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(ABSTRACT) 

A series of perfectly alternating polyimide/ 

poly(dimethylsiloxane) microphase separated block copolymers 

ranging from 0-50 wgt. % poly(dimethylsiloxane) have been 

measured for permeability characteristics. The polyimide segment of 

the copolymers was based on oxydiphthalicdianhydride (ODPA) and 

1,4-Bis(4-amino-1,1- dimethylbenzyl)benzene (Bis P). The 

polysiloxane was an aminopropyl terminated poly(dimethylsiloxane). 

Randomly segmented block copolymers of =20 wet. % 

poly(dimethylsiloxane) with different segment lengths were also 

studied, based on the same materials for the sake of comparison with 

the perfectly alternating versions of the same block copolymers. 

Permeability measurements were performed on tough, microphase 

separated, transparent films with O7, Nz, CHy4, and CO? gases in that 

order. The effects of the chemical composition and block lengths on 

permeability coefficients and selectivity values were evaluated. The 

permeability of copolymer films to gases was found to be highly 

sensitive to the morphology of the copolymer. The morphology was 

found to be controlled by varying the amount and the segment



length of each component and this allowed for fine control of the 

permeability characteristics. Conversely, the measurement of 

permeability characteristics can lead to more information about the 

morphology of complicated microphase separated block copolymers.
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Chapter 1. Introduction and Literature Review 

This chapter will provide a background for the research 

presented in this thesis. The basic equations and mathematics of 

polymer permeability will be presented as well as important factors 

governing the permeation of gases through polymeric materials. A 

discussion of the permeability characteristics of materials related to 

those studied in this research will be presented, followed by the 

rationales leading to the research objectives of this thesis. 

1.1 Introduction 

The use of non-porous polymer membranes for gas separation 

is of vital interest to many industries today. Gas separation through 

membranes has economical advantages over many conventional 

methods of gas separation and is competitive in its efficiency.[1,2] 

Other advantages of membrane gas separation processes are the ease 

of scale-up and the relative environmental safety.[2] Laboratories 

around the world are involved in investigations of materials and 

techniques for membrane gas separation processes. Currently, 

common industrial scale applications for these procedures involve 

commercially available membranes which were designed for other 

applications such as packaging.[3] These membranes are most 

commonly utilized as hollow fibers to separate small gases such as H? 

from industrial gas streams of ammonia and methanol synthesis, and 

' petroleum refining. Another fast permeating gas, CO2, is often 

separated from natural gas and landfill gas.{1-3]



Investigations of polymeric membrane materials for use in gas 

Separation applications are ongoing and extensive. Polyimides are 

materials which are being investigated particularly for use in 

separating CO2/CH4 mixtures as well as N2/CH4 mixtures.[4-9] Most 

polyimides show an inverse selectivity for nitrogen over methane 

from most other available materials which makes it attractive for 

these types of separations. An inherent problem with many 

polyimides which show excellent permselectivity ratios is low 

permeation rates. It is desirable to have both the selectivity and 

permeability high in order to obtain the most economical and 

efficient separations.



1.2 Research Objectives 

This work investigates the permeability and morphological 

properties of a systematic series of polysiloxane modified polyimide 

microphase separated block copolymers. While polyimides are very 

rigid materials with high strength, they are commonly brittle which 

can lead to poor membrane properties. Polysiloxane modified 

polyimides are tough, strong, durable materials suitable for 

membrane applications. Block copolymers exhibit microphase 

separation of the two polymeric components. The presence of both 

phases leads to properties of both materials which are highly 

dependent on the morphological make-up of the copolymer. 

The morphology of block copolymers can have a definite effect 

on their permeability characteristics. While there has been work 

carried out to describe these effects with copolymers exhibiting very 

defined morphologies, such as polystyrene/polybutadiene 

copolymers, there has been very little work to relate the effects of 

morphology in polyimide/ polysiloxane block copolymers to 

permeability characteristics. Polyimides are potentially very useful 

for gas separation applications because of their high selectivities for 

some industrially relevant gas pairs. The object in membrane 

separation processes is to allow for the fastest permeation time with 

the highest separation ratio. By using block copolymers of 

polyimide/polysiloxanes it is possible to increase the permeability 

from that of the polyimide but to be useful there must be little to no 

decrease in the permselectivity of the membrane. Research in this



thesis has investigated block copolymers made of a polyimide 

synthesized from oxydiphthalic dianhydride (ODPA) and Bisaniline P 

(Bis P) and poly(dimethylsiloxane). The research objectives included 

determination of the effect of increasing the high permeability phase 

(polysiloxane) content on permeabilities and permselectivities. The 

effect of polysiloxane content on the copolymer morphology has been 

correlated with the permeability characteristics. Other methods of 

affecting the copolymer morphology were investigated such as using 

different block lengths for each segment and using different 

synthetic techniques to control the molecular weight distribution of 

the polyimide segments.



1.3 Factors Affecting the Permeation of Gases Through 

Polymeric Membranes 

There are many factors which will affect the permeability 

characteristics of a penetrant through a polymer membrane. All of 

these factors are related to either the polymer, the penetrant, 

processing or the environmental conditions under which permeation 

takes place. A list of some of these parameters is presented in Table 

1.1. In order to discuss the reasons why these parameters are 

important it is necessary to review some very basic features of 

permeability. Permeation of penetrant gases through dense 

polymeric materials is considered to occur via a solution diffusion 

process. The solubility of the penetrant molecules in the polymer is 

related to the relative affinity between the penetrant gas and the 

polymer chain as well as temperature and concentration. Strong 

specific interactions such as hydrogen bonding or dipole-dipole will 

enhance the solubility, along with the permeation rate. The diffusion 

term is a measure of penetrant mobility within the free volume of 

the polymer, and is therefore highly dependent on many factors. 

Chemical composition of the homo- or copolymer chain is of 

course important in terms of both solubility and diffusion processes. 

Chemical composition will govern specific interactions including 

solubility, polymer conformation, free volume and diffusivity. In 

general, any change in the polymer composition which causes an 

increase in density will cause a respective decrease in diffusion and 

permeability as a result of decreased free volume.[{10,11] These



Table 1.1: Factors Affecting the Permeation of Gases 
Through Polymers 

lymer | : 

° Chemical Composition(including the 
location of the glass transition 
temperature) 

° Topology (Crosslinking) 

° Morphology (Semi-crystallinity) 

. Physical Aging 

° Additives (plasticizers or fillers) 

Penetrant Related: 

° Chemical Composition 

. Physical Dimensions (size and _ shape) 

° Contaminants 

Environment Related: 

. Temperature 

° Pressure 

° Gas Mixtures



methods for altering polymer sructure to increase the density 

generally reduce the diffusion of smaller molecules less than the 

diffusion of larger permeant molecules and enhance the separation 

characteristics for some gas pairs.[11] Polymer chains which pack 

well enough to form semi-crystalline morphologies within a solid 

polymer can be expected to exhibit lower permeation rates, which 

are related to lower free volume.{10,11] Diffusion of penetrant 

molecules into the chains is reduced with a higher crystalline content 

unless, aS in some special cases, the semi-crystalline regions can be 

oriented through annealing in the direction in which permeation is 

taking place and then there is actually an increase in diffusion with 

annealing.[10] The addition of bulky side groups onto polymer 

chains will also inhibit chain packing and result in more free volume 

in the polymer. The latter may allow for greater diffusion and hence 

greater permeation rates.[11] Crosslinked polymer networks are 

more dense, as a function of the number of crosslinks and this lowers 

free volume, diffusivity, and permeability.[10,11] Physical aging of 

polymers results in densification which occurs more rapidly in 

polymers that are held at a temperature close to their glass 

transition temperature.[12] This densification essentially decreases 

the permeability of polymer films by reducing the free volume in the 

polymer. Plasticizing agents serve to increase the mobility of 

polymer chains, often by occupying interactive sites so as to reduce 

interchain interactions. This usually has the effect of increasing the 

effective free volume of the polymer and thereby increasing the



permeability of that polymer to penetrant molecules.[{11] 

Heterogeneous or multi-phase morphology is a very complicated 

issue when it is applied to the permeability characteristics of 

microphase separated copolymers. This subject will be discussed in 

greater detail in a later section of this chapter. 

The chemical composition of the penetrant molecules is also of 

great importance to solubility and diffusion through polymeric 

materials. The particular gases studied in this research were oxygen, 

nitrogen, methane, and carbon dioxide. These gas molecules along 

with their respective kinetic diameters[13] are shown in Figure 1.1. 

The specific interactions which these molecules can take part in is 

determined by the polarity or polarizability of the molecules. 

Oxygen and nitrogen have no permanent dipoles and will therefore 

have no interactions stronger than London dispersion or induced 

dipole with polymer molecules. There is no significant permanent 

dipole in the methane molecule either so one may expect only 

induced dipole interactions. In contrast the carbon dioxide molecule



Kinetic 

Penetrant Gas Molecular Structure Diameter(A)[1] 

OXYGEN ‘*O==0- 3.46 

NITROGEN ‘N==N: 3.64 

| 
METHANE H—C--sp] 3.80 

CARBON DIOXIDE o—c—0 3.30 

Figure 1.1: Penetrant Gas Molecules for Permeability 

Studies



has two opposing dipoles which cancel each other out so that there is 

no net dipole in the molecule. However, the carbon dioxide molecule 

does have a quadrupole[14] moment which makes an important 

contribution to the intermolecular forces. Quadrupole interactions 

are polar in nature but are weaker, and thus have a shorter range 

than dipole interactions. Because of these polar interactions, as well 

as the small kinetic diameter of the carbon dioxide molecule, carbon 

dioxide exhibits very high permeabilities relative to the other three 

gases studied. Most permeability studies attempt to discern the 

cause of high or low permeability of a certain gas through a certain 

polymer. This is evaluated by determining whether it is 

predominantly a solubility or a diffusion controlled permeation. 

Some methods for determining this are discussed in another part of 

this chapter. The size and shape of the penetrant molecules is of 

primary importance concerning the diffusion of the penetrant 

molecules into the free volume of the polymer chains. Assuming 

roughly equal solubility, molecules with smaller kinetic diameters 

might be expected to fit into smaller areas of free volume more 

easily. This means that if increasing permeation coefficients follow 

the order of decreasing kinetic diameters, then it is likely that the 

permeability of these gases through the particular polymer 

measured is a largely diffusion controlled process. 

Environmental conditions such as temperature can clearly have 

an effect on permeation rates of gases through polymers. 

Temperature will have the greatest effect on the large polymer 

10



molecules, particularly in the region above the glass transition 

temperature (Tg) of the polymer. At a temperature near or above 

the Tg the polymer chains will have increased mobility. This will 

have the effect of increasing the free volume which increases 

diffusion of penetrant molecules. Any increase in temperature will 

have the effect of increasing the segmental mobility and free volume 

in a polymeric material. The net effect on the permeation rate is to 

increase it. When the higher temperature is very near or above any 

structural transition of the polymer then the effect of increased 

temperature will affect a greater change in the solution and diffusion 

processes.[15] 

Increasing the pressure of the feed gas will have the effect of 

increasing the concentration of the gas molecules. The concentration 

dependence of permeation through polymers is highly dependent on 

the different "modes of sorption"[15] which the gas molecules 

undergo with the polymer. Many researchers observe the effect of 

changing the feed gas pressure on the permeability of polymers. For 

the types of polymers and gases used in this study the effect of 

pressure under about 200 psi is relatively small.[16,17] 

11



1.4 Mechanism and Equations of Permeation of Gases 

Through Polymeric Membranes 

As has been previously mentioned, the mean permeability 

coefficient (P) is a function of the product of two terms, the diffusion 

coefficient (D) and the solubility coefficient (S). This section will 

briefly discuss the basic equations and theory that relate these 

parameters in terms of the steady state permeation of penetrants 

through dense polymer films. Some methods for experimentally 

obtaining or calculating these coefficients will also be mentioned. 

Permselectivity will be explained in the last part of the section. 

1.4.1 Permeation, Diffusion, and Solubility 

The solution diffusion mechanism of permeation can be 

described in terms of a polymer membrane of a given area (A) and a 

given thickness (1) which separates two chambers containing a 

penetrant gas at different pressures. The penetrant gas will pass 

from the high pressure chamber to the low pressure chamber by 

first adsorbing onto the surface of the membrane, then diffusing 

through the membrane and finally desorbing from the opposite 

surface of the membrane. It is assumed that equilibrium at the 

surfaces is reached virtually instantaneously making the diffusion 

process the rate determining step. There is an initial build-up of 

diffusing penetrant molecules which eventually reaches a steady 

state. This phenomenon can be experimentally measured by 

measuring the increase of pressure in the low pressure chamber vs. 

12



time. This was the method of experimental measurement used for 

this research. A slow increase in pressure can be observed which 

increases in rate until reaching a steady state linear rate of 

permeation. The linear portion of the data will have an intercept on 

the time (x) axis known as the time lag (6). Measurement of @ and 

knowledge of the film thickness allows for calculation of the 

apparent diffusion coefficient by the time lag method using equation 

(1) which follows: 

D = 12/60 (1) 

Once the steady state has been reached, Fick's first law, the 

fundamental law of diffusion, applies as shown in equation (2) where 

F = -D (C2- C1)/I (2) 

F is the flux through the film and C, and C2 are the respective 

concentrations of penetrant at the polymer surfaces. It can then be 

shown that the total amount of permeant (Q) to have passed through 

the film of area (A) after a time (t) can be expressed by equation (3). 

Henry's law should apply at both surfaces so that the solubility 

Q = -DeAst(C2- Cy)/I (3) 

13



coefficient is defined as in equation (4). Incorporating the use of 

Henry's law and assuming that pj>>p2, as is the case under the 

S = Ci/pi = C2/p2 (4) 

experimental conditions used in this thesis, equation (3) can be 

rewritten as equation (5). The definition equation for permeability is 

Q = DeSeActeps/1 (5) 

shown in equation (6). Equation (5) shows that the permeability 

coefficient can be calculated from the steady state slope obtained 

P=D-S (6) 

from the previously described experiment where the increase in 

pressure is measured vs. time. The dimensions of P are given in 

equation (7) where the recommended and most commonly used units 

P = (amt, of gas under stated cond.) (film thickness) (7) 
(film area) (time) (driving pressure) 

are Barrers. The use of Barrers to express permeability allows P to 

equal values of 10-! to 103 for most polymeric materials.[18] The 

definition of a Barrer is provided in equation (8). 

There are few commercial instruments available for the 

measurement of P, so that most apparatus are built, maintained and 

14



1 Barrer = (10-19) (cm3 at STP) (cm) (8) 
  

(cm?) (s) (em Hg) 

operated by the individual investigators.[19-23] Some apparatus are 

equipped to measure diffusion and permeability accurately so that P, 

D, and S can be obtained.[19] Others can measure the permeation of 

two gases concurrently, so as to obtain a true selectivity value.[19] 

Some researchers use an apparatus which can only measure the 

permeability of a gas through a polymer(21,23] and then conduct 

Separate experiments to obtain either the diffusion coefficient or the 

solubility coefficient.[22] In this research the permeability 

coefficient for single gas permeation has been obtained. An apparent 

diffusion coefficient was also obtained in many cases but the 

accuracy of the diffusion coefficient is recognized to be very 

dependent on the experiment and could contain significant error if 

the transducer was poorly calibrated for that particular experiment 

or if the gas permeated very rapidly through the polymer film. 

1.4.2 Permselectivity 

Selectivity is obviously an important value for those interested 

in the separation of gas mixtures using membrane technology. The 

ideal separation factor (a) for the separation of two gases, A and B, is 

provided by equation (9). The ideal separation factor is therefore, in 

oO AB = Pa/Pp (9) 

15



principle, calculable from single gas permeation experiments. There 

are cases however where the ideal separation factor is not closely 

related to the actual selectivity of a membrane. This will be 

especially true when there are significant specific interactions in the 

gas mixture itself, or between one component of the gas mixture and 

the polymer membrane. Carbon dioxide is a good example of where 

this may be the case. Since carbon dioxide gas has a quadrupole 

moment it can undergo relatively strong interactions with most 

organic polymer chains. These interactions tend to plasticize the 

polymer membrane, reducing the Tg and creating a greater amount 

of free volume as diffusion takes place. This increased free volume 

can cause a second component in the gas mixture to diffuse through 

the membrane faster than it would have as a pure gas.[24-27] 

Keeping this in mind the ideal separation factor is commonly used to 

express selectivity at the research and development stage because 

very few experimentalists have the capability to accurately measure 

selectivity. Ideal separation factors will be reported in this research 

thesis. 

Robeson[28] has presented the theory of an "upper bound” for 

permeability/permselectivity relationships. Compiling a large 

amount of data from the literature on many different homopolymers 

plots of log Map vs. log Pa, or in some cases (ap vs. log Pa, a linear 

upper bound line was found for all gas pairs studied to illustrate the 

limits of permeability and permselectivity performance. Polymers 

which were on or very near to this line showed excellent separation 

16



and permeability characteristics as compared to other materials. 

This information would be of use when evaluating new material for 

gas separation applications to easily compare their performance to 

commercially available polymers as well as other experimental 

materials. 

17



1.5 Permeability Studies of Polyimide Membranes 

This section will cover the literature review conducted on gas 

permeability studies of polyimides. The literature was searched by 

conducting an on-line computer search of Chemical Abstracts. Most 

of the references reported are very recent, 1991-1994, but a few go 

back as far as the 1970's. Table 1.2 lists the pertinent references by 

decreasing date and includes a brief summary of the contents of 

each. The earliest work referenced here mentions a previous 

study[39] of the permeability of a commercial polyimide, Kapton-H, 

to CO2 and CH4. This study noted the exceptionally high selectivity 

for CO2 that is common in polyimides but, unfortunately, also noted 

the low CQ2 permeability. This original information led to further 

investigations of the permeability behavior of other polyimides for 

use in gas separation applications. The early studies on polyimides 

utilized materials where pyromellitic dianhydride (PMDA) was the 

dianhydride unit, because it is the same one used in Kapton-H. For 

comparison purposes polyimides made with 2,2-bis(3,4- 

decarboxyphenyl)hexafluoropropane dianhydride (6FDA) were also 

studied by Koros et. al.[35] in 1988 and the exceptional permeability 

characteristics provided by the 6F unit were emphasized. Polyimides 

as a class of polymers were found to have attractive permeability 

characteristics relative to other commercially used glassy polymers. 

Most polymers display an inverse relationship between permeability 

and permselectivity. This was found to not always be the case with 

polyimides. These new polyimide membranes with both the PMDA 
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Table 1.2: References on Gas Permeability Studies of 

Polyimides 

  

Ref. 

no. 

4 

13 

5 

6 

Publishing 

Year 

1994 

1993 

1993 

1993 

Summary 

Permeability study of 6FDA/BDAF polyimides, 

varying BDAF isomer concentrations, to He, COz, 

and CHy4 found relative P’s of homopolymers and 

used a copolymer equation to calculate P's of 

copolyimides which correlated well with the 

experimental values. Found little evidence of 

plasticization of polymers by CQd2. 

Permeability study of 6FDA-p-PDA and 6FDA-4,4'- 

ODA to H2, CO2, O2, CO, N2, and CH4 found high P's 

and a's and no substantial deterioration of 

permeability after 19 days of measurements with 

the pure gases. 

Permeability study of seven 6FDA polyimides with 

different branched and extended diamine portions 

to CO2, O2, N2, and CHy4 found lower a's than for 

same polyimides with shorter diamine portions. 

Also solubility data on the polymers was obtained 

and discussed in terms of effect of D vs. S on P. 

Permeability studies of 6FDA based polyimides 

with a variety of bridged diamine portions to O2 

and N2 found a correlation with P and density (p) 

as well as P and diamine monomer structure. 
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Table 1.2: References on Gas Permeability Studies of 

Polyimides (Continued) 

29 1993 Permeability study of 17 6FDA polyimides to CO? 

and CH 4 found a correlation between P and the 

dielectric contants (€) of the polyimides. 

7 1993 A good study, coupled with ref. 18, measured P of 

many different polyimides and made good 

Sstructure/property conclusions about effects of 

changing both dianhydride portion of polymides 

and changing diamine portion on the P and a of 

polyimide materials. 

8 1993 Permeability study of two PMDA-ODA polyimides 

to H2, CO2, CH4, O02, and N2 was carried out to 

determine the effect of a para vs. meta diamine 

linkage on the P and D. Hypothesis is that the 

para isomer can rotate around the principle axis 

whereas the meta isomer cannot. The hypothesis 

is supported by P, DMA, and molecular simulation 

data. 

30 1993 Permeability studies of 6FDA based copolyimides 

suggested that molecular weight of the polymer 

membrane can have an effect on the P. There 

may be some ambiguity in their data as their 

measurements were on random copolyimides 

which may or may not be of identical structure 

when synthesized at different molecular weights. 
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Table 1.2: References on Gas Permeability Studies of 

Polyimides (Continued) 

9 1992 P and S values were obtained independently for a 

series of fluorinated and non-fluorinated 

polyimides for Hz, CO2, O2, CO, Nz, and CH4. Some 

very high a's were found especially with respect 

to CO2/CH4 and a discussion of the relative effect 

of D and S selectivity was reported. 

31 1992 P and S values were obtained for a series of 

polyimides with different dianhydride and 

diamine portions. a values were calculated and an 

attempt to correlate D and S selectivities with the 

fraction of free space (Vf) in the polymers was 

presented. 

32 1991 The effect of annealing an industrially obtained 

PMDA-ODA polyimide film on P and D as well as a 

was investigated. Quenching was found to 

increase P and D while slow cooling was found to 

decrease them. Quenching was also found to 

increase a. 

27 1991 An excellent review of the P, D, and S's as well as 

the respective selectivities of a series of related 

polycarbonates, polyimides, and a polypyrrolone. 

Discussion involved determining whether D or S 

values determined P and whether D or S 

selectivities determined a. Also included was a 

study of plasticization of the polymers by CO? at 

moderate to very high pressures and the effect of 

plasticization on CO2/CHg4 selectivity. 
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Table 1.2: References on Gas Permeability Studies of 

Polyimides (Continued) 

21 1990 A permeability study of a series of polyimides and 

poly(amide-imides) with H2, O02, No, and CHy at 

high temperatures from 50-250°C was 

undertaken. The effect of temperature on P as 

well as a is shown and discussed. 

33 1990 A permeability study of two isomeric polyimides 

containing a 6F moiety in both the dianhydride 

and the diamine portions was undertaken to 

investigate the effect of isomerization on P and a 

for CO2/CH4 and O2/N2. The meta linkage was 

found to decrease P and increase a with respect to 

the para linkage. 

34 1990 Structure/permability relationships were 

investigated for a series of four 6FDA containing 

polyimides. The mean inter-chain distance was 

used as a measure of the free volume and was not 

found to correlate well with P values in the case of 

all the polymers. 
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Table 1.2: References on Gas Permeability Studies of 

Polyimides (Continued) 

17 1989 A permeability study of 9 polyimides made with 

6FDA, PMDA(dianhydrides) and ODA, BDAF, p-PDA 

(diamines) was carried out. Polymers with the 6F 

moeity showed much higher a's for CO2/CH4 than 

those with PMDA without a concurrent decrease in 

the P values. All of the polyimides showed higher 

a's for O2/N2 than other glassy polymers without 

marked decrease in P. Reported that polyimides 

show higher P's for Nz than CH4 which is opposite 

from most other glassy polymers. 

35 1989 A permeability study was carried out on a series 

of BPDA-ODA polyimides which were synthesized 

under different conditions and annealed at 

different temperatures to see the difference in P 

and a values. Annealed films showed decreased P 

and increased a, especially for gas pairs of largely 

different sizes, with a corresponding increase in 

molecular aggregation. 

36 1988 A permeability study of three polyimides with 

PMDA as the dianhydride moiety and ODA, MDA, 

and IPDA as the respective diamine moities was 

conducted by measuring P of CO? and the actual 

selectivity of CO2/CH4 from a mixed gas 

experiment. The P values were found to correlate 

with density values and intersegmental distance 

as measured by WAXD indicating that this is a D 

controlled phenomenon.  Selectivities were found 

to correlate with the D selectivity obtained from 

sorption experiments. 
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Table 1.2: References on Gas Permeability Studies of 

Polyimides (Continued) 

37 1988 A permeability study was conducted on four 

polyimides, PMDA-ODA, PMDA-IPDA, 6FDA-IPDA, 

and 6FDA-DAF with He, CO2, and CHy. P and S 

were determined independantly and D was 

calculated with these numbers. The study found 

that inhibiting intersegmental packing as well as 

intersegmental mobility will lead to high P and 

high a, as was found to be the case for the 6FDA- 

DAF polyimide. 

38 1988 A permeability study was conducted on six 

polyimides made with two dianhydrides, PMDA 

and 6FDA, and three diamines, ODA, MDA, and 

IPDA with both pure gases and mixed gases. 

Results were similar to those in ref. 30 where the 

polyimides were determined to have D controlled 

P and D selectivity controlled selectivities. 

Tailoring the polyimide structure so as to 

simultaneously inhibit intersegmental packing and 

mobility caused both P and a to be high. 
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and the 6FDA moieties were all found to have simultaneously higher 

P and a for CO2/CH4 than commercial membranes. A unique and 

useful behavioral fact of polyimides also noted was the "reverse 

selectivity" of N2 over CH4. These researchers hypothesized that P 

and a could both be increased in a polymer by simultaneously 

suppressing intersegmental packing and intersegmental mobility of 

the polymer chains. This is what is necessary to allow smaller 

molecules, such as H2 and CO, to permeate faster and larger ones, 

such as N2 and CH4, to permeate slower. The diffusion selectivity 

was believed to be the predominant factor in the high a values for 

CO2/CH4. This also explains why the a values of polyimides for O2/N2 

are not higher because there is little difference in the kinetic 

diameters of these molecules. 

Since 1988 many researchers have been studying the 

permeability characteristics of 6FDA containing polyimides, 

attempting to explain the structure/permeability relationship 

accountable for the excellent behavior of these materials. 

Robeson[28] found that some 6FDA containing polyimides possessed 

values at or very close to the upper bound for He/CH4 and CO2/CH4 

separation. If the important factors for improving permeability 

simultaneously with permselectivity could be pin-pointed then 

materials could be designed around those parameters rather than 

researchers having to use a "hit and miss" experimental approach for 

material selection. It was mentioned that intersegmental packing 

could be an important parameter. Density measurements are often 
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used to measure this property but d-spacing obtained from WAXD 

data has been found to correlate better with diffusion coefficients in 

some cases. 

Stern et. al.[17] studied a systematic series of PMDA and 6FDA 

containing polyimides. They found that a linear relationship 

between a for CO2/CH4 vs. P(CO?2) existed for the PMDA containing 

polyimides which was different from the linear relationship found 

for other common glassy polymers. They found no such linear 

relationship for the 6FDA containing polyimides and in fact found 

some discrepancies in the values obtained in their study and in 

previous work by Koros et. al.{38]. This finding led them to believe 

that curing and casting conditions could have a large effect on the 

permeability characteristics of many polyimides. Comparing meta 

and para linked diamine moieties produced the result that the para 

diamines provided higher P and lower a than the corresponding 

polyimide with the meta linked diamine. This was interpreted to be 

a result of the intersegmental mobility differences because the 

intersegmental distances were very similar. For example the para 

linked ODA polymers measured have a greater ability for rotation 

around the ether bonds than the meta linked ODA polymers, 

increasing the chain mobility and allowing for faster permeation and 

less diffusion controlled selectivity. This investigation was continued 

and in 1993 Stern et. al.[8] presented evidence for this hypothesis in 

the form of dynamic mechanical analysis (DMA) data, CO2 diffusion 

data, and molecular simulation data. 
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Coleman and Koros[33] followed up on Sterns investigations of 

isomeric diamines. They pointed out that meta linked polyimide 

isomers possess lower Tg's than the corresponding para linked 

polyimide isomers and this has been thought to indicate that the 

meta linked isomers have more mobility and therefore should show 

higher P and lower a values rather than vice versa. This, of course, 

should not be expected if T << Tg. They rationalize the facts by 

presenting the possibility that it may be subtle sub-Tg motions 

which predominantly control the diffusion behavior of gas molecules 

in these polymers. The para linked isomer could potentially rotate 

easier under these conditions so that the para isomer would have 

higher chain packing but higher mobility in a sub-Tg environment so 

that the inverse P and a relationship occurs for the para and meta 

isomers. 

Tsujita et. al.[32] studied the effect of thermal treatment on the 

permeability characteristics of a commercial polyimide membrane. 

Three conditions were studied:(1) the film as received, (2) the film 

annealed above Tg for 30 min. and then quench cooled, and (3) the 

film annealed above Tg for 30 min. and cooled at 2°C/min. 

Quenching the polyimide film after annealing was found to increase 

the permeability while slow cooling was found to decrease it. This 

led to the conclusion that the commercial polymer was either treated 

intermediate to these conditions when it was originally processed 

and/or that some physical aging had taken place in the membrane 

since it was processed. 
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Matsumoto and Xu[7] used permeability characteristics of a 

large number of polyimides to make some broad generalizations on 

the effects of inclusion of certain chemical groups on permeability 

properties. They show that meta linked diamines provide lower P 

and higher a values than para linked diamines and that longer 

diamines with oxygen linkages show lower P and a values. They 

showed that when an oxygen link is included in the dianhydride unit 

then P and a values are both low, when a sulfone unit is included 

then P is low but a is high, and when a 6F unit is included both P and 

a are high. There was also some discussion in this study of the effect 

of charge transfer complexes (CTC) in polyimides on the permeability 

characteristics. Apparently the CTC has some effect on the interchain 

forces by interacting with electron donating diamine portions of 

other polyimide chains. There is much evidence that the presence of 

the 6F unit in the dianhydride reduces the CTC in those polyimides 

and reduces interchain forces. This effect may reduce the 

intersegmental distance of these polyimides in addition to the steric 

effect previously attributed to the 6F moiety. In an accompanying 

study Matsumoto et. al.[29] found a linear relationship to exist 

between permeability and dielectric constants for the polyimides 

studied as well as for a large variety of commercial polymers. 

Matsumoto and Xu[13] investigated the effects of different 

synthetic techniques on permeability properties. They compared the 

permeability and selectivity values of three 6FDA-4,4'-ODA 

polyimides. Two of the polyimides were prepared by chemical 
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imidization, but were made in different size batches. The third 

polyimide was imidized thermally. The two chemically imidized 

polyimides showed different molecular weights by gel permeation 

chromatography (GPC) but displayed similar Tg and density values. 

The thermally imidized polyimide showed reduced molecular weight, 

Tg, and density. The permeability results indicate that there may be 

a molecular weight effect. Both chemically imidized polymers 

showed similar P(CO2) and a (CO2/CH4) but the thermally imidized 

polyimide showed both values to be reduced. Eastmond et. al.[30] in 

a Short paper reached the same conclusion with a series of random 

copolyimides of 6FDA-4,4'-ODA/IPDA of different molecular weights. 

In their case however two of the three molecular weights measured 

were high enough to have the same Tg but a difference in 

permeability properties was noted. This is clearly a confusing area 

which warrants further investigation. 
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1.6 Permeability Studies of Polyimide/Polysiloxane 

Copolymers 

There is very little in the literature on permeability 

characteristics of polyimide/polysiloxane block or segmented 

copolymers. The earliest work found in the Chemical Abstracts 

literature search was a study by Stern et. al.[40] on a series of three 

randomly segmented polyimide/poly(dimethylsiloxane) block 

copolymers. The copolymers were made with three different 

relative amounts of poly(dimethylsiloxane) utilizing two different 

molecular weight oligomers. Single gas measurements were 

conducted on these materials with H2, O2, N2, CO2, and CHy. All of the 

copolymers possessed relatively high weight percents of 

polysiloxane. It was concluded that the P’s obtained from the 

copolymers were substantially lower than that for the polysiloxane 

homopolymer and that the a values were not higher, so these 

copolymers were not attractive materials for separation of gases. 

Kawakami et. al.[41] synthesized a series of polyimides with 

very short side chains of poly(dimethylsiloxane) in every repeat unit. 

They showed that by increasing the length of the side chain from 1 

Si-O unit to 3, the permeability to oxygen could be increased 

drastically with very little loss of selectivity for oxygen over 

nitrogen. 

Tsujita et. al.[42] prepared a series of randomly segmented 

polyimide/poly(dimethylsiloxane) block copolymers using the same 

polysiloxane oligomer but varying the weight percent of polysiloxane 
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incorporated in the copolymer. There were four polymers compared: 

0, 10, 20, and 30% polysiloxane. They found that the permeability 

coefficients increased with increasing percent polysiloxane and that 

the increase was much greater between 10-20 and 20-30 than 

between 0-10. Their copolymers were microphase separated which 

leads to the question of how the phases are arranged in the 

copolymer membranes. Two simple models were presented as 

possibilities: the parallel model and the series model. In the parallel 

model the two phases are side by side so that the penetrant can pass 

through one or the other. In the series model the two phases are on 

top of each other so that gas molecules must permeate through both 

phases. The data obtained fit the series model at low percent 

polysiloxane but deviated toward the parallel model as the percent 

polysiloxane was increased. This is probably an indication that the 

models are too simple and that the heterogeneous morphology 

changes as the polysiloxane content changes and/or that it exists in a 

state somewhere in between the two models presented. 
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1.7 Characteristics of Microphase Separated Copolymers 

This section will describe the types of block copolymers studied 

in this thesis and will illustrate some of the important properties 

unique to these types of materials. Some investigations on 

morphological effects on permeability with different polymer 

systems will be discussed. 

1.7.1 Heterogeneous Morphology in Block Copolymers 

Block copolymers are polymeric materials made of two 

different types of repeat units and organized so that there exist long 

sequences of one type of repeat unit followed by another sequence of 

the other type of repeat unit. Block copolymer architecture can be 

arranged in a number of different manners, some of which are 

illustrated in Figure 1.2[43]. The multiblock copolymer arrangement 

is applicable to all of the copolymers utilized in this research. 

Multiblock copolymers are essentially made of alternating blocks of 

two types of homopolymers. When these two types of 

homopolymers are incompatible or immiscible then they will phase 

separate similar to the behavior of incompatible blends. Unlike 

polymer blends the copolymer components are attached by chemical 

bonds, constraining the size of the phases to molecular dimensions. 

An illustration of the formation of a block copolymer domain is given 

in Figure 1.3.[44] These nearly molecular size domains are typically 

called microphases. For microphase separation to occur it is 

necessary that a critical molecular weight of each segment be 
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Figure 1.2: Various Block Copolymer Configurations 
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Figure 1.3: The Meier Model of a Block Copolymer 

Domain 
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attained.[43] Depending on factors such as segment lengths and the 

relative amounts of each component a variety of morphologies can be 

attained from block copolymers. An illustration of some of these 

ordered morphologies is shown in Figure 1.4.[45] Block copolymers 

made of "hard" and "soft" segments will possess some different 

physical properties, which are dependent on the relative composition 

of the two types of segments. If the copolymer has small domains of 

the "soft" segment embedded throughout the continuous "hard" 

phase then the material will behave like a toughened glassy 

polymer.[46] If the material is largely made up of the "soft" phase so 

as to have the opposite morphology then the material will behave as 

a thermoplastic elastomer.[47] 

There are two commonly used simple methods of identifying 

phase separation in materials[44]. The first and most obvious is if 

macroscopically phase separated materials appear cloudy or 

completely opaque in film form, due to the relatively large 

dimensions and the different refractive indices often present in the 

two phases. Due to the small size of the phases in amorphous 

microphase separated materials, the films often appear transparent 

and could be mistaken for homogeneous materials. Another method 

of identifying phase separation is through characterization of the 

thermal transitions of the polymer film. Since block copolymers are 

usually made of "hard" and "soft" segments the glass transition 

temperatures (Tg) of the two homopolymer components are often 

very different. When there are two amorphous phases present in 
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the material then two Tg values should be observed. If the two 

phases are completely phase separated then the Tg’s in the 

copolymer should approach the Tg's of the homopolymers at 

comparable molecular weights to the individual segments. If there is 

some mixing of one type of segment into the phase of the other then 

this will be observable by a shift in the Tg of that phase toward the 

Tg of the other phase. Qualitatively, the amount of mixing in the 

separated phases can be seen by the size of the shift in the Tg from 

the Tg of a pure oligomer of the same molecular weight as the 

segment. 

There are two general methods for synthesizing multiblock 

copolymers and both involve condensation or step-growth 

polymerizations. One method is the "one-prepolymer" method and 

the other is the "two-prepolymer" method.[48] The first method 

involves the polymerization of a difunctional oligomer and two 

difunctional monomers where the oligomer possesses the same 

endgroups as one of the monomers. This provides a copolymer 

Structure known as a randomly segmented block copolymer in which 

the ‘average block length of the oligomer segment is known precisely 

and the average block length of the other segment is controlled by 

the synthetic parameters designed to incorporate a known 

percentage of each segment to the overall copolymer structure. The 

latter method involves polymerization of two difunctional oligomers 

to form a copolymer structure known as a perfectly alternating block 

copolymer. In the perfectly alternating block copolymer the average 
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block length of each segment can be known precisely through 

characterization of the oligomers before copolymerization. 

Illustrations of randomly and perfectly alternating segmented 

copolymer structures are provided in Figure 1.5.[49] Theoretically, 

the average block lengths obtained by both methods of 

polymerization should be identical if the same percentage of 

components were incorporated and one of the same oligomeric 

species were used for both syntheses but it is often observed that 

the distribution of block sizes is narrower when both oligomers are 

prepared initially.[48] It has also been observed that the higher 

structural regularity of the perfectly alternating block copolymer 

provides more defined morphologies by allowing for more defined 

microphase separation.[50] For more examples of property 

comparisons of randomly and perfectly alternating segmented 

copolymers see Ref.[49]. 

1.7.2 Permeability Studies on Microphase Separated 

Block Copolymers 

Permeability studies of polyimide/polysiloxane block 

copolymers were discussed in a previous section of this chapter. 

There have been few of these particular studies to date and none of 

the studies went into depth on the effect of morphological 

characteristics of the copolymers on the permeability properties. 

There have been some studies on the relationship between 

morphology and permeability utilizing other block copolymer 

materials. <A list of some references with a brief summary of each 
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can be found in Table 1.3. Most of the available literature in this 

area is concerned with morphological studies of polystyrene/ 

polybutadiene block copolymers, presumably this is the case because 

the synthetic procedures for producing such copolymers with nicely 

defined morphologies are readily available. Models for lamellar 

morphologies possessing long range order with the lamellae in 

parallel or in series to the direction of flux have been worked 

out.[51] Models for lamellar morphologies where there is short range 

order but overall isotropy have also been presented and 

refined.{51,53] Models for spherical morphologies have been 

presented and tested.[54,55] 

Csernica, Baddour and Cohen[54] conducted an interesting 

study with the commonly used 75% styrene/25% butadiene block 

copolymers made from a commercial K-Resin. They examined a 

copolymer which contained ~75% polystyrene by volume and treated 

the material to a series of compression molding conditions to obtain 

films with three different types of morphologies. KR-P was a sample 

with the lamellae ordered parallel to the direction of flux. KR-S was 

a sample with the lamellae ordered in a series to the direction of 

flux. KR-ST was a sample with lamellae in grains which were 

ordered in varying directions throughout the sample to create long 

range disorder. The researchers prepared a diblock copolymer of 

Styrene and butadiene with ~74% polystyrene by volume and cast 

films from toluene to obtain a spherical morphology of polybutadiene 

spheres imbedded in a polystyrene continuous phase(SB10). When 
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Table 1.3: Recent References on Studies Relating 

Morphological and Permeability Characteristics 

  

Ref. 

no. 

51 

52 

53 

Publishing 

Year 

1987 

1989 

1989 

Summary 

Transport studies of CO? in poly(styrene-co- 

butadiene) block copolymers show how changing 

the composition or casting solvent can affect the 

morphology of the copolymers and subsequently 

the permeability. The permeability is altered by 

changing the connectedness of the more 

permeable butadiene phase. The effect of domain 

morphology on diffusion fits the models well. 

Permeability of Ar, CO2, and CHy, in styrene- 

butadiene block copolymers of different 

compositions is measured. The percolation theory 

and the "effective medium theory" are used to 

interpret the effect of changing copolymer 

composition on permeability of gases. 

The random column theoretical model was 

designed and tested for 

polystyrene/polybutadiene block copolymers 

using Ar, Kr, Nz, CO2, and CH4. The random column 

model was found to predict permeability values 

better than the previously developed Sax and 

Ottino model for isotropic systems with short 

range lamellar order. 
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Table 1.3: Recent References on Studies Relating 

Morphological and Permeability Characteristics 

(Continued) 

54 1990 Gas permeabilities of several gases through 

polystyrene/polybutadiene block copolymers with 

different morphological arrangements were 

obtained. The data was found to fit different 

models for different morphologies. The unit cube 

model for a spherical morphology was modified in 

order to better fit experimental data and was 

found to give the lowest permeablity compared to 

other morphologies of the same copolymer. 

35 1993 Poly(styrene-b-vinyltrimethylsilane) was 

synthesized and permeability measurements of 

solvent cast and compression molded films were 

obtained for O2 and Nz. Reported that all 

compositions from 2% vinyltrimethylsilane to 85% 

revealed a spherical morphology but that all 

measured permeabilities were somewhat higher 

than predicted by the spherical model. 
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the permeabilities of these four samples were compared with Ar, No, 

CO2, and CHy4 they were found to be different, indicating the effect of 

changing morphology on permeability. The sample with the highest 

permeabilities to all the gases was KR-P where the lamellae were 

oriented along the direction of the permeating gases. The 

permeabilities were slightly lower than 25% of the permeability of 

polybutadiene homopolymer indicating that not all permeation was 

taking place through pure polybutadiene phases. The KR-ST sample 

showed the next highest permeability values which were about half 

the values for the KR-P sample while the KR-S sample showed values 

which were half of the KR-ST values. The misoriented lamellae (KR- 

ST) exhibited permeability properties intermediate to the more 

ordered lamellae samples. The SB10 sample possessed permeability 

characteristics essentially the same as the KR-S sample and the 

values of both of these samples were found to compare fairly closely 

to a series model. It is very interesting that the spherical 

morphology behaves like the series model indicating the importance 

of connectivity of the most permeable phase for increasing 

permeability properties in block copolymers. As the authors of this 

research point out the wide variety of characteristics which can be 

obtained through controlling processing techniques to design certain 

morphologies could allow for a wide variety of applications for one 

block copolymer material. 
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Chapter 2. Experimental Procedures 

This chapter will cover the synthetic procedures utilized in this 

thesis as well as the basic synthetic procedures conducted by others 

which produced the materials investigated. The characterization of 

the materials used and detailed procedures for using the 

permeability apparatus and the calculations required to obtain 

meaningful data from it are also described. 

2.1 Polymer Synthesis 

The polymers synthesized for this study included both block 

copolymers and each of the component homopolymers. The 

poly(dimethylsiloxane) oligomers were synthesized by the author. 

The ODPA-BIS P polyimide oligomers and the ODPA-BIS P/PSX block 

copolymers were kindly provided by Dr. Martin Rogers[49,56]. 

2.1.1 Synthesis of Aminopropyl Terminated 

Poly(dimethylsiloxane) Oligomers 

Purification of starting materials 

D4 was kindly provided by Dow Corning and was stirred over 

crushed calcium hydride in an airtight flask with a dry nitrogen 

atmosphere overnight in order to remove any water present. A 

vacuum distillation of the D4 at just above room temperature with a 

short path distillation apparatus was utilized to remove the dried D4 

from the calcium hydride. The D4 was stored under a nitrogen 

atmosphere in a round bottom flask with a tied rubber septum until 

it was needed. 
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Bis(3-aminopropyl)tetramethyldisiloxane, purchased from 

Petrarch, was stirred over crushed calcium hydride in an airtight 

flask with a dry nitrogen atmosphere over-night. The material was 

vacuum distilled at 120-130°C under a low vacuum. The dried dimer 

was stored under a nitrogen atmosphere in a round bottom flask 

with a tied rubber septum until it was needed. 

Synthesis of the Tetramethylammonium Siloxanolate Catalyst 

A glass apparatus shown in Figure 2.1[57] was used for this 

reaction.[58] The apparatus was first flamed dry under nitrogen. 

The tetramethylammonium hydroxide (0.95 g) was added as a solid 

into the dry reactor followed by the D4 (18.66 g) which was added 

via a syringe. This mixture of reactants was stirred with nitrogen 

bubbling through it for 2 hours at room temperature. The reactor 

was placed in an 80°C oil bath where the stirring and nitrogen 

purging were continued. The reaction solution became viscous and 

cloudy first, but within 2 hours had become clear and lower in 

viscosity. The force of the nitrogen flow was enough to transfer the 

water over to the Dean Stark trap where it could be removed. The 

reaction was left stirring in the bath with the nitrogen flow for 22 

hours total. It was then removed from the heat, cooled, stoppered 

with septa and sealed tight with parafilm under nitrogen 

atmosphere. The solution was then diluted with a 1:1 ratio of dry D4 

(19.5 ml) since it was too viscous to easily transfer via syringe. The 

viscous catalyst solution was stored in the reactor and used within 

days after synthesis to minimize hydrolysis from atmospheric water. 
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Figure 2.1: Glass Apparatus Used for the Synthesis of 

the Tetramethylammonium Siloxanolate 

Catalyst 
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Synthesis of an Aminopropyl Terminated Poly(dimethylsiloxane) 

Oligomer 

The reaction scheme for synthesis of the amine terminated PSX 

is shown in Figure 2.2. The procedure involves the equilibration 

polymerization of the cyclic tetramer siloxane and a difunctional 

siloxane monomers in the presence of a siloxanolate catalyst.[58] A 

representative sample procedure is discussed for the synthesis of 

200 g of a 1,000 g/mole <Mn> oligomer. An oven dried 500 ml two- 

neck round bottom flask fitted with a wired on septum and a 

magnetic stir bar was used as the reaction vessel. A long needle 

connected to the dry, house nitrogen was inserted through one 

septum into the bottom of the flask and a outlet needle was placed in 

the other septum. The flask was flame dried and cooled under a 

nitrogen flow. The bis(3-aminopropyl)tetramethyldisiloxane dimer 

(49.7 g, 0.1999 moles, 55 ml) was added to the flask via syringe first, 

then D4 (150.3 g, 0.5067 moles, 155 ml) was also added via syringe. 

The resulting solution was placed in an 80°C oil bath and stirred. 

When the reaction was given sufficient time to reach its ultimate 

temperature in the oil bath the siloxanolate catalyst solution 

(0.000283 moles catalyst, 2.5 ml catalyst solution) was added in a 

concentration of 0.04 mole %. An increase in the viscosity of the 

reaction could be observed within minutes. The reaction was 

allowed to stir at this temperature for 18 hours. The oil bath 

temperature was then increased over 2-3 hours to 145°C to 

decompose the catalyst and the reaction was Stirred at that 

47



a 

C ] I 3 CH Si—0, | 
7 Hs 

CH;—Si iO 
No siZ CH 

80° C, 24 hours 

145° C, 2 hours 

  

fs oH 

+ N+ CH} ‘i —o— i “1 CHa, —NH, 

0.04 mole % 

Tetramethylammonium Siloxanolate Catalyst 

CH, CH, 
| | 

H.N-+ cH} si—o}-- Sit CHa Nil 

Figure 2.2: Synthetic Scheme for the Preparation of a 

Difunctional Aminopropyl Terminated 

Poly(dimethylsiloxane) Oligomer 

48



temperature for an additional 9 hours. The reaction was removed 

from the heat and allowed to cool under a nitrogen flow before 

beingsealed under a nitrogen atmosphere. The viscous polymer was 

stripped under mechanical purge vacuum at 100°C for 5 hours to 

remove low molecular weight cyclics from the polymer molecular 

weight distribution. 

Preparation of Gel Permeation Chromatography Samples 

The gel permeation chromatograph (GPC) used ultrastryragel 

columns which were susceptible to possible interference by aliphatic 

amines. This made it necessary to derivatize the oligomer samples 

before analysis.[57] Approximately 2 g of each oligomer were 

derivatized for each GPC sample submission. The derivatization 

reaction is shown in Figure 2.3 and a sample procedure will be 

presented. The stripped 1000 g/mole PSX oligomer (2.34 g) was 

placed in a 20 ml vial with 1.2 moles of benzophenone (1.02 g) per 

mole of amine end-groups. Activated molecular sieves were added 

up to the liquid level in the vial to absorb the water of reaction and 

to drive it to completion. The vial was then capped with a septum 

and wired shut with a needle outlet. The vial was left in a 105°C oil 

bath for 18 hours and then removed and cooled to room 

temperature. The derivatized liquid polymer was filtered through 

dry glass wool in a pipette to remove the sample from the molecular 

sieves and sieve dust. These samples were then submitted for GPC 

analysis. 
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2.1.2 Synthesis of Polyimide/Poly(dimethylsiloxane) 

Perfectly Alternating Block Copolymers[49,56] 

The reaction scheme for this synthesis is shown in Figure 

2.4[49]. The reaction vessel for this procedure was a three neck 

round bottom flask fitted with a mechanical stirrer, a stopper, and a 

condenser. The synthesis of a 6F-BIS P/PSX perfectly alternating 

block copolymer will be discussed as an example of the procedure. 

The synthesis of a ODPA-Bis P/PSX perfectly alternating block 

copolymer is exactly the same except the ODPA-Bis P oligomer may 

require heating and more time to dissolve. The 2-aminopyrimidine 

capped polyimide oligomer (10 g, 2.16 mmoles) was dissolved in 

chlorobenzene, dried by azeotropic distillation in the reaction vessel 

with stirring and heated to about 110°C. The amine terminated psx 

oligomer (2.3212 grams, 2.12 mmoles) was then added slowly in 

portions and rinsed in with enough chlorobenzene to bring the 

reaction to 15 % solids. The reaction was stirred at 110°C for 3-5 

hours and then cooled to room temperature. The polymer was 

precipitated into methanol by dripping a thin stream of polymer 

solution into a highly agitated blender of methanol. The fibrous 

polymer was filtered and dried in a vacuum oven at a temperature 

just below the glass transition temperature of the polyimide 

segment. 
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2.1.3 Synthesis of Polyimide/Poly(dimethylsiloxane) 

Randomly Segmented Block Copolymers 

The reaction scheme for this synthetic procedure is shown in 

Figure 2.5[49]. The randomly segmented block copolymers were 

prepared by a one step solution imidization process.[59-61] The 

synthesis of a ODPA-BIS P/PSX randomly segmented block 

copolymer with 21% of a 1,000 g/mole psx will be discussed as a 

representative synthetic procedure.[48] Monomer grade ODPA 

(7.6133 g, 24.54 mmoles), which was dried under vacuum at 180°C 

for 6 hours prior to use, was dissolved in 30 ml of dry o- 

dichlorobenzene (ODB) with 3 ml of dry N-methylpyrollidone (NMP) 

in a 250 ml four neck round bottom flask. The reaction flask was 

equipped with a mechanical stirrer, a nitrogen inlet, a stopper, and a 

reverse Dean Stark trap filled with ODB and fitted with a cold water 

condenser. The solution was heated under nitrogen to 165°C, with 

Stirring. The psx oligomer (4.0112 g, 3.68 mmoles) was added slowly 

and allowed to stir for 30 minutes. Monomer grade Bisaniline P, 

which had been dried in the vacuum oven at 120°C for 6 hours 

before use, (7.3341 g, 21.32 mmoles) was added to the reaction along 

with 20 ml of ODB. After stirring for 45 minutes, the end-capper, 

sublimed phthalic anhydride (0.1361 g, 0.92 mmoles), was added to 

the reaction as a solution in 10 ml of ODB. The reaction was allowed 

to stir at 165°C for 24 hours and then cooled and precipitated into 

methanol. 
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2.2 Materials for Permeability Study 

The influence of the copolymer morphology on permeability 

behavior in block copolymer films were investigated. Perfectly 

alternating polyimide/poly(dimethylsiloxane) block copolymers were 

studied with different compositions of components: eg., 0, 10, 20, 30, 

and 50 weight percent poly(dimethylsiloxane). Two perfectly 

alternating polyimide/ poly(dimethylsiloxane) block copolymers with 

the same composition of 20% poly(dimethylsiloxane) and different 

block sizes of polyimide and poly(dimethylsiloxane) were studied. 

The block sizes for these two polyimide/poly(dimethylsiloxane) 

copolymers were 4000 g/mole/1,000 g/mole and 11,000 

g/mole/2,500 g/mole. Two polyimide/ poly(dimethylsiloxane) 

randomly segmented block copolymers with compositions of 20% 

poly(dimethylsiloxane) were also studied. These randomly 

segmented block copolymers were synthesized using the same 

poly(dimethylsiloxane) oligomers as the perfectly alternating block 

copolymers. All of the homo-polyimides and copolymers measured 

displayed molecular weights in the range of 20,000 and 40,000 

g/mole. All of the polymer membranes were transparent tough films 

unless otherwise stated. 
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2.3 Film Preparation 

This section covers the preparation of thin polymer membranes 

of uniform thickness for use in gas permeability experiments. It is 

necessary that the films be void free and scrupulously clean in order 

that the permeability measurements can be carried out so as to 

obtain consistent results. A schematic of the overall procedure is 

presented in Figure 2.6. 

2.3.1 Preparation of Substrate Surface 

9 x 9 Pyrex plates were treated so as to prevent the polymer 

films from adhering strongly to them during the casting procedure. 

Thus polar silanol groups on the glass surface were reacted with 

trimethylsilylchloride to form a non-polar surface of trimethylsilyl 

groups and hydrochloric acid by-product. This reaction is illustrated 

in Figure 2.7. A 10% solution of trimethylsilylchloride (obtained 

from Fisher) (20 ml) in toluene (obtained from Fisher) (200 ml) was 

prepared immediately prior to use and added into a rectangular 

polyethylene container in the fume hood. The plates were immersed 

in the solution for 1-2 minutes individually. They were then 

removed from the solution and placed in a forced air oven. The oven 

was heated at a rapid rate to 250°C and held at that temperature for 

one hour. The temperature of the oven was then allowed to cool to 

room temperature before the plates were removed and stored in a 

drawer until they were used. Before use of the plates they were 

wiped with acetone in order to remove any residual hydrochloric 
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acid which might possibly remain on the plate. Each side of the plate 

could be used for film casting before it was necessary to re-treat the 

plate. 

2.3.2 Preparation of Polymer Solutions 

All of the polymers studied were chloroform soluble. For each 

polymer studied it was desirable to obtain at least two films so that 

two measurements could be taken on each polymer. In most cases 

the two films were cast simultaneously in order to save time. For 

each polymer approximately 2 g (eg. 2.1889 g) of polymer was added 

to a 50 ml round bottom flask with a magnetic stir bar. The flask 

was fitted with a septum which was wired into place. Chloroform 

was added to produce a 5% solids, by weight, solution (eg. 28 ml). 

The flask was then placed under a positive nitrogen atmosphere and 

the solution was stirred until all of the polymer had dissolved. 

Dissolution times ranged from 0.5 to 12 hours depending on the 

polymer and its form (film or fiber). 

2.3.3 Casting of Polymer Solutions 

The polymer solutions were filtered through 5 um Nylon filter 

paper in a high pressure filter (illustrated in Figure 2.8), to remove 

any dust or other foreign particles, into two cleaned 25 ml vials. 

After filtration the solution in each vial was visually inspected for 

dust and if any was found it was re-filtered into another cleaned 

vial. Prior to filtration of the solution the treated Pyrex plate had 
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been placed into a dust free chamber and two stainless steel rings of 

4.5 inches in diameter were put side by side on the plate. The plate 

was leveled using a small level obtained from the local hardware 

store. The top was placed on the chamber and a nitrogen 

atmosphere was introduced with a low flow of nitrogen gas entering 

at one end of the chamber, above the plate, and exiting through the 

other end. Each vial containing the filtered solutions contained about 

10-15 ml of solution. The top was removed from the chamber in 

order to pour the contents of each vial into a stainless steel ring. The 

poured solutions were immediately visually inspected to check for 

foreign particles or air bubbles produced in the pouring. If any were 

observed to be present a clean spatula was used to push them to the 

side of the ring before the solvent had a chance to evaporate enough 

to form a skin on the film. The top was replaced on the chamber and 

the low nitrogen flow was continued. 

2.3.4 Drying of Polymer Films 

The films were kept within a dust free chamber with a low 

nitrogen flow over them for 24 hours. An additional 24 hours with a 

higher nitrogen flow and a heat lamp served to dry the films to the 

point where most could be easily removed from the treated plate. 

The films were then removed from the plate and dried under 

vacuum for 24 hours at room temperature. They were then heated 

slowly under vacuum to just below their upper glass transition 

temperature (about 200°C for most) and held there for 2-6 hours 
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before being cooled to room temperature. The vacuum oven used for 

these experiments was used solely for these films and was double 

trapped from the other ovens and triple trapped from the vacuum 

pump to prevent contamination. 

2.3.5 Preparation of Polymer Membranes for 

Permeability Measurements 

On removal from the vacuum oven the films were measured 

for film thickness using an electronic device which measures the 

distance between a probe placed on the film and a metal base placed 

beneath the film. The uncertainty of these measurements is .00003 

cm. Ten measurements were taken at random on each film and the 

average of these numbers was used as the film thickness. All of the 

films had average thicknesses in the range of 1-4 mils. After 

obtaining a value for the average thickness of the films, the 

membranes for the gas permeability measurements were cut. A 

circular die of 3.5 inches in diameter was used in a pneumatic press 

to cut a piece from the center of each cast film. The die cut was used 

to prevent stress being put on the edges of the film which might 

induce stress which could interfere with the permeability 

measurements. The cut films were stored in bags until they could be 

used for permeability measurements. 

24 hours before each film was placed within the permeability 

apparatus it was removed from storage and cleaned. The film was 

wiped with methanol using a lint free cloth and placed in a clean 
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crystallizing dish. The dish was placed in a vacuum oven and rapidly 

heated to just below the upper glass transition temperature of the 

polymer film (200°C for most). It was held at this temperature for 

2-6 hours and allowed to cool overnight to room temperature. The 

films remained in the vacuum oven until they were placed in the 

permeability apparatus to prevent absorption of contaminants in the 

air of the laboratory. The films were handled as little as possible and 

always with clean gloved hands. 
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2.4 Gas Permeability Measurements 

This section will discuss the permeability apparatus and the 

manner in which it was calibrated and used for these experiments. 

Calculation of the permeability coefficient from the raw data will also 

be discussed. 

2.4.1 Gas Permeation Apparatus 

The permeability apparatus used for these experiments was 

developed and built at Virginia Tech by Dr. J. M. Hoover[{23]. The 

apparatus is made up of six major components: 

* gas supply and regulating system 

* permeation cell 

* pressure measurement system 

¢ temperature control system 

* vacuum supply system 

¢ data acquisition and instrument control system 

A schematic of the permeability apparatus is provided in Figure 

2.9[62]. 

Gas Supply and Regulating System 

The gas supply and regulating system consists of five high 

pressure gas cylinders with tank regulators; a precision, in-line, O- 

100 psi gas regulator; a high precision, 0-300 psi pressure transducer 

with a power supply and digital display; and 6 air-accuated valves. 

The five gases used for these experiments were: helium, oxygen, 

nitrogen, methane, and carbon dioxide. All the gases were of a high 
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grade obtained from Airco with 99.99% purity or greater. Each gas 

tank was fitted with a regulator which was set at about 15 psi to 

obtain a feed gas pressure of one atmosphere in the apparatus which 

was measured by the pressure transducer. The system is capable of 

releasing one gas at a time for permeability measurements. In 

preparation for a measurement the gas supply valve(A, B, C, D, or E) 

is opened and the gas is allowed to flow to the feed valve(F). This 

region of the apparatus is then manually purged using a release 

valve so that only the desired feed gas will be supplied to the 

polymer membrane for permeation. 

Permeation Cell 

The stainless steel permeation cell is schematically represented 

in Figure 2.10[23]. The cell consists of two stainless steel plates 

which fit together to leave a thin cavity in the center in which the 

polymer membrane being measured sits. Also within the cavity is a 

Stainless steel porous plate to give the membrane mechanical 

support. The plates are sealed by three rubber o-rings of different 

diameters and held together by 8 stainless steel bolts. The feed gas 

is let in through the upstream side of the cell and released after 

permeating through the polymer on the downstream side of the cell. 

Two pieces of stainless steel tubing attach to the cell, one to each 

side, and these in turn attach the cell to the permeability apparatus. 

All the attachments are made with high vacuum fittings and utilize 

soft nickel gaskets to complete the seal. To open the cell the stainless 

steel tubes had to be removed and the cell laid on its side in a cork 
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ring to support it above the table top. The bolts were then removed 

methodically with a large allen wrench. The bolts had to be removed 

. in a particular order so as not to stress the seals. This was done by 

loosening each bolt only a small amount in the order of 

1,4,7,2,5,8,3,6. This was then repeated until all stress on the rubber 

seals was removed and then the bolts could be fully removed in any 

order. The two plates were then separated. The membrane inside 

the cell was removed and stored and the plates were prepared for a 

new membrane. The cell often allowed some water from the 

temperature controlled bath to leak through the first rubber gasket 

and sometimes through the second. This water was removed using 

paper towels and the rubber gaskets were removed and dried 

individually. The gaskets were then replaced being very careful not 

to allow any water to drip onto the stainless steel porous plate. The 

prepared membrane was removed from the vacuum oven and 

immediately placed on the bottom (down-stream) plate on top of the 

Stainless steep porous plate. Handling of the films was kept to a 

minimum but the membrane had to be centered exactly onto the 

porous plate which is of exactly the same size in order to insure that 

it would fit in the apparatus properly. The top (upstream) plate was 

then lowered onto the bottom plate being very careful to line up the 

bolt holes without disturbing the position of the polymer membrane. 

The bolts were then replaced in the same manner which they were 

removed until they were as tight as possible. The stainless steel 

tubing was re-attached using new nickel gaskets and then the cell 
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was re-attached to the apparatus and placed under vacuum in 

preparation for a permeability measurement. 

Pressure Measurement System 

The pressure measurement system consists of a very sensitive 

differential pressure transducer(DPT) with a low cost carrier- 

demodulator(LCCD), and a digital display to indicate the down-stream 

cell pressure in units of kilopascals(KPa). The reference side (-) of 

the DPT is connected to the vacuum supply system and the sampling 

side (+) is connected to the down-stream side of the permeation cell. 

This allows the DPT to measure the difference in the vacuum 

produced by the vacuum supply and the pressure on the down- 

stream side of the permeation cell which is caused by permeated gas. 

For more specific information on the electronic instrumentation see 

the work of Hoover[23] and Parisi[62]. 

Temperature Control System 

The temperature control system consists of a water bath in 

which the permeation cell is suspended, three temperature probes, 

two 700 watt quartz heating elements, and a stirrer. The 

temperature probes are connected to two platinum resistance 

thermocouple devices (RTD). They measure the temperature of the 

water bath in three different places around the suspended 

permeation cell. The temperatures are displayed in tenths of 

degrees celsius and when regulated do not vary more than .1°C. The 

output of each RTD is connected to an input channel on the DASH-8 

A/D board to enable the computer to control the temperature. The 
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heating elements are connected to solid state relays (SSR) which are 

connected to the PIO-12 digital output board of the computer. These 

connections allow the computer to read the temperature of the bath 

via the DASH-8 and heat the bath via the PIO-12 when necessary. 

Vacuum Supply System 

The vacuum supply system consists of a Sargent Welch model 

1470 vacuum pump, a glass vapor trap, a vacuum dewar, a vacuum 

gauge, and several feet of rubber tubing and assorted glass 

connectors. The vacuum supply is connected to the permeability 

apparatus, through valves N and M, on either side of the DPT. The 

pump is run almost continuously and is capable of pulling a vacuum 

of 35 mtorr. The vacuum pressure varied between individual 

experiments from 35-60 mtorr. The pump oil was changed every 1- 

2 months. The oil was somewhat darkened by heat degradation but 

was not allowed to get especially thick which could cause damage to 

the pump mechanics. The glass vapor trap is used to prevent oil 

vapors from being carried back into the permeability apparatus and 

as a safety feature for the pump should water from the water bath 

be pulled into the system through a leak in the permeation cell. The 

vapor trap was kept cold with liquid nitrogen in the dewar flask 

most of the time that the permeability system was open to the 

vacuum supply system. 

Data Acquisition and Instrument Control System 

Figure 2.11[23] illustrates the data acquisition and control 

system consists of a IBM PC AT computer using "Labtech Notebook" 
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software. The "Labtech Notebook" software is used to operate the 

computer and specify the parameters that control the operations of 

the DASH-8 analog to digital (A/D) and the PIO-12 digital output 

boards. The data acquisition and control system is responsible for 

operating the air actuated valves, maintaining the bath at a constant 

temperature, and acquiring data from the two pressure transducers 

and a clock. 

The valves are operated by a sequence of electronic and 

mechanical switches. The digital signal to open or close a valve (or 

valves) is generated by the PIO-12 digital output board in the 

computer. This signal is sent to the ERB-24 mechanical relay board 

which contains 24 double pole, double throw relays. These relays 

serve as on/off switches for 16 solenoid valves, 2 quartz heaters, and 

2 transducer protection valves. The solenoid valves serve as on/off 

switches for the air actuated valves in the permeability apparatus, 

they normally remain closed. The solenoid valve provides air («50 

psi) from the in-house supply to the air actuated valve and causes it 

to open or close. The operation of the heaters to control the 

temperature of the water bath was discussed previously. 

Data acquisition consists of measuring the pressure from the 

differential pressure transducer (DPT) and the supply gas pressure 

transducer (SPT) as well as measuring the time at which each 

measurement takes place. Two types of programs are used in 

"Labtech Notebook” (LTN): the _RDY1 and the _PERMI programs. 

These are a series of setup conditions which are used to make the 
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permeability apparatus provide data. There are five _RDY1 

programs, one for each gas, that prepare and equilibrate the system 

for a permeation experiment and there are five _PERMI programs, 

one for each gas which run and collect the data for the permeation 

experiments. 

2.4.2 Permeability Measurements 

A _RDYI1 program is run for at least 24 hours before a 

permeation experiment is carried out. The position of the valves 

during a _RDYI1 program are shown below. 

A-B-C-D-or E OPEN 

F CLOSED 

G OPEN 

H OPEN 

I CLOSED 

K CLOSED 

L OPEN 

M OPEN 

N OPEN 

The first five valves are connected to the individual gas supplies so 

depending on which _RDYI program is being run only one of those 

valves will be open. The _RDY1 program allows for the feed gas to 

be purged up to valve F which will open during the _PERM1 program 

to allow the gas into the upstream side of the permeation cell. It also 

allows a vacuum to be pulled on the entire system including the 
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polymer membrane and both sides of the DPT. This should remove 

any atmospheric gases which were absorbed by the membrane while 

it was being loaded into the permeation cell and will bring the DPT to 

zero, where it will start the permeation experiment. The _RDY1 

program is run for each gas for at least 24 hours to allow plenty of 

equilibration time so that all of the atmospheric gases or the 

previously permeated gas can be removed by the vacuum pump. 

The gases were always run in the same order for each polymer 

membrane: oxygen, nitrogen, methane, and then carbon dioxide. 

Carbon dioxide was always run last as it is known to plasticize 

organic polymers through molecular interactions with the polymer 

chains. 

During a _PERMI1 program the valves are positions of the 

valves are set up to allow the feed gas access to the upstream side of 

the permeation cell. These positions are shown below. 

A-B-C-D-or E OPEN 

F OPEN 

CLOSED 

OPEN 

CLOSED 

CLOSED 

OPEN 

CLOSED 

OPEN 
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e
r
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Three columns of data are collected during a _PERM] program: the 

pressure of the feed gas which should remain constant, the pressure 

of the permeated gas as seen by the increasing pressure difference 

on the DPT, and the time in seconds. The frequency of data 

acquisition can be controlled by LTN and is different for different 

gases. For example, helium gas is very small and tends to permeate 

very quickly so data points will be taken every 1/2 second so that a 

large number of data points will be available for the calculation of 

the permeability coefficient. Methane on the other hand is very 

large and tends to permeate slowly so data points may be taken 

every 10 seconds and the experiment will last longer than in the 

previous example to obtain a useful number of data points. If too 

many data points were taken in the experiment then the "Lotus" 

spreadsheet program used to make the calculations would be 

overloaded and would be unable to make the calculations. Typically 

500 to 800 data points were used to do the calculation. 

2.4.3 Calibration of the Differential Pressure 

Transducer | 

A computer program called "VALVES" was written by 

Hoover[23] to individually open and close the air actuated valves on 

the system. When using this program it is very important to be 

aware of which valves are being opened concurrently to prevent 

damage to the DPT. The metal diaphragm in the DPT is very 

sensitive and can be bent if there is a very large pressure difference 
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across it. Calibration of the DPT was carried out periodically and it 

was usually found to need litthe or no adjustment. In order to carry 

out the calibration the permeation cell was removed from the system 

and the "VALVES" program was used to open each side of the DPT to 

the atmosphere. A water manometer was connected to one side of 

the (+) side of the DPT at the fitting where the permeation cell 

connects. When pressure is applied via a squeeze bulb attached to 

the manometer the pressure can be read in cm of water on the 

manometer and in KPa on the DPT digital readout. Using the 

conversion of 1KPa = 0.0977104 x cm of water the correct value for 

the digital readout could be calculated from the manometer. If there 

was a discrepancy between the manometer and the digital readout 

then value on the digital readout would be adjusted using the span 

screw on the LCCD board. The pressure would then be released so 

that the DPT should read 0 KPa. If it did not read zero then the zero 

screw would be adjusted on the LCCD board. This procedure was 

repeated until there was no discrepancy between the manometer 

and the digital readout. 

2.4.4 Determination of the Volume of Permeated Gas at 

STP 

A poly(ethylene terephthalate) standard film obtained from 

the National Institute for Standards and Technology (NIST) was used 

to determine the volume of the system at standard temperature and 

pressure. The standard is a material which possesses very low 
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permeability, a barrier polymer, so the calculation was done with 

helium gas only as that is the fastest permeating gas which we use. 

The standard film was measured, cut, and cleaned just as the 

experimental films were treated. In the permeation cell it was 

allowed to equilibrate for 48 hours in the HRDY1 program allowing 

for more time than normal because of the low permeability of the 

film. The HPERMI1 program was run and the frequency of data 

acquisition was changed in this case to every 10 seconds rather than 

every 1/2 second which is the default condition for the HPERMI1 

program. The permeability coefficient for the standard film is 

provided by NIST in units of [pmol/(m2.-s- Pa)]. Using the 

conversions listed in the calculation in Figure 2.12 the units were 

changed to Barrers (shown in Figure 2.13). It was also necessary to 

compensate for the temperature difference between standard 

temperature: O°C, the experimental temperature used by NIST: 23°C, 

and our experimental temperature: 30°C. Putting the permeability 

coefficient (ex. P = 1.04), the average film thickness (ex. .00225 cm = 

.9 mils), the film area (211 cm2), the pressure drop across the 

membrane (76 cm Hg), and the seconds to reach standard pressure 

as calculated from the permeation experiment (22,878 seconds) into 

the permeability equation the volume of permeated gas at standard 

temperature and pressure can be calculated. A sample calculation of 
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1 pmol = (22,404 cm3/1 mole) 

1 m2 = 104 cm2 

101.33E3 Pa = 76 cm Hg 

(13.79 pmol/(m2 -s- Pa)]* [22,404 cm3/1 mole] = 
3.0895E-7 cm3/(m2-s- Pa) 

Correction for Standard Temperature: multiply by 

(ST(K)/measurement T(K)) 

[3.0895E-7 cm3/(m2-s- Pa)] [273/296] = 2.8495E-7 cm3/(m2 -s- Pa) 

[2.8495E-7 cm3/(m2-s- Pa)][1 m2 /1E4 cm2] = 
2.8495E-11 cm3/(cm2 -s- Pa) 

[2.8495E-11 cm3/(cm2-s- Pa)] [101.33E3 Pa/76 cm Hg] = 
3.799E-8 cm3/(cm2-s- cm Hg) 

Converted P_in Barrers: multiply by the film thickness and place into 

the permeability equation 

[3.799E-8 cm3/(cm2 -s- cm Hg)]} [.00225 cm] = 

8.548E-11 ( cm - cm3)/(cm2 - s- cm Hg) 

P = .8548 Barrers 

rrection for Experimental Temperature: P(T) = P(296) eBs(T - 296) 

P(303) = [.8548] e ([-02872]* [303-296]) = 1.04 Barrers 

*Information provided by NIST with purchased standard film 

Figure 2.12: Unit Conversion and Calculation of the 

Permeability Coefficient of the NIST PET 

Standard Film 
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the volume of permeated gas at Standard Temperature and Pressure 

follows. 

cm3 = (1.04 - 211 - 22,878 - 76)/(1E-10 - .00225) = 1.696E21 

Where: P = 1.04 Barrers 
Film area = 211 cm2 
seconds to reach SP = 22,878 sec. 

Pressure drop across the membrane = 76 cm Hg 
Average film thickness = .00225 cm 

The first time this procedure was carried out it was tested on two 

separate films to make sure no mistakes had been made. When the 

system was subsequently calibrated the procedure was only carried 

out on one film to see if there was any appreciable difference from 

the first values. This procedure was only carried out when there had 

been a change to the system such as increased or decreased tubing 

connecting the permeation cell to the rest of the system or when a 

year had passed since calibration. It is important to use relatively 

new polymer standard for each calibration. The PET used is a 

relatively low Tg material which shows appreciable densification/ 

physical aging after a long period at room temperature. A densified 

material will give erroneous results as it will no longer be as 

permeable as it was when NIST measured it. It has been noted that 

this volume is exceptionally large. Included in the calculation of the 

volume is a correction factor for the apparatus. The important result 

is that the permeability instrument is calibrated with the standard so 

that use of the "volume" allows comparison of results with other 
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researchers using other equipment. Consider that the "volume" must 

be very large to counteract the 1 x 10-19 in the permeability unit 

Barrer. It should also be noted that the use of 211 cm2 instead of 63 

cm2 for the area of the film was incorrect. The use of the correct 

area for the calculation of the "volume" reduces the "volume" slightly. 

2.4.5 Calculation of the Permeability Coefficient 

The equation for the calculation of the permeability coefficient 

is shown in Figure 2.13. The constants for the system, the volume of 

the gas at standard temperature and pressure, and the film area 

were put into the equation. The pressure drop across the membrane 

was put into the equation. The measurements for each film and gas, 

the average film thickness, and the seconds for the permeated gas to 

reach standard pressure were put into the equation to calculate the 

permeability coefficient for a particular gas through a particular film. 

The calculation of the permeability coefficient for oxygen gas through 

a 21% (1K) PSX/(4K) ODPA-BIS P perfectly alternating block 

copolymer film follows. 

P =(1E-10 - 1.573E21 + .0075)/(211 + 7,148 - 76)= 10.29 Barrers 

Where: volume of permeated gas at STP = 1.573E21 
Film area = 211 cm2 
seconds to reach SP = 7,148 sec. 
Pressure drop across the membrane = 76 cm Hg 
Average film thickness = .0075 cm 
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Two films were measured for each polymer and the difference 

in the permeability values was divided by two to give an idea of the 

error in the measurements as well as the error due to film 

differences. Attempts were made to treat all films under the same 

conditions in order to keep this error to a minimum. In some cases 

the differences in films was very slight and in some cases it was very 

large. Because of this type of error, the films which permeated gases 

very slowly have a larger percentage error in most cases because the 

differences in films was just as great in them as in films which 

permeated the gases very quickly. 

It should be noted here that the use of 63 cm2 for the area of 

the film causes a slight increase in the permeability coefficients but 

does not change the permselectivity results. The corrected 

permeability coefficients have not been included in the thesis as the 

change was the same for all values and therefore the evaluations 

remain the same. In future comparisons with other data the 

corrected values will be used. 

2.4.6 Calculation of Permselectivity values (a) 

The permselectivity values for specific gas pairs were 

calculated by dividing the permeability coefficient of the faster 

permeating of the two gases by the permeability coefficient of the 

slower permeating of the two gases. In all cases the two gases were 

permeated through the same film at the same temperature and with 

the same pressure drop across the membrane. 
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2.5 Characterization of Polymers and Polymer films 

This section covers the characterization of the 

poly(dimethylsiloxane) oligomers and some of the characterization of 

the polyimide oligomers, the perfectly alternating polyimide/psx 

block copolymers, and the randomly segmented polyimide/psx block 

copolymers. For more characterization of these copolymer materials 

the reader is referred to Rogers[49] and Rogers et al.[56]. 

2.5.1 Gel Permeation Chromatography 

GPC measurements for the poly(dimethylsiloxane) oligomers 

were conducted in toluene at 30°C with a flow rate of 1 ml/min. 

using a Waters GPC instrument. The columns were made of 

Ultrastyragel with porosities of 100, 500, and 103 A. The refractive 

index detector was a Waters R401 detector. <Mn> and <Mw>/<Mn> 

values were obtained using narrow molecular weight distribution 

polysiloxane standards synthesized previously at Virginia Tech by 

Elsbernd[57]. 

2.5.2 Potentiometric Titrations 

In order to determine accurate molecular weights of the amino 

propyl terminated poly(dimethylsiloxane)s the amine endgroups 

were titrated to provide <Mn>. A MCI GT-05 Automatic Titrator was 

used to carry out the titrations. The amine endgroups were titrated 

with 0.05N HCl in methanol and the titration solvent, in which the 

poly(dimethylsiloxane) oligomers were dissolved, was isopropanol. 
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2.5.3 Intrinsic Viscosities 

Intrinsic viscosity measurements were obtained on the 

polyimides and polyimide/psx block copolymers. Cannon-Ubbelohde 

dilution viscometers with various capillary sizes were used to collect 

the data to determine the intrinsic viscosities. In all cases the 

measurements were carried out in chloroform at 25°C. The values 

were obtained by using four different polymer concentrations and 

linearly extrapolating the results to zero concentration. 

2.5.4 Differential Scanning Calorimetry 

DSC was used to determine the glass transition 

temperatures(Tg) of the polyimide homopolymers and the upper Tg 

of the polyimide/psx block copolymers. A Perkin Elmer Model DSC7 

was used for the measurements. The scans were run in nitrogen at 

10°C/min. and the Tg values was taken from the second heat in all 

instances. The Tg was taken as the midpoint of the endotherm. 

2.5.5 Thermogravimetric Analysis 

Dynamic TGA was performed on a Perkin Elmer TGA7. The 

experiments were performed on solution cast films and carried out in 

air with a heating rate of 10°C/min. Weight loss of the sample was 

measured as a function of time and temperature and 5 % weight loss 

values were calculated. 
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2.5.6 Density Determination 

The density measurements were obtained using a density 

gradient column made with sodium bromide and water (1.00-1.41 

g/ml) at 26°C. The column had .1 cm gradations providing an 

uncertainty in the density values of .00008 g/ml. Standardized glass 

beads were floated in the column to calibrate the density gradient. 

Small void free film samples were floated in the column and their 

densities read from the gradient. 2-4 samples of each polymer were 

floated and the average values are reported. 

2.5.7 Transmission Electron Microscopy 

A Philips 420T scanning transmission electron microscope 

(STEM) operated at 100kV was used to obtain pictures of the 

morphology of some of the perfectly alternating block copolymers. 
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h r Resul nd_ Di ion 

This chapter will report the data obtained in this research and 

discuss the reasoning and results supporting the conclusions to be 

presented in the next chapter. The only synthetic results to be 

discussed in detail are those pertaining to the synthesis of the 

poly(dimethylsiloxane) oligomers. The procedures were presented in 

the experimental section and the particular oligomers made and 

some relevant characterization of those oligomers will be presented 

here. The polyimide oligomers and block copolymers were mostly 

provided by Dr. M. E. Rogers[49]. A list of the copolymers used in 

this research and some relevant physical characterization of them 

will be presented and discussed. The gas permeability results will be 

discussed in detail and the relative effects of diffusion and solutility 

will be examined. 

3.1 Synthesis of Aminopropyl Terminated 

Poly(dimethylsiloxane) Oligomers 

The synthetic procedures for the poly(dimethylsiloxane) 

oligomers were presented in chapter 2. The structure of the 

oligomers is shown in Figure 2.2. Four oligomers were initially 

prepared for use in this research. Only two of the four were used 

because the highest molecular weight oligomers (6000 and 9000 

g/mol) were too large to be used easily in the synthesis of the 

desired block copolymer compositions. A third oligomer, 2,500 

g/mol, prepared in the same manner, was also used in the synthesis 

of the copolymers. 
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3.1.1 Removal of Cyclics 

The polymerization reaction used in this synthesis of the 

aminopropyl terminated poly(dimethylsiloxane) oligomers involves 

the anionic equilibration of linear polymer chains and low molecular 

weight cyclics.[57,58] The reaction proceeds by an anionic 

mechanism, illustrated in Figure 3.1, where the cyclic siloxane 

tetramer (D4) is opened by the base catalyzed initiator species. A 

growing polymer chain can attack any Si-O bonds present in the 

reaction mixture including monomer, other growing chains, 

difunctional initiator species, or the anion can perform a "backbiting" 

maneuver where it breaks the partially ionic Si-O bond present along 

the linear backbone. This "“backbiting" reaction can form both large 

and small cyclics but the smaller cyclics tend to dominate the 

mixture. An equilibrium is eventually reached between linear chains 

and the various cyclic species. Because of this equilibration 

phenomenon the actual molecular weights of polysiloxanes prepared 

using this method can be somewhat lower than was calculated 

initially. Upon heating the reaction to 145°C the anions couple and 

trimethyl amine and dimethyl ether are distilled off. Removal of the 

cyclics is desirable because the presence of low molecular weight 

species can adversely affect the properties of a polymer. The 

removal of non-functional cyclics is especially necessary when the 

material will be used in further synthetic polymer procedures. The 

non-functionalized cyclics will have a negative effect on obtaining 

high molecular weight if they are present in sufficient amount to 
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nD, + Oe ——+ Ho{Si-c} — oO *N-CH,) 

coupling 
of two species 

(HsC}.N* ” os o}-s 0” *N-CH,), 

tetramethylammonium siloxanolate catalyst 

  

Han-{oH)-$1-05:fcr,) Ni, 

aminopropy| initiator 

- el J | -+ + 
(HC}-N 0-{$10}-S10-SI-{CH,}—-NH, + H,N-CH,—SI-O N-{(CH), 

base catalyzed initiator species 

Equilibration with D, 

difunctional polymer + cyclics + monofunctional polymer with 
an anionic chain end 

J to 145°C 

HAN{CH}{SI-0} S1-0-CH, + neu) { 

coupling of monofunctional species 

HN—(cH}{S1-o)-Si-{cH) NH, 

Figure 3.1: Mechanistic Steps Involved in the Synthesis of 

Poly(dimethylsiloxanes) using a 

Tetramethylammonium Siloxanolate Catalyst 
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substantially alter the stoichiometry of a subsequent polymerization. 

Removal of the cyclics is relatively straight forward and involves 

vacuum distillation of the oligomeric siloxane at about 100°C. 

Essentially all of the low molecular weight cyclics present will be 

removed under these conditions. The cyclics usually found to be 

present in the largest quantities were D3, D4, and D5. These cyclic 

structures are presented in Figure 3.2. The presence of cyclics can be 

monitored by gel permeation chromatography. With columns of 

sufficiently small pore diameters the cyclics can be separated from 

each other as well as from the higher molecular weight linear chains. 

Figure 3.3 shows the GPC traces of the 1,000 g/mol derivatized 

aminopropyl terminated poly(dimethylsiloxane) before and after it 

was stripped of cyclics. The third trace in Figure 3.3 is the cyclic 

tetramer, D4. The D4 peak comes at the same elution volume as one 

of the major cyclics in the reaction. The other cyclic peak is of higher 

molecular weight and is probably D5. All of the oligomers were 

thoroughly stripped of cyclics and provided GPC traces similar to the 

stripped polymer in Figure 3.3. 

3.1.2 Molecular Weight Characterization 

Once the cyclics were removed from the polymer it was 

necessary to obtain a fairly accurate measure of the molecular 

weight of the oligomers in order to use the difunctional oligomers for 

copolymerization. Two methods of calculating <Mn> were used. Gel 

permeation chromatography was used based on polysiloxane 

standards and the amine endgroups were titrated. Table 3.1 lists the 
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Figure 3.2: Cyclic Siloxane Species 
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STRIPPED POLYSILOXANE 

UNSTRIPPED 

POLYSILOXANE 

CYCLIC TETRAMER-D4 

      
— + — | mz 

+ —}- t 

18 20 22 24 26 28 30 

  

Elution Distance (cm) 

Figure 3.3: Gel Permeation Chromatographs of a 

1,000 g/mole Poly(dimethylsiloxane) 

(Toluene, 30°C) 
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Table 3.1: Molecular Weight Characterization of 

Aminopropy! Terminated Poly(dimethylsiloxane) 

  

  

Oligomers 

Theoretical M.W.*| sMn>* by GPC [<Mn>* by Titration® 

1000 900 1100 

5000 3800 4500 

8000 5000 6500 

12000 8600 - 9300     
*all molecular weights are in units of g/mole 

**titration values are an average of three titrations 

92



four oligomer molecular weights targeted for and the <Mn> values 

obtained by each experimental method. One may note that when the 

target molecular weight was larger, the actually obtained molecular 

weight was greatly reduced from the target. The 1000 g/mol 

oligomer provided good molecular weight control and the 5000 

g/mol oligomer was close to the targeted molecular weight but the 

8000 and 12000 g/mol oligomers provided polymers which had 

substantially lower molecular weights than what was calculated for 

in the reaction. This indicates that as the chains get longer there 

may be more of a tendency to undergo the backbiting reaction to 

create cyclics or that these reactions containing more monomer may 

not have reached equilibrium. The equilibrium number average 

degree of polymerization, Xn, is dependent on the molar ratio of 

monomer to initiator units and is also a function of percent 

conversion.[57] In order to obtain longer chains the concentration of 

monomer (D4) relative to the difunctional initiator must be greater. 

The rate of the reaction, equation (10), is proportional to the 

concentrations of monomer, D4, siloxanolate catalyst, and difunctional 

RATE a [D4]* [Cat.]¥ [Init] (10) 

initiator all to certain powers which are the reaction orders with 

respect to D4. The catalyst concentration was constant for all four 

reactions but the relative concentrations of monomer and initiator 

changed with each molecular weight. As the target molecular weight 
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was increased the amount of initiator added is reduced by a large 

percentage whereas the amount of monomer is relatively large to 

begin with so is not changed so drastically. As the amount of 

initiator decreases, the rate of the reaction will decrease. This is 

possibly what has happened in the higher molecular weight 

reactions. All four reactions were run under the same conditions so 

it is possible that the higher molecular weights were reacting slower 

so that equilibrium was not reached before the reaction was 

completed. Dr. C. L. S. Elsbernd[57] found that with the 

tetramethylammonium siloxanolate catalyst system in the synthesis 

of a 1,500 g/mol oligomer, the monomer tended to reach equilibrium 

concentrations rather quickly but the initiator took much longer to 

react. If this were also the case here for these higher molecular 

weight oligomers then the molecular weights should have been 

higher than targeted as the monomer to initiator ratio would be 

skewed in that direction if equilibrium had not been reached. The 

kinetics of the reaction could be different with higher molecular 

weights or the equilibrium may lie more to the left for higher 

molecular weight polymers using this catalyst system. It must also 

be taken into consideration that at equilibrium there will remain a 

certain equilibrium concentration of unreacted monomer and 

initiator. A typical amount of cyclics present at equilibrium is about 

10-15% of the original amount.[58] When there is a large amount of 

monomer to begin with as with a high molecular weight 

polymerization reaction then the actual amount of this equilibrium 
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concentration becomes greater and there is a more noticeable drop in 

the molecular weight of the resulting polymer. 

The use of narrow polysiloxane GPC standards should have 

provided a good measure of molecular weight. The values obtained 

for GPC are close to the calculated values but differ somewhat from 

the titration values. The GPC values are consistently around 1000 

g/mol lighter than the titration values which are closer to the 

targeted molecular weights. The titration values should be the most 

appropriate measure of <Mn> in this case as it is the endgroups which 

will be involved in further reaction during subsequent 

polymerization. 
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3.2 Synthesis and Characterization of Polyimide/ 

Polysiloxane Block Copolymers 

The repeat unit structure of the ODPA-Bis P/PSX perfectly 

alternating block copolymers used in this research is shown in Figure 

3.4. The synthetic procedures used to make these copolymers are 

mentioned in the experimental section in chapter 2. For more 

information on the exact syntheses of the polyimide oligomers and 

the copolymers the reader is referred to Rogers[49]. 

3.2.1 Perfectly Alternating Copolymers 

The perfectly alternating block (P.A.B.) copolymers were 

synthesized using two oligomeric pre-polymers, an aminopropyl 

terminated poly(dimethylsiloxane) and a 2-aminopyrimidine 

terminated polyimide. Two polyimide oligomers, 4000 g/mol and 

11,000 g/mol, were used to make the series of five perfectly 

alternating block (P.A.B.) copolymers along with three polysiloxane 

oligomers, 1,100 g/mol, 2,500 g/mol, and 4,500 g/mol. Table 3.2[49] 

lists the P.A.B. copolymers used in this research along with the 

nuclear magnetic resonance (NMR) spectroscopy data and the 

intrinsic viscosity data. The intrinsic viscosity values for the 2- 

aminopyrimidine terminated polyimide oligomers are also included. 

The increased intrinsic viscosity values of the copolymers from the 

polyimide oligomers provides evidence that molecular weight 

extension has occurred during the copolymerization reactions. The 

proton NMR data shows that the incorporation of polysiloxane in the 

copolymers was essentially quantitative. The NMR samples were 
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Table 3.2: Physical Characterization of ODPA-Bis P/PSX 

Perfectly Alternating Block Copolymers 

Polyimide PSX Target |wegt. % PSX [n] 
oligomer | oligomer | wget. % PSX} by 1H chloroform 

<Mn> <Mn> NMR* 25°C (dl/g) 
(g/mole) | (g/mole) 

4,000 - 0 0 0.14 

4,000 1,000 21 2 0 0.62 

4,000 4,500 5 2 48 0.41 

11,000 - 0 =O 0.34 

11,000 1,000 9 9 1.07 

11,000 2,500 19 17 1.03 

11,000 4,500 29 26 1.16         
*[42]-dry, deuterated chloroform, 400 MHz NMR 
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prepared with deuterated chloroform which had been dried using 

molecular sieves. It was found[49] that the presence of water in the 

samples caused the formation of micelles. The hydrophobic 

polysiloxane segments in the copolymer aggregated with polyimide 

segments surrounding the aggregates. This served to "hide" some of 

the polysiloxane units and the NMR spectrum provided a reduced 

number of siloxane methyl protons. This caused an inaccurate 

measure of the amount of polysiloxane incorporated in the 

copolymer. Solid state NMR measurements showed the targeted 

amount of polysiloxane and subsequent use of dried deuterated 

chloroform for the NMR samples provided like results. 

3.2.2 Randomly Segmented Copolymers 

The randomly segmented block (R.S.B.) copolymers have 

essentially the same repeat unit structure as the P.A.B. copolymers. 

The difference lies predominantly in the synthetic procedures 

utilized in creating the copolymers. The two R.S.B. copolymers were 

synthesized using two of the same aminopropyl terminated 

polysiloxane oligomers, 1,000 g/mol and 2,500 g/mol, as were used 

for the P.A.B. copolymers. These copolymers were made with an 

aminopropyl terminated polysiloxane oligomer and the same 

diamine, Bisaniline P, and same dianhydride, oxydiphthalic 

dianhydride, as were used to make the 2-aminopyrimidine 

terminated polyimide oligomers employed in the synthesis of the 

P.A.B. copolymers. The two R.S.B. copolymers studied were 
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synthesized so that they would be analogous copolymers (eg. in 

terms of composition) to two of the P.A.B. copolymers. A 19% 

polysiloxane containing R.S.B. copolymer was synthesized with the 

2,500 g/mol polysiloxane oligomer and a 21% polysiloxane containing 

R.S.B. copolymer was synthesized with the 1,000 g/mol oligomer. 

These two R.S.B. copolymers were then directly comparable to the 

P.A.B. copolymers with the same percentage of polysiloxane 

incorporation. Table 3.3[49] lists the R.S.B. copolymers with 

information on the percentage of polysiloxane incorporated and the 

intrinsic viscosity values. The percentage of polysiloxane 

incorporated was nearly quantitative by proton NMR. The intrinsic 

viscosity values show that a high molecular weight has been reached. 

For the same polymer intrinsic viscosity values should be relatively 

comparable and give a qualitative idea of relative molecular weights. 

This means that the copolymers with essentially the same amount of 

polysiloxane incorporated should have comparable intrinsic viscosity 

values if they are the same molecular weight. The 21% R.S.B. 

copolymer may have a somewhat higher molecular weight than the 

21% P.A.B. copolymer while the molecular weights of the 19% P.A.B. 

and R.S.B. copolymers are essentially the same, as judged by the 

intrinsic viscosity data. 

3.2.3 Thermal Properties 

The thermal characterization of all of the copolymers studied in 

this research along with the polyimide oligomers used in the P.A.B. 
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Table 3.3: Physical Characterization of ODPA-Bis P/PSX 

Randomly Segmented Block Copolymers 

Polyimide PSX Target |wegt. % PSX! [n] 
oligomer wet. J PSX by 1H chloroform 

<Mn> NMR* [25°C (di/g) 
(g/mole) 

ODPA-Bis P 1,000 21 18 1.02 

ODPA-Bis P 2,500 19 17 0.98       
*[42]-dry, deuterated chloroform, 400 MHz NMR 
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copolymer syntheses and a high molecular weight polyimide of the 

same chemical structure is shown in Table 3.4[49]. The block 

copolymers which were studied all exhibited microphase separation. 

Each of the two microphases exhibits an individual glass transition 

temperature. The upper Tg is close to the Tg of the polyimide 

oligomer used to make that segment and the lower Tg is a 

characteristic of the polysiloxane phase. DSC measurements provided 

the upper Tg and dynamic mechanical analysis (DMA) provided both 

an upper and a lower Tg. The DSC scans were not run below room 

temperature so only the upper Tg was seen. Glass transition 

temperatures can provide qualitative information on the amount of 

phase mixing present in the separate microphases.[43] In the case of 

most of the copolymers the polyimide component is the larger and 

therefore a relatively continuous phase. Figure 3.5 illustrates in 

graphical form how much the Tg of the polyimide phase in the 

copolymers is lowered from the polyimide oligomer of approximately 

the same size. The upper Tg's of the copolymers made with the 

11,000 g/mol polyimide oligomer show little or no reduction from 

the Tg of the 11,000 g/mol oligomer. This indicates that there are 

few or no polysiloxane segments mixed into the polyimide phases in 

these copolymers. The upper Tg's of the copolymers made with the 

4,000 g/mol oligomers do show some reduction from the Tg of the 

polyimide oligomer. This could be an indication that there is a small 

amount of polysiloxane mixed into the polyimide phases in these 

copolymers made with the lower molecular weight oligomers. There 
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Table 3.4: Thermal Characterization of ODPA-Bis P/PSX 

Block Copolymers 

  

  

Polyimide PSX Target] Upper Upper Lower 
Oligomer| <Mn> wet. %)| Tg by Tg by Tg by 

<Mn> (g/mole)| PSX DSC (°C) |DMA (°C)}/DMA (°C) 
(g/mole 

4,000 - 0 216 - - 

4,000 1,000 21 190 203 -123 

random 1,000 21 198 207 -125 

4,000 4,500 52 - 195 -122 

11,000 - 0 241 - - 

11,000 1,000 9 233 248 -109 

11,000 2,500 19 238 249 -131 

random 2,500 19 236 249 -128 

11,000 4,500 29 242 253 -126 

40,000 - 0 267 - -           
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is little difference seen between the Tg's of the corresponding P.A.B. 

and R.S.B. copolymers. This may be an indication that the amount of 

mixing in the polyimide phases is the same between the two pairs. 

This may not be the best assumption however because there could 

be other differences in R.S.B. copolymers which could cause the Tg's 

of the polyimide phases to be the same as for the P.A.B. copolymers. 

As was noted in the literature review section in chapter 1 on R.S.B. 

copolymers the distribution of polyimide segments may be broader 

when the polyimide segments are prepared during the 

copolymerization rather than separately. A broader distribution 

with roughly the same <Mn> will provide lower molecular weight 

chains as well as higher molecular weight chains. While the higher 

molecular weight chains may act to raise the Tg of the polyimide 

phase the lower molecular weight chains could encourage mixing of 

polysiloxane segments into the polyimide phase and lower the Tg. 

These two conditions could counteract each other and in this way the 

Tg of the R.S.B. copolymer polyimide phase could be the same as for 

the P.A.B. copolymer polyimide phase and yet there could be more 

polysiloxane mixed into the polyimide phase of the R.S.B. copolymer. 

This question of phase mixing in the microphases will be investigated 

by other methods such as gas permeability and transmission electron 

microscopy but a more in depth investigation by some method such 

as small angle x-ray scattering may be warrented. 
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3.2.4 Density Measurements 

Density measurements can be used to obtain a qualitative idea 

of the free volume in a material. Materials with higher densities will 

generally have less free volume than materials with lower densities. 

The free volume in a material can often be correlated with diffusion 

of small molecules through that material. Density measurements on 

the materials studied for this research may provide an idea of the 

diffusivity of the materials relative to each other and also may 

provide more information about the complex copolymer structures 

themselves. The densities of the copolymers studied and some 

ODPA-Bis P homopolyimide samples are listed in Table 3.5. The 

amount of polysiloxane incorporated in the copolymer clearly had an 

effect on the density of the material. The exact density of the 

polysiloxane homopolymer was unmeasurable by the density 

gradient column method as it is a liquid at room temperature, but is 

known to be around 0.96 g/ml.[63] 

It appears that the molecular weight of the segments also had 

an effect on the density. Comparison of the density of two relatively 

high molecular weight ODPA-Bis P polyimides shows that the two 

materials have slightly different densities. The lower molecular 

weight polyimide has a higher density than the higher molecular 

weight polyimide. A similar trend is noted in the densities of the 

19% and 21% copolymers. The 21% copolymers contain polyimide 

segments of about 4,000 g/mole while the 19% copolymers contain 

longer polyimide segments of about 11,000 g/mole. One might 
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Table 3.5: Density Characterization of ODPA-Bis P/PSX 
Block Copolymers and Polyimide Homopolymers 

  

  

Polyimide <Mn> of PSX | Target wgt. % density* 
Oligomer (g/mole) PSX (g/ml) 

<Mn> 

(g/mole) 

4,000 1,000 21 1.189 

random 1,000 21 1.186 

4,000 4,500 52 - 

11,000 1,000 9 1.216 

11,000 2,500 19 1.181 

random 2,500 19 1.174 

11,000 4,500 29 1.157 

25,000 - 0 1.257 

40,000 - 0 1.234       
*average of 2-4 samples, standard deviations ranged from 0-.002 
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expect the density of the 21% copolymers to be slightly less than the 

density of the 19% copolymers because they contain slightly more of 

the less dense component but the 21% copolymers actually have 

higher densities, possibly due to the presence of lower molecular 

weight polyimide segments in the copolymer. There are very slight 

differences in the densities of the corresponding P.A.B. and R.S.B. 

copolymers. Both R.S.B. copolymers have slightly lower densities 

than their P.A.B. counterparts with the effect being more pronounced 

in the 19% polysiloxane system. This may be evidence that there are 

some higher molecular weight chains present in the polyimide 

segments of the R.S.B. copolymers which are having an effect on the 

density. 

Figure 3.6 is a plot of the density values versus the 

poly(dimethylsiloxane) content. The plot provides a line with a 

correlation coefficient of 0.929. Figure 3.7 is the same plot including 

only the perfectly alternating block copolymers and the lower 

molecular weight homopolyimide which should compare better to the 

polyimide phases in the copolymers. This graph provides a better 

correlation of 0.971 indicating that the differences in the randomly 

segmented block copolymers may have been the cause for the poor 

correlation. Figure 3.8 is the same plot including only the block 

copolymers made with the 11,000 g/mol polyimide and the lower 

molecular weight homopolyimide. This graph gives the best 

correlation of 0.982. If the density for the 11,000 g/mol polyimide 

were used instead of the 25,000 g/mol polyimide the correlation 
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would probabyly be better. This evidence adds to the speculation 

that the chain lengths of the individual phases could alter the density 

of the material appreciably and therefore may be affecting 

permeability results in the same way. 

3.2.5 Transmission Electron Microscopy 

Transmission electron micrographs (TEM's) were obtained for 

some of the P.A.B. copolymer materials studied in order to learn how 

the morphology changed with increasing polysiloxane content and 

differing segment lengths. Figure 3.9 shows the TEM's of the ODPA- 

Bis P polyimide, and two of the copolymers made using the 4,000 

g/mole polyimide oligomer. The polyimide homopolymer shows a 

featureless morphology as expected for an amorphous homopolymer. 

The 21% PSX containing copolymer possesses very small dark phases 

(polysiloxane) randomly and evenly dispersed in the polyimide 

continuous phase. The 50% PSX containing copolymer shows the 

dark phases to be more interconnected so that both the polysiloxane 

and polyimide phases are approximately cocontinuous. Figure 3.10 

shows the TEM's of two of the copolymers made using the 11,000 

g/mole polyimide oligomer. The 19% PSX containing copolymer 
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shows dark polysiloxane phases dispersed in the continuous 

polyimide phase. When this picture is compared to the 21% PSX 

containing copolymer it can be seen that the phases from the higher 

molecular weight polysiloxane segments are larger, although the 

same spherical morphology is observed for both copolymers. This 

difference in phase size could be the root of Tg reduction differences 

seen between the copolymers made with different size oligomers. 

With larger phase sizes there is less material available for interaction 

at the interface of the two phases and this may be why there is less 

reduction of the Tg in the copolymers made with the larger 

molecular weight polyimide oligomers. There may also be a 

difference in the contrast between the two phases which is related to 

the similarity in the electron density of the two phases. In theory a 

system which incorporates more "mixed" phases will exhibit less 

contrast between those two phases as the same system with less 

"mixed" phases. The 30% PSX containing copolymer shows some 

interconnectivity of the polysiloxane phases but not as much as the 

50% PSX containing copolymer. The existence of interconnectivity 

between the polysiloxane phases can bring about a drastic change in 

some physical properties, including permeability. 
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3.3 Gas Permeability Results 

Gas permeability measurements were carried out on all of the 

copolymers previously discussed. The permeability coefficient, P, 

was obtained for oxygen, nitrogen, methane, and carbon dioxide for 

each material. These values are shown in Table 3.6. 

3.3.1 Effect of Amount of Polysiloxane Incorporation on 

Permeability-P 

A graph of the P values of the perfectly alternating block 

copolymers vs. the percentage of polysiloxane incorporated in the 

copolymers is shown in Figure 3.11. The permeability values are all 

relatively low until greater than 21% polysiloxane has been 

incorporated into the copolymers. Very soon after this point the 

curve increases rapidly to relatively large permeability values which 

then continue to increase as more polysiloxane is incorporated into 

the copolymer. 

Figure 3.12 is an expanded portion of the graph in figure 3.11. 

The region between 19% and 30% polysiloxane incorporation is a 

very interesting one. It was noted that connectivity of the 

polysiloxane phases occurred in this region during the discussion on 

the TEM's. This morphological fact explains the sudden increase in 

the permeability of all gases. When there is connectivity between 

the polysiloxane phases throughout the polymer film then the 

polysiloxane phases can act as highly permeable pathways for the 

gas molecules to follow. As the amount of polysiloxane increases 

then the number of pathways increases and so does the permeability 
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Table 3.6: Gas Permeability Coefficients for ODPA-Bis P/ 

PSX Block Copolymers 

Polyimide| <Mn> of | Target; P(O2) | P(N2) | P(CH4)| P(CO2) 

Oligomer PSX wet. % 
<Mn> (g/mole)| PSX 

(g/mole) 
4,000 1,000 21 9.3 3.2 4.5 34.1 

+ 0.9 + 0.6 + 0.2 + 3.7 

random 1,000 21 7.2 3.90 3.9 26.6 
+ 1.5 + 0.2 + 0.1 + 0.4 

4,000 4,500 52 344 188 431 1290 
+ 14 +6 +9 + 103 

11,000 1,000 9 2.3 0.8 0.4 8.1 
+ 0.1 + 0.2 + 0.1 + 0.2 

11,000 2,500 19 6.3 1.7 1.6 16.0 
+ 0.1 + 0.1 +0 + 2.0 

random 2,500 19 9.2 2.4 2.8 32.2 
+0 + 0.1 +0 + 0.2 

11,000 4,500 29 64 35 88 210 
+3 + 2.5 +3 + 33 

Lightly * - - 933 424 1312 4330 
Crosslinked 
Polysiloxane 

homopolymer   
*Stern et al.[e 
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coefficient. It should be noted that the 50% PSX containing P.A.B. 

copolymer does not possess a P which is 50% of the P of the PSX 

homopolymer. The P for the 50% PSX copolymer is in fact 

substantially below that value. This clearly shows that though the 

gas molecules can follow these highly permeable pathways of 

polysiloxane, they are being forced to pass through some polyimide 

phases as well, slowing the permeation as compared to gases which 

must only pass through polysiloxane phases. This fact in itself 

provides useful information about the morphology of this copolymer. 

The order in which the permeability of a copolymer to certain 

gases decreases also provides information about the permeability 

behavior of the copolymers. Polyimides and polysiloxanes exhibit 

different permeability behaviors when it comes to the order of 

decreasing permeability coefficients for the four gases studied. Their 

respective behaviors are shown below. 

Polyimides: P(CQO2) > P(O2) > P(N2) > P(CH4) 

Polysiloxanes: P(CQO2) > P(CH4) > P(Q2) > P(N2) 

One may note that the copolymers do not all exhibit permeability 

values for the different gases in the same order. Some of the 

copolymers behave like polyimides. Some of the copolymers behave 

like polysiloxanes and some of the copolymers behave in an 

intermediate manner, neither like the polyimides nor the 
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polysiloxanes. This phenomenon can be seen in Figure 3.12. The 9% 

polysiloxane containing copolymer behaves like a polyimide. The 

19% polysiloxane containing copolymer behaves similar to a 

polyimide, having the permeabilities of nitrogen and methane of the 

same order. The 21% polysiloxane containing copolymer does not 

behave like the polysiloxane or the polyimide as the permeability of 

methane is greater than nitrogen but less than oxygen. Assuming 

that this change in permeability behavior is gradual and continuous 

between the 20% and 30% polysiloxane containing copolymers which 

were synthesized and measured, the graph indicates that at around 

22-23% polysiloxane incorporation is where the behavior of the 

copolymers matches that of the polysiloxane homopolymer in terms 

of the order of permeability coefficients. It is very interesting to 

find a range of polysiloxane incorporation in these copolymers, even 

though it is very narrow, which exhibits intermediate behavior of the 

copolymers in terms of permeability. It is an indication that the 

morphology in copolymers could be tailored to obtain desirable 

permeability properties which could incorporate good qualities of the 

properties of each homopolymer. 

3.3.2 Effect of Amount of Polysiloxane Incorporation on 

Permselectivity-a 

Table 3.7 lists the selectivity values obtained from the 

permeability measurements of the polyimide/polysiloxane block 

copolymers for the gas pairs of oxygen/nitrogen and carbon 

dioxide/methane. The values for the gas pair of oxygen/nitrogen 
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Table 3.7: Permselectivity Values of ODPA-Bis P/PSX Block 
Copolymers for Oxygen/Nitrogen and 
Carbon Dioxide/Methane Gas Pairs 

Polyimide| <Mn> of Target P(O2)/ P(CO2)/ 
Oligomer PSX wet. % PSX P(N2) P(CH4) 

<Mn> (g/mole) 
(g/mole) 

4,000 1,000 21 2.9 7.5 
+ 0.3 + 0.4 

random 1,000 21 2.4 6.9 
+ 0.4 + 0.2 

4,000 4,500 52 1.8 3.0 
+0 + 0.2 

11,000 1,000 9 3.1 24.0 
+ 0.8 + 4.1 

11,000 2,500 19 3.6 9.8 
+ 0.2 + 1.3 

random 2,500 19 3.8 11.7 

+ 0.1 +0 

11,000 4,500 29 1.8 2.4 
+0 + 0.3 

Lightly * - - 

Crosslinked 2.2 3.3 
Polysiloxane 
homopolymer   
*Stern et al. BG 
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vary little between 2 and 4. This indicates that these copolymers do 

not offer substantially improved selectivity for oxygen over nitrogen 

from the polysiloxane homopolymer which possesses the highest 

permeability values for all of the gases. These materials would 

therefore be of little interest for applications involving the 

separation of oxygen from nitrogen. 

There are significant differences in the selectivity values for 

the carbon dioxide/methane gas pair. A graph of the selectivity 

between carbon dioxide and methane vs. the permeability coefficient 

of carbon dioxide (the faster permeating gas) is shown in Figure 3.13. 

This graph illustrates a typical relationship found between 

permeability and permselectivity. For the copolymers containing 

under 29% polysiloxane the trend shows a decrease in 

permselectivity as the permeability increases. It can be seen that 

the permeability is increasing faster than the permselectivity is 

decreasing as the percentage of polysiloxane in the copolymers is 

increased. Somewhere in this range of materials there should be an 

optimum copolymer which possesses high enough permeability and 

permselectivity to carbon dioxide over methane to be an 

improvement over the poorer qualities of either homopolymer, low 

permeability in polyimides and low selectivity in polysiloxanes. As 

was discussed previously, the materials with 29% polysiloxane and 

greater allow gases to permeate through in the same order as the 

polysiloxane homopolymer. This is also the case for their 

permselectivities. These copolymers have lower permeabilities than 
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the polysiloxane homopolymer but they possess the same 

permselectivity for carbon dioxide over methane as the polysiloxane 

homopolymer. These properties do not make them desirable for gas 

separation applications. Some of the trends seen for these 

copolymers agree well with the findings of Tsujita et. al.[42]. 

3.3.3 Effect of Block Size on Permeability-P 

In order to study the effect of segment length on permeability 

properties it was necessary to create perfectly alternating block 

copolymer materials in which the percentage of polysiloxane 

incorporation remains the same while the block lengths of each type 

of segment are changed. The two copolymers which we will compare 

for this study both contained about 20% polysiloxane. The copolymer 

synthesized with the lower molecular weight blocks is a 1K PSX/4K 

PI system and the copolymer made with the higher molecular weight 

blocks is a 2.5K PSX/11K PI system. The permeability properties of 

these copolymers have been discussed in the previous sections with 

regards to other comparisons. The permeability coefficients for these 

copolymers were presented earlier in Table 3.6. The permeability 

coefficients for the 2.5K PSX/11K PI copolymer are all somewhat 

lower than the coefficients for the 1K PSX/4K PI copolymer. This 

difference in permeability to gases may be due to the presence of 

some polysiloxane segments in the continuous polyimide phase of the 

1K PSX/4K PI copolymer. The upper glass transition temperature of 

this copolymer was slightly reduced from the polyimide oligomer 
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used to make it, indicating that there may be some polysiloxane 

segments mixed into the continuous polyimide phase. If there were 

some amount of polysiloxane character in the polyimide phase then 

it stands to reason that there would be an increase in the 

permeability through that phase over the permeability through a 

pure polyimide phase. There is also a difference in the order of 

permeability coefficients between these materials. The copolymer 

made with the higher molecular weight blocks behaves more like a 

polyimide homopolymer in that it does not show methane to be more 

permeable than nitrogen. The copolymer made with the lower 

molecular weight blocks shows intermediate behavior between the 

polysiloxane and the polyimide homopolymers. The order of the 

gases permeated agrees with the interpretation that the polyimide 

phase in the 2.5K PSX/11K PI copolymer is pure, or very close to 

pure, polyimide and that the polyimide phase in the 1K PSX/4K PI 

copolymer has some polysiloxane character. The fact that the 

permeabilities of the two copolymers are noticeably different shows 

that gas permeation measurements are extremely sensitive to 

morphological features in block copolymers. 

The other possible explanation for the differences in 

permeabilities between these two copolymers has been presented in 

a previous section. This is that there is a slight difference in the 

amount of polysiloxane incorporated in the polymers such that the 

1K PSX/4K PI copolymer has 20% polysiloxane incorporation by 

proton NMR and the 2.5K PSX/11K PI copolymer has 17% 
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polysiloxane incorporation by proton NMR. There could also be an 

effect on the permeability due to the difference in phase size which 

was noted in the TEM's of the two copolymers. The degree of mixing 

in the polyimide phases needs to be investigated by a method such 

as SAXS in order to corroborate its presence with the Tg and 

permeability data. 

3.3.4 Effect of Block Size on Permselectivity-a 

The permselectivity values of the 1K PSX/4K PI copolymer and 

the 2.5K PSX/11K PI copolymer are also different. For both the 

oxygen/nitrogen pair and the carbon dioxide/methane pair the 2.5K 

PSX/11K PI copolymer shows increased selectivities over the 1K 

PSX/4K PI copolymer. This trend follows a typical pattern where 

materials which have higher permeability values tend to have lower 

selectivity values. The changes in permeability and permselectivity 

for these copolymers are such that there is a 100% increase in the 

permeability of carbon dioxide and only a 20% reduction in the 

permselectivity of carbon dioxide over methane when the lower 

molecular weight blocks are utilized in essentially the same 

copolymer. While this material does not have the high permeability 

of the polysiloxane homopolymer, it does have substantially higher 

permselectivity of carbon dioxide over methane. These facts are just 

another way of illustrating the sensitivity of permeability 

measurements to chemical and morphological differences in 

polymeric materials. 
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3.3.5 Randomly Segmented Structure vs. Perfectly 

Alternating Structure 

There are two systems to be compared in this section. All four 

copolymers contain about 20% polysiloxane. The first comparison is 

between the 21% PSX containing R.S.B. and the 21% PSX containing 

P.A.B. Both of these copolymers were synthesized with the 1000 

g/mole polysiloxane oligomer and both should have polyimide 

segments with a <Mn> of around 4000 g/mole. The molecular weight 

distribution of the polyimide segments in the R.S.B. copolymer is 

unknown but is presumed to be to some extent greater than the 

distribution in the P.A.B. There is very little difference between the 

permeabilities and permselectivities of these two copolymers. This 

could indicate that the amount of polysiloxane character in the 

polyimide phase is about the same for the two copolymers and or 

that the distribution of the polyimide segments is approximately the 

same and was not affected by the different synthetic techniques 

utilized in making these copolymers. The order of gases permeated 

through the two copolymers is also the same, showing intermediate 

behavior between that of the polyimide and the polysiloxane 

homopolymers. 

The second comparison is between the 19% PSX containing 

R.S.B. and the 19% PSX containing P.A.B. Both of these copolymers 

were made with the same aminopropyl terminated 2,500 g/mole 

polysiloxane oligomer and should possess polyimide segments with 

an <Mn> of about 11,000 g/mole. The permeability coefficients for 

the R.S.B. are slightly higher than the coefficients for the P.A.B. while 
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the permselectivity values are essentially the same. We have 

already theorized that the polyimide phase in the P.A.B. is pure or 

very close to pure with no polysiloxane character. It is possible that 

there is more polysiloxane character in the polyimide phase of the 

R.S.B. This would explain why the permeability values for this 

copolymer are slightly higher. The order of the permeated gases is 

also different for these two copolymers. The P.A.B. allows nitrogen 

and methane to permeate at the same rate which is seen in some 

polyimides although most allow nitrogen to permeate faster than 

methane. The R.S.B. allows methane to permeate faster than nitrogen 

but slower than oxygen, showing intermediate behavior between the 

polyimide and polysiloxane homopolymers, indicating the presence 

of polysiloxane character in the polyimide phase. There does seem to 

be a difference in these two copolymers although it is a very slight 

one which may only be perceivable by a technique as sensitive as 

the permeation of gases through polymeric membranes. 
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3.4 Consideration of Diffusion and _ Solubility 

The apparent diffusion coefficients for the materials were 

calculated using the time lag method presented in the literature 

review chapter. These are presented in Table 3.8. The calculation of 

the diffusion coefficients is highly dependent on the time lag found 

in the permeability run. When the time lags were very small the 

accuracy of the calculation was greatly reduced. Some of the values 

obtained experimentally were not reported because they appeared to 

be negative due to the inaccurate measurement of the small time 

lags and or inaccurate zeroing of the differential pressure transducer. 

The order of increasing diffusion coefficients corresponds fairly well 

with the order of increasing permeability coefficients. Polyimides 

are known to have permeabilities which are predominantly diffusion 

controlled so this could be the case here as well. The density 

measurements do not correlate well with either the diffusion or 

permeability results. This in itself tells us nothing but it may be that 

the density measurements are not sensitive enough to morphological 

changes to be used in this type of correlation. Perhaps WAXD or 

SAXS measurements would show better correlation with diffusion 

coefficients, leading to more information on the free volume changes 

in the block copolymers. In order to really say anything about the 

diffusion or solubility control of these copolymers it would probably 

be necessary to obtain independent diffusion or solubility 

coefficients from sorption experiments. With that data the 

relationship may be clearer however it may still be very complicated 
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Table 3.8: Apparent Gas Diffusion Coefficients for 
ODPA-BisP/PSX Block Copolymers 

Polyimide| <Mn> of |Target D(O2) | D(N2) |D(CH4)| D(CO2) 
Oligomer PSX wget. %| x 107 | x 107 | x 107 | x 107 

<Mn> (g/mole)| PSX |(em2/s)|(cm2/s)|(cem2/s)|(cm2/s) 
(g/mole) 

4,000 1,000 21 2.03 |1.28**| .31 -49 

+ 0.83 +0 {+ 0.03 

random] 1,000 21 1.03} 1.18 25 -42 

+ 0.21{ +0 {+ 0.02/+ 0.02 

4,000 4,500 52 7 3 185** 3 8 28 

+ 4.7 +4 | +28 

11,000; 1,000 9 22 .10 036 082 
+ 0.04; +0 |+ 0.00/+ 0.01 

11,000 |; 2,500 19 .63 25 075 19 

+ .14 | + 0.01 }+ 0.02]+ 0.01 

random 2,500 19 91 8.62 16 ~32 

+ 0.08} + 7.9 | + 0.02/+ 0.01 

11,000 | 4,500 29 10.5 | 99** | 4.52 | 2.67 

+1 + 0.4 | + 0.1     
**Single measurement only 
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as silicone polymers have been found to be dependent largely on 

both parameters.[19] 
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Chapter 4. ummar nd__Conclusions 

Methods for casting relatively thin, uniform, defect-free films 

suitable for use in gas permeation experiments were developed. The 

transparent films of the ODPA-Bis P/PSX block copolymers were 

found to be microphase separated by established methods such as 

thermal analysis and microscopy. The characterization of the 

permeability of these films was found to be very sensitive to 

morphological differences. 

The permeability values were found to increase with increasing 

percent polysiloxane incorporation but not in a linear manner. It 

was found that the gas permeability increases faster with increasing 

the percent of incorporated polysiloxane between 20% and 30% 

polysiloxane. This change in rate indicates a change in morphology 

to a more co-continuous structure and this is verified by microscopy. 

The morphologies of the different copolymers are not a regularly 

ordered structure as seen both by microscopy and the permeability 

results. If there were rod-like or lamellae-like structures of 

polysiloxane reaching throughout the films then the gases could take 

these direct fast permeation paths and would show the same 

permeability values as a polysiloxane film, with the reduced area 

taken into account. This was not observed, indicating that the gases 

must be permeating through some polyimide phases as well as 

polysiloxane phases to reach the other side of the film. 

The order in which the gases permeate changes with the 

morphology. Below 20% polysiloxane the copolymers allow 
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permeation of gases in the same order as the polyimide. At 30% 

polysiloxane and above the copolymers allow the permeation of 

gases in the same order as the polysiloxane. In the region of 20% 

polysiloxane, some of the copolymers show intermediate behavior in 

the order in which they allow the permeation of gases. These results 

show how sensitive permeation results are to morphological 

differences in microphase separated block copolymers. This region 

where the permeability results are intermediate could be an 

important one for other properties as well. 

The block sizes of the polyimide and polysiloxane was found to 

have an effect on the density, morphology, and permeability of the 

polymers as well. At 20% polysiloxane incorporation the larger block 

sizes provided larger polysiloxane phases distributed in a polyimide 

continuous phase. The larger polysiloxane phases provided lower 

permeability values as well as higher permselectivity values. These 

permeability results allow the conclusion that the bulk of the 

permeation is taking place through the continuous polyimide phase 

and that the polyimide phase made with the lower molecular weight 

blocks is more permeable than the polyimide phase made with the 

higher molecular weight blocks. The presence of mixing taking place 

in microphase separated block copolymers is a very difficult 

property to characterize, but there is clearly a difference in the gas 

permeability results. It is concluded that the differences in the 

permeability results of the four 20% polysiloxane containing 

copolymers are likely due to a variable amount of mixing of the 
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polysiloxane phase in the polyimide phase. These arise from the use 

of different molecular weight blocks as described before and by the 

use of two distinct synthetic techniques to produce the "same" 

copolymer. In the case of the randomly segmented and the perfectly 

alternating block copolymers possessing 20% polysiloxane made with 

the 2,500 g/mole polysiloxane the copolymers have the same glass 

transition temperatures indicating the same amount of mixing in the 

phases but the permeability results do differ slightly indicating more 

mixing in the case of the randomly segmented block. Because of 

these results it is concluded that gas permeability measurements are 

an extremely sensitive tool for measuring minute differences in 

morphology which are often otherwise not evident. 

No conclusions could be reached on the basis of the calculation 

of the apparent diffusion coefficients and the density measurements 

of the block copolymers studied. 
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