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Chemistry
(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 wgt. %
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 Oj, Ny, CHyg, 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, CO32, 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 CO3/CHg4 mixtures as well as Np/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 phasc;
(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 1 :

. 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 Tesult 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 -0=0- 3.46
NITROGEN :N=——N: 3.64
T
METHANE H—C-wum 3.80
H
CARBON DIOXIDE 0—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]
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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 Seolubility

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 6 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 = 12/66 (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)/1 (2)

F is the flux through the film and C; and C; 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 = -DeAt(Cz- C1)/1 (3)

13



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

Henry's law and assuming that p1>>p2, as is the case under the

S = Ci/p1 = C2/p2 (4)
experimental conditions used in this thesis, equation (3) can be

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

Q = DeSeActepy/l (3)

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 = (10-10) (cm3 at STP) (cm) (8)

(cm2) (s) (cm 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 concufrently, 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 (o) for the separation of two gases, A and B, is

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

o 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 LAB vs. log Pa, or in some cases OLAB 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
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