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(ABSTRACT)

Novel perfectly alternating segmented copolymers containing imide junction points
were synthesized via terminal amine-anhydride coupling from poly(dimethylsiloxane)s and
either poly(arylene ether)s or polyimides. The copolymers were characterized in solution
and the solid state. The -(-A-B-)-n architecture and molecular design of these linear
systems afforded thermodynamically microphase separated systems which gave rise to
interesting copolymer properties.

Each controlled molecular weight oligomeric segment, or homopolymer, was initally
synthesized with reactive endgroups and fully characterized prior to copolymerization.
Thus, anhydride-terminated poly(dimethylsiloxane)s were prepared via cationic ring-
opening polymerization in the presence of a "monofunctional” bis-norbornane anhydride
disiloxane endcapping species. Aromatic amine-terminated engineering thermoplastics were
synthesized through either nucleophilic aromatic substitution in the presence of a
"monofunctional” aminophenol endcapper (as for poly(arylene ether ketone)s and
poly(arylene ether sulfone)) or by solution imidization using a controlled excess of the
diamine monomer.

A solution imidization method was developed for the segmented copolymerization

that simplified the typically two-step, two-solvent method into a one-step approach with a



single solvent. Thus, a previously described condensation catalyst, 2-hydroxypyridine,
was utilized which was demonstrated to be essential in obtaining high molecular weight
copolymers.

These segmented copolymers generally were fibrous and highly soluble in many
common organic solvents. Creasable, transparent, solution-cast films were readily
prepared. Thermal and morphological analyses demonstrated that the copolymers exhibited
phase separation, and displayed lower and upper Tg's as a result of the two components
employed. At short hard block lengths, uper Tg's were somewhat depressed, implying
partial miscibility.
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Introduction

Siloxane-containing blends and copolymers have introduced into many
thermodynamically dissimilar systems added processability, oxidative stability and water
repellency [40,70-72]. Blends, unlike copolymers, have no chemical bonds between the
segments, and therefore tend to fall short in applicability due to macrophase separation of
the components. Copolymers, although more costly and preparatively time-consuming,
generally can only phase separate on a microscopic level because of the covalent bond that
physically disallows gross separation.

Several forms of copolymers exist that have utilized siloxanes and engineering
thermoplastics including block and segmented architectures. Similar in structure, these
types are differentiated by the length of each component. Generally, block copolymers
consist of very long homopolymer "blocks"” and may have only one or two chemically
combined unions. Segmented copolymers are made from shorter homopolymer "segments"
and are usually composed of greater than two unions. Both randomly and perfectly
alternating segmented copolymers have been made from poly(dimethylsiloxane)s and
thermoplastics [45, 47, 56, 78, 79], and similar properties and characteristics have been
observed. For example, microphase separation occurred in these systems, giving rise to
two glass transitions due to each component. All siloxane-containing copolymers displayed
siloxane-rich surfaces, which when oxidized formed silicate "crusts” and increased char
yields when compared to the hard homopolymer segment.

Research for this thesis dealt with the synthesis and characterization of perfectly
alternating segmented copolymers prepared from anhydride-terminated
poly(dimethylsiloxane)s and aromatic amine-terminated engineering polymers. Preparation
of starting materials, both monomeric and oligomeric forms, were essential aspects of the

work carried out. Furthermore, methods for characterization of monomeric and oligomeric



siloxane species were developed prior to copolymerization.

The major goals of this work were to prepare high molecular weight perfectly
alternating segmented copolymers via established solution imidization techniques. Silicon
elemental analysis and solid state 13C NMR indicated that copolymerizations were
successfully accomplished with all poly(arylene ether) and polyimide oligomers through a
catalyzed, one-step solution imidization route that was devised.

Comparable to past findings in our labs [61, 71, 79, 86], these perfectly alternating
segmented copolymers exhibited microphase separation which was observed by DMTA,
DSC and TEM analyses. Additionally, unique lamellar structures were noticed in some
TEM micrographs, indicating some phase mixing,.

Not observed in previous randomly segmented copolymer systems was the highly
surface active nature of all the copolymers synthesized, proved by solution 1H NMR
spectra. For this reason, other means of characterization (elemental analysis, solid state
NMR) were necessary to deduce siloxane incorporation and extent of reaction.

The introduction of siloxane segments into the copolymer increased solubility,
especially noticed in the polyimide-based systems. As siloxane segment was increased to
approximately 50 weight percent or higher, copolymers were noted to become soluble in
room temperature toluene for at least 30 minutes, after which time micelles formed. Tough,
translucent-to-transparent films were easily prepared from a variety of common organic
solvents at room temperature, including chloroform, NMP and o-dichlorobenzene.

The development of synthetic procedures utilized throughout this research are
discussed herein. Moreover, extensive characterization results are presented regarding the
perfectly alternating poly(dimethylsiloxane)-engineering thermoplastic segmented

copolymers prepared.
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Background

A. Engineering Thermoplastics

Engineering thermoplastics comprise a class of linear polymer systems that possess
good mechanical properties, high temperature serviceability and dimensional stability.
Developed in the 1950's for applications in the electronics and aerospace industries [1],
they are steadily replacing typically metal or ceramic materials. The term thermoplastic is
used to express the ability of a polymer to flow and/or melt upon heating. Thermoplastics
that can withstand fairly elevated temperatures and/or high impacts are usually regarded for
rugged applications, thus designating those systems engineering thermoplastics.

In order to be usable in high-temperature environments, gross physical change cannot
occur. For this reason, these systems are tailored to possess glass transition temperatures
(Tg) or melting temperatures (Tm) in excess of 100°C. In addition to their excellent thermal
and dimensional stabilities, they are often accompanied by hydrolytic and oxidative
stability.

Common examples of this class of polymer include poly(arylene ether)s, polyimides,
polyamides and polycarbonates, all produced through polycondensation, or step-growth,
reactions. From combinations of the numerous monomers available, the structures shown
in Figure 1 reveal only a very small fraction of the engineering thermoplastics existing
today. Because there is a very broad array, only those polymers directly related to this

thesis research will be discussed in the following history.

ﬂ ) 0
poly(ether ether ketone) 0 0 polyimmide

Figure 1. Common engineering thermoplastics.



1. Poly(arylene ether)s

Those macromolecules which contain the aromatic ether bond are appropriately
labeled poly(arylene ether)s. These systems can include many other connecting groups, as
evidenced by several structures in Figure 2. Unlike the aliphatic polyethers, these phenyl-

containing polyethers are thermally stable and thus exhibit high temperature serviceability.

(I)l 0
CHy I
-4~ 00t
O o~ OH0O WLO o )-c
0 H;
poly(arylene ether sulfone) poly(arylene ether ketone)

Figure 2. Common poly(arylene ether)s.

The majority of poly(arylene ether)s have large regions of physically unordered
chains and so are amorphous. Tg values are usually 130°C or above and are dependent on
both chemical structure and molecular weight. Because they display good mechanical
properties along with high thermal stability, poly(arylene ether)s are generally excellent
candidates for demanding applications.

Some of the first reseach in poly(arylene ether) synthesis was reported by Johnson, ez
al. [2] in 1967. By a polycondensation route, a dialkali metal salt of a bisphenol and an
aromatic dihalide activated with an electron withdrawing group produced a linear, high
molecular weight polymer (see Scheme 1). The reaction was noted to be quick and clean,
provided that it was carried out under dry conditions in an anhydrous, dipolar, aprotic
solvent at temperatures near 150°C. If water was present in the reaction, it could act as a
nucleophile and revert the bisphenate to unreactive bisphenol, as well as hydrolyze the

dihalide and convert it to the corresponding unreactive bisphenol. Dipolar,



HO—@— D—Q— OH + 2 NaOH (50% aq. soln.)

Bisphenol DMSO and Chlorobenzene
7 20 to 40 wt % Bisphenol conc.

D = Electron donating 1;1260 80°C
oup such as C(CH3), ) 60 to 80°
Frotp 2) 120 to 140°C

3) 155 to 160°C

-H,0
Na*O‘-@— D—@— O Na*
+
X _@. w_©_ X | W= Electron withdrawing
\/4 group such as SO,
Electropositive

Dihalide X=ClorF

Carbon atom

N2

1) Dihalide is added as a 50 wt %
solution in hot (110°C) chloro-
benzene.

2) 160 to 165°C, 1 to 5 hours

Scheme 1. Poly(arylene ether) synthesis via nucleophilic aromatic substitution reported
by Johnson, ez al. [2].

aprotic solvents, such as dimethyl sulfoxide (DMSO) and tetrahydrothiophene 1,1-dioxane
(Sulfolane), were employed to solvate the sodium or potassium cations, making the

corresponding bisphenate more nucleophilic.



The reaction, represented in Scheme 1, involved a two-step, two-pot process.
Reaction conditions --solvent, time and temperature-- were investigated, and optimized
conditions were reported. A solvent was needed to dissolve both the dihalide and bisphenol
salt, in the form of either a sodium or potassium bisphenate. DMSO was considered to be
the the most effective solvent for these polymerizations as extents of reaction greater than
99% were achieved when polymerizations were run at 165°C. Furthermore, viscosity data
proved that high molecular weights could be obtained in as little as one hour reaction time.
Bisphenol reactivity was based on the connecting group of the monomer. Electron-
withdrawing groups like the sulfone linkage cause the bisphenol to be more acidic, which
in turn decreases its reactivity towards nucleophilic aromatic substitution. Sulfolane's
allowance of higher reaction temperatures by approximately 60°C overcame this problem.
As a result, high molecular weights were achieved for less reactive bisphenols in
approximately six hours.

The attack by the nucleophile (bisphenol salt) onto the activated site of the dihalide
was the rate determining step for this reaction (and not the expulsion of the halogen atom).
For the dihalide monomer, the presence of a strong electronegative atom (such as fluorine
or chlorine) in combination with the electron-withdrawing connecting group (such as
sulfone or acyl) creates a highly susceptible electropositive carbon atom. This point of
attack can be readily observed by reviewing Scheme 1. Although there are few purely
unimolecular or bimolecular nucleophilic substitution reactions, evidence has shown that
poly(arylene ether)s synthesized in the manner described by Johnson and coworkers have
reacted by a mostly bimolecular mechanism [2]. This was concluded from the fact that the
dihalide did not react with DMSO or Sulfolane at elevated reaction temperatures since any
halide dissociation prior to nucleophilic attack would surely have resulted in reaction

between the carbocation intermediate and the sulfonated solvent had the



mechanism been unimolecular.

Through their extensive research, the relationship between electron-withdrawing
group of the bisphenol and Tg was established: bulkier groups yielded higher Tg values.
Also investigated was the nature of the reactivity of the dihalide; a fluoride group was easier
to displace than its chloride counterpart. And lastly, the influence on Tg of the connecting
motlety in various dihalides was studied. Controlled largely by the polarity of the
connecting group, Tg values were found to increase as more highly polar units were
incorporated. The predominance of these three variables can be seen in Table 1 which lists

some of the poly(arylene ether)s reported by Johnson and coworkers in their 1967

publication.

Table 1. Poly(arylene ether)s prepared by Johnson, ef al. by nucleophilic aromatic

substitution [2].

only very low molecular weight achieved

Polymer Structure (repeat unit) Bisphenol Dihalide Tg(°C)
CH; CH; 0o
C@ QG o o @-iGra s
3 3 (o)
@ 0
@ - Qo a-s-D-a 20
S o
[ CH; CH, ﬁ
“'00-@ - Qo O-¢ 155
CH
CH3 " CH: o
o—@c HoOH oG- -

At nearly the same time, Jennings, e al. [3, 4] published results regarding the

synthesis of poly(arylene ether)s via electrophilic aromatic substitution, or Friedel-Crafts




polycondenstion reactions. This group also attempted nucleophilic aromatic substitution
methods. But, unlike Johnson, er al., Jennings and coworkers found the nucleophilic
substitution route less suitable. Based on work reported in 1962, a cuprous salt catalyst
(Cup0) was utilized. Along with dibromo monomers, their rationale was that Ullman-type

reaction conditions were applicable to poly(arylene ether) synthesis [3] (see Scheme 2).

Na'O" —X— 0 Na* + Br—Y—BRr
5-10 mol % Cu,0
DMSO
153°C

|X and Y = aromatic groupsl

Scheme 2. Poly(arylene ether) synthesis via Ullman-type nucleophilic aromatic
substitution by Jennings, er al. [3].

However, only low molecular weight poly(ether sulfone)s and poly(ether ketone)s were
prepared, the structures of which are shown in Table 2.

Briefly mentioned above, Jennings and coworkers developed a successful
electrophilic aromatic substitution route to preparing poly(arylene ether)s structurally
similar to those prepared by Johnson, ez al., which can be noted by comparison of Tables
1 and 3. By employing a catalytic quantity of a Friedel-Crafts halide, such as ferric
chloride, polysulfonylation and polyacylation of the appropriate monomers were made
possible; however, fairly harsh reaction conditions were necessary. These polymerizations
were carried out under melt conditions, with temperatures of up to 320°C being used. Due

to the elevated temperatures, some crosslinking was experienced which could be calculated



10

Table 2. Poly(arylene ether)s prepared by Jennings, er al. by nucleophilic aromatic
substitution using Ullman-type conditions [3].

Polymer Structure (repeat unit) Bisphenol Dihalide Dp*
CH, ] CH,
--OH@ of 0D B
3
Q o)
"O@,.@@ @- 5o w0 1
o o}
CH; CH;
--o@ @- O OO
CH;
CH; CH; P
--om«»@“@- O Qo
CH;

* Degree of polymerization; roughly the number of repeat units per polymer chain

Table 3. Poly(arylene ether sulfone)s prepared by Jennings, er al. via Friedel-Crafts
electrophilic aromatic substitution [3].

Polymer Structure (repeat unit)
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by measuring the amount of product that did not redissolve. Usually this was around 20 to
40 percent. Glass transition temperatures of these poly(sulfone)s were upwards of around
280°C [5]. Although slightly different poly(ether sulfone)s and poly(ether ketone)s were
prepared, reaction extents and molecular weights were not as impressive as data published
by Johnson, er al. Nonetheless, Jennings and his colleagues provided the chemical field
with novel polymers that exhibited high thermal stability and high performance potential.
Hashimoto, er al. [6] reported some of the first phosphorus-containing poly(arylene
ether)s in 1977. Through the utilization of sodium hydroxide and DMSO, the reaction of
the phosphorus-containing activated dihalidé with a bisphenol was very similar to Johnson,

et al.[2]. Table 4 shows the resulting poly(arylene ether phosphine oxide)s along with the

Table 4. Poly(arylene ether phosphine oxide)s prepared by Hashimoto, er al. [6].
Polymer Structure (repeat unit) Dihalide Bisphenol

( 0 CH, 0 CH,
T é‘@ Cl@é—@- c1 HOOH

4o ﬂ—@-o—@@—@-— c1@-é—©— cl Ho-@)—ﬂ oH

_Lo@é@w@%@ﬂ- m@é_@a w0 -0 an
-—o é—@-o—@- c1-@é—@c1 Ho@-és—@m

necessary monomers. Incorporation of the bulky phosphorus group could lead to increased

i

solubility. Such a group would also inhibit crystallinity and provide high thermal stability
along with increased Tg. Unfortunately, these workers did not obtain high molecular

weight polymers.
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By 1980, many variations of the work by Johnson, e al. were developed. Other
polar, aprotic solvents such as dimethylformamide (DMF), dimethylacetamide (DMAc),
and 1-methyl-2-pyrrolidinone (NMP) were employed along with alkali metal bases such as
potassium fluoride (KF) and potassium carbonate (K2CO3) [6-11]. In 1984, Mohanty and
McGrath [10, 11] published a modified procedure to prepare poly(arylene ether)s via
nucleophilic aromatic substitution based on earlier work carried out in that lab. This method
was applied to both poly(arylene ether sulfone)s and poly(arylene ether ketone)s
successfully. Table 5 shows the chemical structures of these two types of engineering

thermoplastics prepared by this group.

Table S. Poly(arylene ether)s prepared by potassium carbonate procedure [10, 11].

Polymer Structure (repeat unit) Bisphenol Dihalide
CH; CH; CH3  CH; CHj; 0
——oﬂw@ O ePHe o plo
CH3 cn, cH{ CH; cH, o

(CH3 CH; CH,4 CHs.  CcH, CH, o
--o@@_ oM Fo  ~DED-
CH3 CH, CH; CHj; CH,
--0@3—@— AN s SR § W, 0
3 o}

4+ 0:(5): Ho—{C)- on c1—@-§—@-c1

Instead of using a strong base like Johnson, potassium carbonate was employed as the
weak alkali metal base in this procedure. A mixture of NMP and toluene was utilized

instead of DMSO or Sulfolane. The procedure by Johnson required extreme caution in
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measuring an exact 1:1 stoichiometry of base to bisphenol so that high polymer and clean
products were obtained, thus avoiding halide hydrolysis. Potassium carbonate utilization
allowed up to 50 % excess base without shifting the 1:1 stoichiometry of dihalide to
bisphenol (or bisphenate). The use of NMP afforded the opportunity to solvate some
bisphenol salts that were otherwise insoluble in DMSOQ; moreover, it offered a higher
boiling point (202°C) than DMSO. Reaction times were approximately 12 to 16 hours at
temperatures from 120°C to 160°C for this two-step procedure.

By the potassium carbonate route, two proposed reaction schemes were described, as
contrasted in Scheme 3. One possibility involved formation of a bisphenate which then
went on to react with the dihalide. The other more acceptable route involves formation of a
monophenate which then reacts with one site of a dihalide molecule. This A-B type
intermediate (one phenol and one halide functionality per intermediate molecule) then
continues to react and form polymeric species. As can be seen from the reaction scheme,
water is a byproduct in this polycondensation. Therefore, it is apparent that toluene is used
as a cosolvent to azeotropically distill the water formed. Water remaining in the system
alters the stoichiometry and can form KOH (by reaction with the bisphenol potassium salt),
which can then attack the dihalide and reduce its reactivity. A third modification by this
group was the reduction from a two-pot to a one-pot process in which all reactants were
combined in the initial step.

By the mid-1980's, several poly(arylene ether)s were made commercially available
under names such as ICI's PEEK® [poly(ether ether ketone)] and Victrex® PES [poly(ether
sulfone)], and Amoco's Udel® [poly(ether sulfone)], Radel® [poly(ether sulfone)] and
Kadel® [poly(ether ketone)] [12]. During this time, continued work on the poly(arylene
ether phosphine oxide)s that were introduced by Hashimoto, er al. in 1977 [6] brought

about further achievements. With reaction conditions reported by Mohanty and McGrath
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[10], German [13,14] and Japanese [15] chemists were able to successfully synthesize
fairly high polymer from various bisphenols and the difluoro analog of the phosphorus-
containing dihalide utilized by Hashimoto. Thus, it was concluded that the phosphine oxide
group does not possess as strong electron-withdrawing effects as the sulfone moiety. Table
6 shows the monomers and resulting poly(arylene ether phosphine oxide)s obtained by the
Japanese group. Most recently, Smith, er al. [16-18] have prepared high molecular

Table 6. Poly(aryiene ether phosphine oxide)s prepared by Japanese chemists using
difluorophosphine oxide monomer [15].

Polymer Structure (repeat unit) Dihalide Bisphenol

—~ -

—_o@é_@ " F@'L@F HO OH

o E"@ - H- F@'E‘@-F s - on

B

weight poly(arylene ether phosphine oxide)s by the potassium carbonate nucleophlic

aromatic substitution route [10]. Also utilizing the difluoro analog of the phosphine oxide,
Smith incorporated two additional bisphenols besides those used by the Japanese. The
monomers used and resulting poly(arylene ether phosphine oxide)s prepared by Smith are
shown in Table 7 on the following page.

Other advances in poly(arylene ether) research included the use of functionalized

endgroups which subsequently brought about molecular weight control and future







































































































































































































































