBPI-silica hybrid membranes were prepared and their
physical and gas transport properties were investigated, and the structure-property
relationship of HBPI-silica hybrid membranes was elucidated. The high permeability
and CO,/CH4 permselectivity in HBPI-silica hybrid membranes resulted from the high
FFV and the characteristic hyperbranched and hybrid structures. In addition, the HBPI-
silica hybrid membranes possessed the CO,/CH4 separation ability attributed to a size-

selective molecular sieving effect brought by the incorporation of silica.
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