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linkage is formed simultaneously with the growth of the
second block. Bulk copolymerizations were realized when
the diphenylsiloxane compositions in the soft segment were
greater than 50 wt %, while lower diphenylsiloxane com-
positions required a solvent to facilitate both the mixing
and initial polymerization. DSC, DMTA, and SAXS re-
sults demonstrate that microphase-separated morphologies
were achieved when diphenylsiloxane compositions in the
soft segment were 50 wt % or less. The mechanical
properties of the networks varied with the compositional
changes in the soft segment.

Registry No. (D)(D,)(DGEBA) (block copolymer),

123380-81-4.
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ABSTRACT: Novel tert-butyl esters of oxydianiline/pyromellitic dianhydride polyamic acid were prepared
in good yield. The polymers were prepared with either meta or para repeating units. The cure behavior of
these tert-butyl esters was studied by IR, MS, and TG analysis and was compared to that of both the parent
polyamic acid and its methyl ester. It was found that a rapid deprotection of the tert-butyl group occurs
at around 200 °C with liberation of free polyamic acid. Consequently, the cure behavior at 200 °C of the
tert-butyl ester approaches that of the parent polyamic acid. Furthermore, the isomerism of the repeating
units does not appear to have any detectable effect on the cure behavior of the polymer, although meta isomerism
appears to enhance solubility of the polymer in organic solvents.

Introduction

The lack of stability of polyamic acid solutions toward
hydrolysis has been attributed to a catalytic effect en-
gendered by the presence of an ortho carboxylic acid
group.! Linear alkyl esters of polyamic acids?® are much
more hydrolytically stable in solution than the parent
polyamic acids®® and consequently show little change in
molecular weight with time. This enhanced stability has
been attributed to the blocking of the ortho carboxylic acid
group by an ester group.2 Unfortunately, the curing rates
of linear alkyl esters are much slower than those of the
corresponding free acids (up to 60 times slower for the
n-butyl ester).? In our work we sought to avoid this dif-
ficulty by synthesizing a polyamic ester capable of ther-
mally liberating the free polyamic acid. Moreover, it was
hoped that this type of approach would yield novel poly-
imide precursors with thermally removable, bulky solu-
bilizing groups. This could enable us to take advantage
of the solubilizing effect of such groups during processing,
giving access to low boiling point, film-casting solvents,
while ensuring that the final cured polyimide retains

valuable physical properties. This work reports the syn-
thesis of the tert-butyl esters of the ODA/PMDA polyamic
acids and describes some preliminary physical properties
of these materials. The tert-butyl group (carbonate or
ester) has been reported to thermally deprotect the hy-
droxyl group in styrene- and polycarbonate-based polymer
systems.'®!! This precedent encouraged us to choose this
type of protecting group for our application. We chose to
first study the tert-butyl ester of the polyamic acid derived
from oxydianiline (ODA) and pyromellitic dianhydride
(PMDA), because the simple alkyl esters (methyl, ethyl,
propyl, butyl) of this polyamic acid have been prepared®®
and give a good basis for comparison.

Experimental Section

1. Materials and Characterization. Elemental analyses were
obtained from Galbraith Laboratories, Inc. Polymer molecular
weights were determined using a Waters Model 530 gel permeation
chromatograph equipped with a Zorbax column, a Waters 410
differential refractometer, and a Waters Lambda-Max LC
spectrophotometer. Molecular weights are given relative to
polystyrene standards. NMR spectra were obtained on a JEOL
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90Q FTNMR spectrometer, IR spectra were obtained on a Digilab
FTS-60 FTIR spectrometer, and mass spectra were obtained using
an HP 5995C mass spectrometer with a direct insertion probe
(DIP).

1.1. Preparation of the Di-tert-butyl Ester of Pyromellitic
Acid. Potassium tert-butoxide, 20.60 g (184 mmol), was added,
while stirring under dry argon, to 20.00 g (91.69 mmol) of pyro-
mellitic dianhydride dissolved in 400 mL of THF. After stirring
overnight the resulting suspension was filtered off, washed with
THF and ether, and dried to give the potassium salt of the desired
product. The salt was neutralized in aqueous solution with dilute
HCI while keeping cold (10 °C). The product was filtered, washed
with distilled water, dried, and recrystallized several times from
ethanol/water. A total of 22.08 g (66% yield) of di-tert-butyl ester
was recovered in three crops of crystals. These crops consisted
of 10.50 g of pure para isomer, 7.43 g of pure meta isomer, and
a 50% mixture of the two isomers that constituted the remainder.

Meta Isomer. Elemental analysis (C, H, O): found (58.98,
6.10, 35.29); calc (59.01, 6.05, 34.93). IR (KBr, cm™): 3415 (O-H
str, acid); 2987, 2941 (C-H str, tert-butyl); 1704 (C=0 str, acid,
ester); 1502 (C=C str); 1442 (CH, antisym deformn); 1412; 1394,
1310 (tert-butyl sym deformn, CHj, rock); 1276 (C-O-C str, ester);
1260 (tert-butyl-coupled CHj rock); 1163, 1137, 1112 (C-O str);
927 (tert-butyl-coupled CH, rock); 848, 796, 778 (CH out of plane
aromatic). 'H NMR (ppm, DMSO-dg); for assignments see
Scheme I): 13.64 (brs, 2 H, OH acid); 8.05 (s, 1 H, CH-6); 7.81
(s, 1 H, CH-3); 1.65 (s, 18 H, CHj tert-butyl). *C NMR (ppm,
DMSO0-dy); for assignments see Scheme I): 167.01 (s, C=0 acid);
165.12 (s, C==0 ester); 135.70 (s, C-1,5); 133.81 (s, C-2, C-4); 129.10
(d, C-3); 27.96 (d, C-6); 82.56 (s, C, tert-butyl); 27.41 (t, CH,
tert-butyl).

Para Isomer. Elemental analysis (C, H, O): found (58.87, 6.04,
34.79); calc (59.01, 6.05, 34.98). IR (KBr, cm™): 3570 (O-H str,
acid); 3001 (C-H str, aromatic); 2982, 2935 (C—H str, tert-butyl);
1728 (C==0 str, ester); 1704 (C=0 str, ester); 1502 (C=C str,
ester); 1442; 1422 (CHj; antisym deformn), 1369, 1306 (tert-butyl
sym deformn, CH; rock); 1280 (C-O-C str, ester); 1266, 1259
(tert-butyl-coupled CHj rock); 1177, 1142 (C-O str); 917 (tert-
butyl-coupled CHj rock); 850, 803 (CH out of plane aromatic).
'H NMR (ppm, DMSO-dg; for assignments see Scheme I); 1364
(brs, 2 h, OH acid); 7.93 (s, 2 H, CH-6, CH-3); 1.65 (s, 18 H, CH,
tert-butyl). ®C NMR (DMSO-dg; for assignments see Scheme
I): 167.01 (s, C==0 acid); 165.12 (s, C==0 ester); 135.05 (s, C-4,
C-1); 134.46 (s, C-5, C-2); 128.50 (d, C-6, C-3); 82.56 (s, C tert-
butyl); 27.41 (t, CH; tert-butyl).

1.2. Preparation of Dimethyl Ester of Pyromellitic Acid.
In a 200-mL flask 12.16 g (565.7 mmol) of pyromellitic dianhydride
was slowly dissolved with gentle heating in 60 mL of dry methanol
under dry nitrogen. After the reaction was complete, as indicated
by dissolution of pyromellitic dianhydride, the solution was cooled
and 150 mL of distilled water was added. The methanol was
removed under vacuum untii crystallization was initiated. After
overnight refrigeration, the crystals were filtered and dried under
vacuum at 40 °C. In this way 5.0 g (32% yield) of the pure
p-dimethyl ester of pyromellitic acid were isolated. This material
had spectral properties consistent with those reported in the
literature.568

1.3. Preparation of Di-n-butyl Ester of Pyromellitic Acid.
The synthesis of the di-n-butyl ester is the same as that for
dimethyl ester described above, except that n-butyl alcohol was
used instead of methanol. The yield of ester is 60%. This material
had spectral properties consistent with those reported in the
literature.’

1.4. Formation of the Polyamic Acid Ester Derived from
the p-Di-tert-butyl Ester of Pyromellitic Acid and ODA in
NMP. A solution was prepared under argon consisting of 0.7327
g (2 mmol) of p-di-tert-butyl ester of PMDA, 0.4005 g (2 mmol)
of ODA, and 0.56 mL of triethylamine in solution in 2 mL of NMP.
The solution was cooled to -10 °C and 1.6976 g (4 mmol) of
N,N"-(phenylphosphino)bis[2(3H)-benzothiazolone] was added
slowly. The reaction was kept at —10 °C for 12 min and then
allowed to return to room temperature and stirred for 2 h more.
After diluting with 8 mL of NMP, the polymer solution was
precipitated in 200 mlL of methanol, filtered, washed with
methanol, and dried under vacuum for several days. In this way
0.83 g (79% yield) of tan polymer was isolated. Molecular weight:
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M, = 18000, M, = 11000, D = 1.6. Elemental analysis (C, H,
N, 0): found (66.56, 5.88, 5.30, 21.50); calc (67.91, 5.69, 5.27, 21.10).
IR (KBr, cm™); 3320 (N-H str, amide); 1722 (C=0 str, ester);
1679 (C=0 str, amide); 1607 (C-N, N-H coupled deformn); 1512
(C=C str); 1407, 1391 (tert-butyl sym, out of plane CHjg rock);
1220, 1249 (tert-butyl-coupled CHj, rock); 1162, 1135, 1106 (C-O0-C
sym deformn, ester). 'H NMR (DMSO-dg, ppm; for assignments
see Figure 1b); 10.63 (br s, 2 H, amide); 7.93 (s, 2 H, H-6); 7.78
(d, 4 H, H-2); 7.04 (d, 4 H, H-3); 1.49 (s, H-11). 13C NMR
(DMSO-dg, ppm); for assignments see Figure 1b): 165.17 (s, C-9);
164.42 (s, C-8); 152.66 (s, C-4); 138.74 (s, C-5); 134.78 (s, C-1); 133.26
(s, C-7); 128.50 (d, C-6); 120.97 (d, C-2); 118.69 (d, C-3); 82.23 (s,
C-10); 27.35 (q, C-11).

1.5. Formation of the Polyamic Acid Ester Derived from
the m-Di-tert-butyl Ester of Pyromellitic Acid and ODA
in NMP. The procedure was the same as in section 1.2 except
that the m-di-tert-butyl ester of PMDA was used as a starting
material. The workup differed in that the polymer was precip-
itated in a 50/50 mixture of methanol and water. In this way
0.87 g (82% yield) of tan polymer was recovered. Molecular
weight: M, = 20000, M, = 7000, D = 2.8. Elemental analysis
(C, H, N, O0): found (66.63, 5.55, 5.22, 21.65); calc (67.91, 5.69,
5.27, 21.10). IR (KBr, cm™): 3320 (N-H str); 1722 (C=0 str,
ester); 1685 (C==0 str, amide); 1605 (C-N, N-H coupled deformn);
1407, 1392 (tert-butyl sym, out of plane CH; rock); 1497 (C=C
str); 1229, 1251 (tert-butyl-coupled CH; rock); 1159, 1133, 1109
(C~0-C sym deformn). 'H NMR (DMSO-dg, ppm); for assign-
ments see Figure 1a): 10.62 (br s, 2 H, amide); 8.13 (s, 1 H, H-8);
7.78 (d, 4 H, H-2); 7.60 (s, 1 H, H-6); 7.04 (d, 4 H, H-3); 1.43 (s,
18 H, H-12). '3C NMR (DMSO-dg, ppm; for assignments see
Figure 1a): 165.17 (s, C-10); 164.31 (s, C-9); 152.66 (s, C-4); 140.47
(d, C-5); 134.78 (d, C-1); 131.563 (d, C-7); 130.07 (d, C-6); 127.47
(d, C-8);120.98 (d, C-2); 118.69 (d, C-3); 82.12 (s, C-11); 27.35 (q,
C-12).

1.6. Formation of the Polyamic Acid Ester Derived from
the p-Di-tert-butyl Ester of Pyromellitic Acid and ODA in
THF. A suspension was prepared under argon consisting of 0.7327
g (2 mmol) of the diacid, 0.4005 g (2 mmol) of 4-aminophenyl ether,
0.56 mL of triethylamine in 2 mL of dry THF. This suspension
was cooled to ~10 °C, and 1.6976 g (4.0 mmol) of N,N*-(phe-
nylphosphino)bis[2(3H)-benzothiazolone] was added slowly with
stirring using a powder dropping funnel. After this addition, the
suspension was stirred at this temperature for 12 min. The
reaction mixture was then allowed to return to room temperature.
After stirring for 10-20 min, a clear yellowish solution was ob-
tained, which quickly thickened. After 1 h, the solution was so
thick that stirring stopped. The thick gel was broken up, sus-
pended in 20 mL of THF, and precipitated into 400 mL of
methanol. The white powder thus formed was filtered and washed
with several aliquots of methanol. The material was extracted
overnight with refluxing THF in a Soxhlet. After the material
was dried overnight at room temperature under vacuum, 0.8533
g of a tan powder was obtained, giving an 81% recovered yield.
The spectral characteristics of this material are the same as those
of the polymer isolated in section 1.4. Molecular weight: M, =
34000, M, = 17000, D = 2.0.

1.7. Formation of the Dimethyl Ester and Di-n-butyl
Esters of the Polyamic Acid Derived from PMDA and ODA.
The procedures used for these two esters are the same as described
in section 1.4 except the dimethyl ester or the di-n-butyl of py-
romellitic acids was that used in the synthesis. The yields are,
respectively, 84% and 79%. The products’ spectral properties
were consistent with those reported in the literature.>%®

2. Studies of Polymer Cure. The mass spectral curing studies
were done by heating each sample of polymer in the DIP con-
secutively at 100, 200, and 350 °C for 1 h each. The extent of
cure at 200 °C was estimated by taking the ratio of the area for
the peak at 200 °C in the TIC (or the ion chromatogram of water
or isobutene) to the combined area of the peaks at 200 and 350
°C. The samples for the IR curing study were spun from di-
methylacetamide solutions of the polyamic acid or its esters onto
NaCl plates. The spun samples were dried at 110 °C for about
1 h, heated slowly to the cure temperature, allowed to remain at
that temperature for 1 h, and then cooled. The degree of imi-
dization then was calculated from the 1375-cm™ imide peak (C-N
str) using the 1501-cm™ band (aromatic ring breathing) as an
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internal standard.!! Thermogravimetry (TG) curing studies were
performed on a Perkin-Elmer TGS-2 thermogravimetric analyzer
interfaced with a System 4 microprocessor for temperature pro-
gramming and a TADS Model 3700 data station for data ac-
quisition and operational control. All measurements were obtained
in N, with a gas-flow rate of 30 cm®/min. Heating rates used for
the dynamic study were 5 and 25 °C/min.

Results and Discussion

1. Materials. The synthetic pathway to arrive at the
di-tert-butyl esters of pyromellitic acid is shown in Scheme
I. These esters could not be made by the classical pathway
used for the diester derived from linear alcohols.® The
synthesis of the polyamic acid esters was accomplished by
a procedure involving a direct coupling of a diester diacid
monomer with an aromatic diamine (Scheme II). A
peptide-coupling agent (N,N’-(phenylphosphino)bis[2-
(3H)-benzothiazolone]), reported useful in the synthesis
of aromatic polyamides,'® was used in this reaction. This
approach not only had the advantage of avoiding condi-
tions that would cleave the tert-butyl ester but also de-
creased the number of steps needed to prepare the poly-
mer. The polymerization with ODA was done with both
the meta and para isomers of the diacid diester, and the
solvents used were either NMP or THF. The yield of
polymer ranged from 78 to 81%.

The tert-butyl esters of ODA/PMDA polyamic acid
retained the meta or para isomerism of the parent di-
tert-butyl ester diacid even on prolonged storage in DMSO
solution. The identification of the isomers was based on
the data provided by 1*C and 'H NMR spectra. Parts A
and B of Figure 1 show the two distinct 3C NMR spectra
given by the meta and para isomers. The polymer made
up of meta units is soluble in low-boiling solvents such as
THF or glyme. In contrast, the polymer consisting of para
units is soluble only in high-boiling, polar solvents such
as DMF and NMP. This difference in solubility cannot

tert-Butyl Ester of ODA/PMDA Polymic Acid 4479

A) meto-tert-Bu ESTER OF POLYAMIC ACID
OF ODA/PMDA

L J
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J
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Figure 1. 3C NMR spectra of the two isomers of the tert-butyl
ester of the ODA/PMDA polyamic acid.

be accounted for by differences in molecular weight since
the two polymers have similar molecular weights. This
drastic difference in solubility between para and meta
isomers of polyamic acid esters is characteristic of many
other types of polymers and is due to the fact that the meta
geometry tends to hinder packing of polymer molecules
far more than the para geometry. In the case of our ma-
terials this packing difficulty may be accentuated by the
steric bulk of the tert-butyl group and its ability to disrupt
interchain interactions. It has also been found that only
partial meta isomerism (70%) is enough to give to or result
in solubility (up to at least 50% wt) of the polymer in low
boiling point, film-casting solvents. The same procedure
was also extended to the n-butyl and methyl ester of the
ODA/PMDA polyamic acid, giving 79% and 84% yield,
respectively.

2. Curing Behavior of Polymers. Conformational
studies of the imidization of ODA/PMDA polyamic acid
have suggested that the ratio of para and meta isomers
may play an important part in the reaction kinetics of
imidization.* Specifically, it was predicted that pure para
isomerism should lead to 100% imidization, while in the
case of meta isomerism, 18% of the total polymer con-
formations should require major steric rearrangement to
permit full imidization.* Since our polymers should, in
theory, permit the formation of a free polyamic acid with
an initially pure meta or para isomerism, we wished to see
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Table I
TG Analyses of ODA/PDA Polyamic Acid and Its Esterified Products

wt loss
(actual),

wt loss

max rate of (theory),

polymer

heating rate, °C/min

condition

onset temp, °C

reaction, °C %o

%

ODA/PMDA
D-tert-butyl ester
m-tert-butyl ester
p-tert-butyl ester
m-tert-butyl ester
ODA/PMDA
D-tert-butyl ester
m-tert-butyl ester
methy! ester
n-butyl ester

solvent
solvent
solvent
solvent
solvent
solvent removed
solvent removed
solvent removed
solvent removed
solvent removed

153
183
173
164
155
150
163
164
176
193

202 8.61
197 279
180 27.9
178 27.9
167 27.9
187 8.61
178 27.9
202 27.9
217 15.3
247 279

23.9
28.3
30.0
28.6
30.0
13.1
27.2
28.3
16.9
29.0

if we could observe any difference in the extent of imi-
dization for the two isomeric polymers. Moreover, it was
also of interest for us to see if the protection of the po-
lyamic acid group with the tert-butyl group had any drastic
lowering effect on the curing rate as had been observed
in case of the n-butyl ester® and to verify that the products
given off during imidization were indeed isobutene and
water and not tert-butyl alcohol.

2.1. Thermogravimetric Analysis. Thermogravi-
metric (TG) and derivative thermogravimetric (DTG)
curves obtained using a heating rate of 25 °C/min for
ODA/PMDA polyamic acid and its esterified meta and
para isomeric products are shown in Figure 2. It can be
seen that the ODA/PMDA polyamic acid TG curve (Fig-
ure 2) has a broader region for weight loss. Figure 2 also
shows the asymmetric-shaped DTG curves for the isomeric
esters compared with the symmetric curves obtained for
the polyamic acid. Additionally, the maximum rate of
reaction can be seen to occur earlier for the isomeric esters
than for the polyamic acid. The asymmetric-shaped DTG
curves for the tert-butyl ester could be explained by the
presence of two simultaneously occurring reactions,
namely, the deprotection of the carboxylic acid tert-butyl
group, which gives isobutene, and the imidization reaction,
which generates water.

Table I summarizes the maximum rate of reaction, onset
temperature, and weight loss percent at 495 °C for the
ODA/PMDA polyamic acid as well as the para and meta
isomers of the esters. Additionally, a comparison of data
obtained with and without solvent removal is provided.

The theoretical weight loss from the elimination of
water, shown in Table I, is 8.61% for ODA/PMDA po-
lyamic acid. Contrast this with the actual weight loss
obtained before and after solvent removal/drying of 23.9%
and 13.1%, respectively. Although there were heating rate
differences, the ODA /PMDA polyamic acid still exhibited
a larger weight loss value before and after extraction/
drying than predicted from the theoretical value.

Solvation of the polyamic acid by NMP could account
for these larger weight losses. Conversely, both isomeric
polyamic acid esters approached their theoretical weight
loss of 27.9% regardless of solvent removal procedures.

The p-methyl diester of ODA/PMDA had a weight loss
of 16.9% at 495 °C compared to the theoretical value of
15.3%. Onset of weight loss for this polymer at a heating
rate of 5 °C/min was 177 °C with a maximum rate of
reaction at 217 °C. As was the case for the polyamic acid
samples, the DTG for this polymer is symmetric. The
methyl ester has a higher onset and maximum rate of
reaction when compared to ODA/PMDA polyamic acid
and its tert-butyl esters, indicating that the tert-butyl ester
falls between ODA/PMDA polyamic acid and its methyl
ester in ease of imidization. Since earlier work® had in-
dicated that the n-butyl ester was far less susceptible to
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RATE: 25.00 DEG./MIN.

75+ N 7/
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/
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50

100

75
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Figure 2. TG and DTG curves for the ODA/PMDA polyamic
acid and the two isomers of tert-butyl ester.

imidization than the methyl ester, this is a strong indica-
tion that the reaction does not proceed by the elimination
of tert-butyl alcohol, since this process should be even
harder to achieve than the elimination of n-butyl alcohol.
Indeed, a TGA (5 °C/min) of a sample of the n-butyl ester
confirmed that this material had a higher onset (193 °C)
and maximum rate of reaction than either the methyl or
tert-butyl ester. Figure 3 shows an isothermal TGA study,
which illustrates the drastic difference in the imidization
rates for the tert-butyl ester and the n-butyl ester. In this
study a sample of polymer was heated at three tempera-
tures (100, 200, and 400 °C) for 1 h at each temperature.
By comparing the weight loss at 200 °C to that at the final
cure temperature, we could calculate the percent imidi-
zation. Thus the n-butyl ester was found to have a much
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Figure 3. Isothermal TG study of the imidization of tert-butyl
and n-buty! esters of the ODA/PMDA polyamic acid.

1.0
para-di-t-BUTYL ESTER OF {a)
0 8__‘ODA/PMDA POLYAMIC ACID
w ' - —=— BAKE 110°C
Lz) — CURE 200°C
g 06
foa)
5
3 04
fos}
=i
0.2
/ I
00 Ml A
05
ODA/PMPA POLYAMIC ACID (b)
0.4~ ——~ BAKE 140°C
W - CURE 200°C
o
Z
>
(@]
0
m
<
0.0+ b i
VA ', vy Ig‘/ \J‘ —A‘_
-0 | e ket |-
4000 3000 2000 1000
WAVENUMBERS

Figure 4. IR spectra for curing of ODA /PMDA polyamic acid
and its tert-butyl ester.

lower percent imidization (46% ) than was found for the
tert-butyl ester (93%).

2.2. IR Spectroscopy. In this study the degree of
imidization was determined from the 1375-cm™ imide peak
using the 1501-cm™ band as an internal standard.? A
preliminary study, which involved comparing samples
heated to 200 °C for 1 h, indicated no significant differ-
ences in cure for either of the two esters as compared to
PMDA /ODA polyamic acid: Analysis of all three samples
indicated 81 * 2% imidization, based on results for a
sample given a final cure of 400 °C. Further comparisons
between the polyamic acid and the para ester at a higher
cure temperature (250 °C) showed exactly the same degree
of cure (96% conversion to imide) for the two samples.
Immediately after spinning, the film of the para ester
became opaque, suggesting possible crystallization. This
did not occur in the case of the meta isomer. This behavior
would be in line with the differences in molecular shape
discussed previously.
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Figure 5. Total ion chromatogram and ion chromatograms for
isobutene and water taken during the curing of the para isomer
of the tert-butyl ester of the ODA/PMDA polyamic acid.

The opacity the film formed from the para isomer was
maintained through heating to 300 °C. For both esters loss
of the tert-butyl group appears to essentially complete by
200 °C. The bands in the 2850-3000-cm™ region attrib-
utable to the CHj are gone, and the spectra (parts a and
b of Figure 4) show no other obvious differences. The
samples prepared from both the esters and the polyamic
acid1 show the characteristic anhydride peak near 1860
cm™,

2.3. Mass Spectroscopic Analysis. Samples of
ODA/PMDA polyamic acid, the methyl ester, and the
meta and para isomers of the tert-butyl ester were baked
at 100 °C for 1 h to remove solvent or water. They were
then cured at 200 °C for 1 h followed by a final cure at 350
°C to near complete imidization.

2.3.1. Curing of tert-Butyl Ester Polymers. Mass
spectroscopy showed that the products given off during
the cure cycle were water and isobutene and not tert-butyl
alcohol. The cure can be followed in three ways: The total
ion chromatogram (TIC) can be examined or, alternatively,
the evolution of water and isobutene can be monitored
separately by looking at the ion chromatogram of each
molecular species (m/e 18 and 56). As can be seen in
Figure 5, which depicts the ion chromatogram for water
and isobutene given off during the curing of the p-tert-
butyl ester, the liberation of water and isobutene occurs
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Figure 6. Total ion chromatograms taken during the curing of
the tert-butyl, n-butyl, and methyl esters of the ODA/PMDA
polyamic acid.

simultaneously. Heating samples of the tert-butyl esters
of the ODA/PMDA polyamic acid for 1 h at temperatures
ranging up to 150 °C does not cause any reaction to occur.
This is a strong indication that in order to effect cure in
these polymers the temperature for the thermal depro-
tection of the tert-butyl ester must be attained. Supris-
ingly, it is seen that isobutene is still being given off at 350
°C, indicating that all the protecting groups were not re-
moved by heating at 200 °C for 1 h. This is an indication
that under these conditions the removal of the tert-butyl
protecting group may be the rate-determining step. The
extent of cure at 200 °C is estimated by taking the ratio
of the area for the peak at 200 °C in the TIC (or the ion
chromatogram of water or isobutene) to the combined area
of the peaks at 200 and 350 °C. In this way it is found that
cure occurs to the extent of 87% when heating at 200 °C
for 1 h. When the same calculation is used, the ion
chromatogram of the molecular ion of isobutene (m/e 56)
gives a percent imidization of 88%. However, the ion
chromatogram for the molecular ion of water (m/e 18)
gives a somewhat higher estimate of percent imidization
(97%). This difference might be a consequence of a lack
of sensitivity of the detector of the instrument in a region
so close to its lowest mass limit (m/e 10). The meta isomer
gave no detectable difference in curing behavior. The
percent imidization for the tert-butyl ester of ODA/PMDA
polyamic acid calculated by the IR study (81%) is close
to that estimated by mass spectroscopy (87%). The dif-
ference between the two values appears to be mostly due
to the fact that the IR results are based on a final cure at
400 °C. Although a cure to 350 °C does not afford com-
plete imidization, it represents the highest temperature
accessible using the DIP attachment on the mass spec-
trometer. When the IR results are recalculated using a
cure at 350 °C as a final cure, instead of 400 °C, a result
of 88% is found, which is virtually identical with the result

Macromolecules, Vol. 22, No. 12, 1989

found by mass spectroscopy. Because isobutene is still
being evolved during the 400 °C cure, the removal of the
tert-butyl group may be the rate-determining step; how-
ever, since we have already found that the percent imi-
dization, as estimated by IR spectroscopy, is identical for
the polyamic acid and its tert-butyl ester, it would appear
that the deprotection reaction is still rapid enough not to
hinder significantly the effective percent imidization at 200
°C.

2.3.2. Curing of Methyl and tert-Butyl Esters. As
can be seen by the TIC for the n-butyl ester (Figure 6),
it undergoes much less curing (43%) than the tert-butyl
ester. This confirms the same trend that was observed in
the isothermal TGA study where a 46% cure was found.
Even the methyl ester (Figure 6), which is expected to give
the highest cure rate for a linear ester, gives only 52% cure.
As expected, the products given off during the cure of the
esters of the linear alcohols are the corresponding linear
alcohols.

3. Conclusions. We have shown that tert-butyl esters
of polyamic acids can be prepared in good yield and with
acceptable molecular weights. The reaction has also been
extended to other esters. Moreover, the tert-butyl esters
can be prepared as pure meta or para polymers, which
show distinct differences in solubility. It has also been
found by IR spectroscopy that the extent of cure of the
tert-butyl esters at a given temperature is nearly the same
as that for the free polyamic acid. This indicates that the
deprotection of the acid group is very rapid and does not
hinder significantly the cyclization of the polyamic acid.
The isomerism of the tert-butyl ester does not appear to
have any great effect on the cyclization reaction or cycli-
zation to imide as was established by curing studies done
by IR spectroscopy, mass spectroscopy, and TG analysis.
Studies by mass spectroscopy have confirmed that the
products given off during the cure of the tert-butyl esters
are isobutene and water. This confirms that the cyclization
of the tert-butyl ester proceeds by a more facile mechanism
involving the liberation of a free polyamic acid rather than
by a thermal elimination of alcohol. The linear esters gave
off linear alcohols during cure and were seen to have slower
rates of imidization at 200 °C than the tert-butyl esters.

In future work the curing behavior of these material will
be examined in more detail to determine the rate constants
for cure and to compare these to those reported in the
literature for polyamic acids and n-alkyl esters of polyamic
acids. The more detailed study will allow us to determine
if indeed the meta and para esters have identical curing
behavior, or if, as predicted elsewhere,!4 there are differ-
ences. Other bulky protecting groups capable of thermal
removal will also be investigated. Polymers with varying
ratios of meta and para repeating units will also be pre-
pared to investigate the effect this has on solubility.
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ABSTRACT: Mauritz and co-workers have shown that the dielectric loss spectra in the low frequency (w)
region of Nafion sulfonate membranes incorporating aqueous electrolytes vary as w™ where 0 <n < 1. A
more detailed examination of n for selected systems reveals that this power is a distinct function of mobile
ion type, ionic concentration, and system temperature. While we had earlier attributed this power law behavior,
in general, to long-range, i.e., intercluster, ion motions, we have attempted herein to more carefully analyze
this phenomenon in terms of (a) the related theories of processes that are fractal in space and time, (b) the
theory of the dispersive transport of charge carriers in amorphous materials, and (c) the cluster theory of
the anomalous low-frequency dielectric dispersion phenomenon. While all these models presently lack strong
microstructural specificity, it is nonetheless felt that their refinement would allow for experimentally extracted
values of n to be used as a rough qualitative index of morphological regularity or “texture” over an array of
ionic clusters or as a quantitative measure of the degree of connectivity or tortuosity of the overall charge

network.

Introduction

Mauritz et al. have recently communicated the results
of detailed dielectric relaxation analyses of perfluoro-
sulfonate membranes that were imbibed with a variety of
aqueous electrolytes at various fixed temperatures over the
frequency (f = w/2x) range 5 Hz to 13 MHz as a function
of electrolyte concentration.’® Our main goal throughout
these studies has been a rationalization of the structures
and characteristic motions of hydrated ions within the
established clustered morphology of these ionomers, par-
ticularly in the realm of high ion concentrations. To be
sure, there is a critical need to understand and control
these motions from the standpoint of selective molecular
transport across these membranes in the industrial arena
of separations technology. On the other hand, from a
fundamental scientific perspective, we are aware that little,
at this time, is actually understood of the physics of con-
centrated electrolytes in the bulk, not to mention their
being incorporated within a highly interactive ionomeric
system possessing structural heterogeneity at the 50-A
level. The distinct hydrophilic/hydrophobic phase-sepa-
rated morphology of perfluorosulfonate membranes offers
an ordered matrix throughout which electrolytes can be
finely dispersed so as to generate extraordinarily high
surface-to-volume ratios for these sorbed solutions. Nec-
essarily, a considerable fraction of the ions and water
molecules incorporated within the approximately 40-A
diameter polar clusters must reside at the hydrophilic/
hydrophobic interface and therefore experience fewer
nearest-neighbor electrostatic interactions than ions and
water molecules within the cluster interior.

In our view, the observed variances of the dielectric
storage and loss factors, ¢ and ¢”, respectively, and con-
ductivity over the frequency range at a given temperature

are largely governed (a) at low electrolyte concentrations
simply by an increasing number of ionic charges (assumed
mostly dissociated) per unit volume and (b) at high elec-
trolyte concentrations by a decrease in the mobility of
these charges due to their progressive association in pairs,
then triplets, quartets, etc., with increasing concentration
within the cluster “microsolutions”.

The ¢” versus w spectra for membranes incorporating
all of each of the electrolytes we have used are clearly
dominated by dc conduction. Long-range ion motions are
manifest on log ¢’ versus log w plots by a rather linearly
decreasing segment at low frequencies as illustrated in the
example of Figure 1, which is that of membranes con-
taining Zn?* and SO,% ions at various concentrations at
36 °C.> We had earlier considered this dc contribution to
be a somewhat uninteresting and bothersome obscuration
that required routine mathematical subtraction from the
spectra to uncover hidden relaxation peaks.

In our previous reports we had argued that the high-
frequency relaxation peaks extracted in this way were
generated by the diffusion-controlled accumulation and
dissipation of net ionic charge at the hydrophilic/hydro-
phobic phase boundaries along the direction of the applied
electric field during a half-cycle of oscillation, during which
time the field is unidirectional. As a perturbation, it is
reasonable to expect that the oscillations of a single 40-A
scale macrodipole are electrically coupled to the oscillations
of other cluster dipoles in the array, in particular to those
adjacent to it. However, aside from such perturbations,
this observed relaxation is considered to be a manifestation
of the cooperative motions of hydrated ions on an intra-
cluster level.

We have come to think of dc¢ conduction within the
context of these electrolyte-imbibed ionomers as involving
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