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Abstract

Control of the chemical structure of copolyimides through the sequence control of copolyamic acid methyl esters was tried. The
copolyamic acid methyl esters were directly synthesized from 2,5-dicarbomethoxy terephthalic acid (p-PMDE) and two diamines,
4,40-oxydianiline (ODA) and 2,20-bis (trifluoromethyl) benzidine (PFMB), using phenyl phosphonic dichloride. The average sequence
length of the copolyamic acid methyl esters was controlled by the stoichiometric unbalance and monitored by the proton nuclear magnetic
resonance spectroscopy (1H NMR). The inherent viscosity of the chemical structure-controlled copolyamic acid methyl ester was
0.39–0.53 dl/g. The average sequence length for the random copolymer was ca. 3 and that for the alternating copolymer was greater
than 1. Control of the average sequence length became more difficult as the stoichiometric unbalance between thep-PMDE and the diamines
increased. The maximum imidization temperatures of the ODA/p-PMDE and PFMB/p-PMDE polyamic acid methyl esters were around 237
and 2528C, respectively. Those of the copolyamic acid methyl esters were between these two temperatures. The maximum imidization
temperature of the copolymer approached that of the PFMB/p-PMDE polyamic acid methyl ester as the average sequence length increased.
q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aromatic polyimides have attracted attention due to their
excellent thermal stability, high mechanical properties, and
good chemical resistance and electrical properties. Various
methods have been reported for the synthesis of aromatic
polyimides, but the most common is the two-stage solution
polycondensation of dianhydride with a diamine in an apro-
tic solvent [1]. A soluble polyamic acid is obtained as a
polyimide precursor in the first stage.

The amic acid units of polyamic acid are initially depo-
lymerized to give an anhydride and an amine moiety during
the polyimidization reaction. This reaction was found to be
associated with the presence of a carboxyl group in the
ortho-position to the amide bond [2-4]. The acidic proton
of the carboxylic acid is transferred to the oxygen atom of

the amide group because of the possible resonance stabili-
zation of the charge with the nitrogen and oxygen atoms as
well as thep electron of the benzene ring. Attack by the
carboxylate ion on the carbonyl carbon of the amide group
results in the cleavage of the amide linkage. Furthermore,
this acid-catalyzed re-equilibration reaction greatly influ-
ences the sequence of the copolyimide. Copolymerization
is the most general and powerful method of effecting
systematic changes in polymer properties, and is widely
used in the production of commercial polymers [5]. In addi-
tion, the average sequence length of copolymers is a factor
in modifying various physical properties.

The control of copolyimides chemical structure through
the thermal conversion of the corresponding copolyamic
acid prepared by the standard solution polycondensation is
difficult, because a random copolyamic acid is always
formed due to the re-equilibration reaction. This reaction
is insignificant in chemical imidization because the
o-carboxy carboxamide groups are quickly converted to
the imide and isoimide moieties [6]. However, to control
the copolyimide sequence during the thermal imidization, it
is necessary to suppress the re-equilibration reaction, which
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can be done by the esterification of acid groups with appro-
priate alkyl groups [7,8]. Thus, copolyamic acids should be
replaced by copolyamic acid methyl esters as copolyimide
precursors for the sequence control of copolyimides. In
addition, polyamic acid esters have several advantages,
including solution stability, better resistance to hydrolytic
degradation, and freedom from the polyelectrolyte effect
[9]. Babu and Samant [10,11] reported the synthesis of
block copolyimides by the standard solution polycondensa-
tion, but the chemical structure of the copolyimide was not
identified.

In a previous paper [12], the potential for the direct
polycondensation of aromatic diacid dimethyl esters with
aromatic diamines using phenyl phosphonic dichloride
was investigated. The study revealed that a mixed
carboxylic–phosphoric anhydride was formed as a polymer-
ization intermediate. In continuation of this work, we have
investigated the control of the chemical structure of copo-
lyimides by this direct polymerization of copolyamic acid
methyl esters. 4,40-Oxydianiline (ODA) and 2,20-bis(tri-
fluoromethyl)benzidine (PFMB) were used as diamine

comonomers, and 2,5-dicarbomethoxy terephthalic acid as
the diacid-diester. We focused on studying the chemical
structure of the copolyimide by the proton nuclear magnetic
resonance spectroscopy and the corresponding imidization
properties by the differential scanning calorimetry.

2. Experimental

2.1. Materials

Pyromellitic dianhydride (PMDA) and ODA were
sublimed under reduced pressure before use.N-methyl
pyrrolidone (NMP) was distilled over P2O5 under reduced
pressure and stored in a desiccator. All other reagents,
including pyridine and phenyl phosphonic dichloride
(PhPOCl2), were used as received.

2.2. Monomer synthesis

2.2.1. 2,5-Dicarbomethoxy terephthalic acid (p-PMDE)
Freshly sublimed PMDA (10 g) was introduced into
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anhydrous methanol (100 ml) and the solution was heated to
reflux with stirring until PMDA disappeared. After the clear
solution was cooled to room temperature, the excess metha-
nol was evaporated under reduced pressure to obtain
dicarbomethoxy terephthalic acid (PMDE). PMDE was
recrystallized from methanol to obtain 2.8 g of para-rich
isomer. 2,6-Dicarbomethoxy terephthalic acid (m-PMDE)
was extracted from butyl acetate using a Soxhlet extractor
to obtain whitep-PMDE (m.p. 237–2388C, 24%).1H NMR
(DMSO-d6, ppm): 8.0 (s, 2H aromatic); 3.8 (s, 6H methyl).

2.2.2. 2,5-Dicarbomethoxy terephthaloyl chloride
p-PMDE (1 g) was heated to reflux with stirring in thionyl

chloride (5 ml) until a clear solution was obtained. The
excess thionyl chloride was then removed by a water aspira-
tor, and the residue was recrystallized from benzene/heptane
(50/50, v/v) (m.p. 135–1378C).

2.2.3. 2,20-Bis(trifluoromethyl)-4,40-dinitro-1,10-biphenyl
[13]

Activated copper (45 g) was added to a solution of 50 g of
2-bromo-5-nitrobenzotrifluoride inN, N0-dimethyl forma-
mide (100 ml) and the mixture was refluxed for 5 h. The
mixture was filtered to remove copper, and the residue
was poured into excess water. A brown precipitate was
filtered off and dried at 608C in vacuo. For purification,
the product was recrystallized from ether (m.p.
138–1408C, 70%).

2.2.4. 2,20-Bis(trifluoromethyl)benzidine (PFMB) [13]
2,20-Bis(trifluoromethyl)-4,40-dinitro-1,10-biphenyl (15 g)

and stannous chloride dihydrate (63 g) were added to
ethanol (50 ml). While the mixture was stirred at room
temperature, hydrochloric acid (80 ml) was added carefully.
The mixture was refluxed overnight and cooled to room
temperature. The ethanol was removed under reduced pres-
sure. Water was added to the residue, and the solution was
alkalinized with 20% (w/v) sodium hydroxide aqueous solu-
tion. The precipitate was filtered off and dried at 608C in
vacuo. The product was extracted with acetone and
sublimed at 130–1408C under reduced pressure to yield
white needle crystals (m.p. 179–1808C, 80%). IR (KBr,
cm21): 3445, 3343 (N–H str., pri. amine); 3225 (C–H str.,
aromatic); 1636, 1493 (CyC str., aromatic); 1337–1119
(C–F str., CF3).

1H NMR (acetone-d6, ppm): 6.8–7.3 (6H,
aromatic); 5.1 (4H, pri. amine).

2.3. Polymerization

2.3.1. Homopolymerization
After p-PMDE (4.1 mmol) was dissolved in NMP (10 ml)

under nitrogen, pyridine (16.4 mmol) and phenyl phospho-
nic dichloride (8.2 mmol) were added to the solution
carefully. When the exothermic reaction was completed,
the aromatic diamine was introduced into the mixture with
vigorous stirring for the direct polycondensation. It was

stirred for 24 h at room temperature. The polymer concen-
tration was adjusted to 20% (w/v). After the reaction, the
resulting viscous solution was poured into methanol, and the
precipitate was filtered off and dried in vacuo at room
temperature.

2.3.2. Copolymerization
Alternating or block copolymer was prepared as shown in

Scheme 1 (Synthesis of copolyamic acid methyl esters).
p-PMDE [(m1 1) mol] was dissolved in NMP under nitro-
gen. Pyridine (4 eq. top-PMDE) and phenyl phosphonic
dichloride (PhPOCl2) (2 eq.) were then introduced into the
solution. When the exothermic reaction was completed,
PFMB (m mol) was added by vigorous stirring. The solution
was stirred for 2 h at room temperature. In the same way,
p-PMDE [(n2 1) mol] was added to the solution and
dissolved completely. Pyridine (4 eq.) and PhPOCl2

(2 eq.) were then introduced into the solution. Finally,
ODA (n mol), the second diamine, was added at once with
vigorous stirring. Copolymerization was carried out for
24 h. Here, m and n have the same value and are adjusted
to 1, 5, 10 and 20. For random copolymerization, two
diamines [(m1 n) mol] were added to the NMP solution
of p-PMDE [(m1 n) mol] at the same time.

2.4. Measurements

IR spectra were recorded on a Midacw FTIR spectrophot-
ometer. Proton nuclear resonance (1H NMR) spectra were
obtained on a Varianw Gemini 500. Differential scanning
calorimetry (DSC) analyses were performed on a DuPontw

DSC 2910 at a heating rate of 108C/min. Inherent viscosity
of all polymers was determined at 0.5 g/dl inN,N0-dimethyl
acetamide (DMAc) at 258C with an Ubbelohde viscometer.

3. Results and discussion

As aromatic polyimides are generally insoluble in
common organic solvents and infusible, it is difficult to
analyze their chemical structure. For such an analysis, the
precursor polymer such as polyamic acid and polyamic acid
ester might be used instead of the corresponding polyimide,
because this precursor polymer is soluble in aprotic solvents
such as NMP, DMAc, andN,N-dimethyl formamide (DMF).
In the case of thermal imidization of the copolyamic acid,
the sequence of the resulting polyimide is not the same as
that of the initial copolyamic acid, because, as is well
known, a depolymerization reaction occurs during imidiza-
tion, resulting in regenerating 1–10 mol% of the anhydride
groups [1,14,15]. However, this reaction is suppressed
effectively by the esterification of the acid group with the
alkyl group [7,8]. In this study, the copolyamic acid is
replaced by the copolyamic acid methyl ester as a
copolyimide precursor to control the sequence of the
copolyimide. Therefore, the sequences of the two
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copolymers, the copolyamic acid methyl ester and the
corresponding copolyimide, would be identical.

PMDA was treated with anhydrous methanol to prepare
the diacid dimethyl ester monomer before polymerization.
In this case,m-PMDE and p-PMDE isomers could be
obtained, as shown in Scheme 2 (Two isomers of PMDE).
If this isomer mixture is used in the polymerization, the
resulting copolyamic acid methyl ester shows the complex-
ity of the sequence analysis. For a simple sequence analysis
of the copolyamic acid methyl ester by1H NMR, p-PMDE,
whose aromatic proton is in an identical magnetic equiva-
lence and has the same chemical shift, was separated from
the isomer mixture and used for the preparation of the
copolyamic acid methyl ester. Opening of the PMDA ring
resulted in a change in the chemical shift of the aromatic
proton (Scheme 2 (Two isomers of PMDE)). The chemical
shift of the aromatic proton in PMDA was 8.8 ppm; it was
separated into three peaks, at 7.9, 8.0 and 8.1 ppm, after the
opening of the ring by anhydrous methanol as shown in

Fig. 1(a) and (b), i.e. the isomer mixture,m-PMDE and
p-PMDE. After separation, the only remaining peak was
at 8.0 ppm, assigned to the chemical shift of the aromatic
proton in p-PMDE (Fig. 1(c)). This peak at 8.0 ppm was
monitored to examine the average sequence length of the
copolyamic acid methyl ester after polymerization. A new
peak corresponding to the protons of the methyl group of the
methyl ester appeared at 3.8 ppm after esterification with
dry methanol, and this peak remained in thep-PMDE spec-
trum after the separation (Fig. 1(b) and (c)). As a result,
p-PMDE could be completely seperated from the isomer
mixture. Next, we synthesized copolyamic acid methyl
esters directly, using PhPOCl2 and pyridine, according to
our previous results [12]. In this system,p-PMDE monomer
reacted with PhPOCl2 to form the corresponding mixed
carboxylic–phosphoric anhydride as a polymerization inter-
mediate. A nucleophilic substitution reaction by diamine
then occurred at the carbonyl carbon of the carboxylic
acids to form amide linkages. The copolyamic acid methyl
esters were synthesized by the two-step procedure
mentioned previously (Scheme 1 (Synthesis of copolyamic
acid methyl esters)). In the first step, thep-PMDE-termi-
nated oligomers were prepared by the reaction of PFMB
with a calculated excess ofp-PMDE in NMP. This first
step continued for 2h, until the oligomers was completely
formed. Oligomer length depends on the m, n values. The
oligomer was used as a monomer in the second step.
p-PMDE and ODA, the second diamine, were introduced
into the solution in consideration of the oligomer to obtain
stoichiometry. This method is probably the most versatile
method for the synthesis of block copolymers [16].

When ODA and PFMB were used as diamine comono-
mers and copolymerized withp-PMDA, three types of the
sequence were formed in the copolyamic acid methyl ester:
two ODA moieties linked together throughp-PMDE; ODA
and PFMB moieties linked throughp-PMDE; and two
PFMB moieties linked throughp-PMDE (Scheme 3
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Fig. 1. 1H NMR spectra of (a) PMDA; (b) PMDE; and (c)p-PMDE.



(Three types of copolyamic acid methyl ester sequence))
For the analysis of the copolymer chemical structure, the
chemical shifts of the aromatic proton ofp-PMDE in each
magnetic environment had to be identified. Ha is the
aromatic proton ofp-PMDE when two ODA moieties are
linked throughp-PMDE, and Hb, when two PFMB moieties
are linked. Hc is the aromatic proton of thep-PMDE moiety
in the ortho position of the amide bond formed by ODA
when ODA and PFMB moieties are linked through
p-PMDE, and Hd is the aromatic proton of thep-PMDE
moiety in the ortho position of the amide bond formed by
PFMB. As shown in Fig. 2, the chemical shifts of Ha and Hb

were 8.05 and 8.21 ppm, respectively. It was thought that
the values of Hc and Hd might be between 8.05 and
8.21 ppm. Homo- and copolymerizations were carried out.
Here, the homopolyamic acid methyl ester ofp-PMDE and
ODA is abbreviated to PO, and that ofp-PMDE and PFMB,
to PP. Copolyamic acid methyl esters are abbreviated to
POP1, POP5, POP10, POP20, and POPR, which designate
copolymers with m� n� 1, 5, 10, 20, and a random
number, respectively. The inherent viscosity of these

polymers is summarized in Table 1. The inherent viscosity
of PO and PP homopolymers was 0.38 and 0.54 dl/g, respec-
tively and that of the copolymers was between 0.38 and
0.54 dl/g, which was good enough for film casting. Fig. 3
shows 1H NMR spectra of the copolyamic acid methyl
esters POP1, POP5, POP10, POP20 and POPR between
8.0 and 8.4 ppm. The chemical shifts of Hc and Hd were
8.12 and 8.15 ppm, respectively, which were between
those of Ha and Hb as expected. The intensity of the peaks
at 8.12 and 8.15 ppm decreased as the values of m and n
increased, which indicated an increase in the average
sequence length.

The average sequence length in the copolymer can be
calculated from the mole fraction of each monomer partici-
pated in the copolymerization and the run number as
follows: [17,18]

Average “A monomer” sequence length� {(A)/[run
number/2]}× 100;
Average “B monomer” sequence length� {(B)/[run
number/2]}× 100;
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(AB) � [run number/2]/100;
(BA) � [run number/2]/100; and
Run number� [(AB) 1 (BA)] × 100

where (A) is the mole fraction of monomer A; (B) the mole
fraction of monomer B; (AB) the mole fraction of AB diad
in AB copolymer; (BA) the mole fraction of BA diad in AB
copolymer; and the run number the average number of
sequences of either type per 100 monomer units.

The mole fractions of ODA, (A), and PFMB, (B), in the
copolyamic acid methyl ester were obtained from the frac-
tions of the total area of the peaks at 10.6 and 11.1 ppm,
which were assigned to the protons in the amide bonds
formed by ODA and PFMB, respectively. The total mole
fraction of the ODA-p-PMDE-PFMB, (AB), and PFMB-
p-PMDE-ODA, (BA), triads was calculated from the sum
of the areas of the peaks at 8.12 and 8.15 ppm. The resulting

quantitative mole fraction, run number, and average
sequence length are shown in Table 2. It can be seen that
the ODA and PFMB participated in the polymerization in
similar quantities, but slightly more PFMB than ODA was
incorporated into the copolymer. Comparison of the chemi-
cal shift of the primary amine proton in ODA (4.7 ppm,
acetone-d6) and that in PFMB (5.1 ppm, acetone-d6)
shows that the reactivity of ODA is greater than that of
PFMB, but the difference in reactivity between the diamines
may not be important due to the low reactivity of the carbo-
nic–phosphoric mixed dianhydride to diamines. In this case,
it was possible that PFMB participated more in the forma-
tion of the copolymer because PFMB was introduced into
the system before ODA.

For copolyamic acid methyl ester synthesized with
m� n� 1, the real average sequence lengths of ODA and
PFMB were 2.1 and 2.1. For m� n� 10, 20, the real aver-
age sequence lengths of ODA and PFMB were shorter than
expected, i.e., 6.0, 7.1 and 8.0, 8.4, respectively. When the
two diamine comonomers were introduced at the same time,
the average sequence lengths were 2.7 and 3.3. For this
copolymerization system, the real average sequence lengths
could be controlled as intended when m� n� 5, i.e., 4.5,
5.8. Alternating character in the copolymer with m� n� 1
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Fig. 2. 1H NMR spectra of (a) PO and (b) PP homopolyamic acid methyl ester.

Table 1
Inherent viscosity of polyamic acid methyl esters

Polymer PO POP1 POP5 POP10 POP20 POPR PP

h inh (dl/g)a 0.38 0.51 0.39 0.44 0.53 0.45 0.54

a Measured by 0.5 g/dl in DMAc at 258C.



was not perfect due to a low reactivity of the polymerization
intermediate to diamines in the system.

We studied the reactivities of ODA and PFMB to the
mixed carboxylic–phosphoric anhydride, a polymerization
intermediate in the direct polymerization, in comparison to
the reactivity to acid chloride (Fig. 4). The reactivities of
ODA and PFMB to acid chloride was higher than to the
mixed carboxylic–phosphoric anhydride. When 2,5-dicar-
bomethoxy terephthaloyl chloride was used, the rate of
polymerization was also higher than that in the direct
copolycondensation. In the direct polymerization, it seemed
that the reactivity of ODA to the mixed carboxylic–phos-
phoric anhydride was similar to that of PFMB owing to the
low reactivity of the polymerization intermediate to
nucleophiles. The degree of polymerization in the direct
polycondensation was half that obtained when the acid
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Fig. 3. 1H NMR spectra of (a) POP1; (b) POP5; (c) POP10; (d) POP20; and
(e) POPR copolyamic acid methyl ester.

Fig. 4. The reactivity of ODA and PFMB under various polycondensation
conditions: ODA/p-PMDE by direct polycondensation (W); ODA/2,5-
dicarbomethoxy terephthaloyl chloride by acid-chloride method (X);
PFMB/p-PMDE by direct polycondensation (A); and PFMB/2,5-dicarbo-
methoxy terephthaloyl chloride by acid-chloride method (B).

Table 2
Quantitative determination of mer distribution and average sequence length

Copolymer (A)a (B)b (AB) 1

(BA)
Run
number

Average sequence
length (ODA/PFMB)

POP1 0.4987 0.5013 0.4744 47 2.1/2.1
POP5 0.4343 0.5657 0.1941 19 4.5/5.8
POP10 0.4593 0.5407 0.1592 16 6.0/7.1
POP20 0.4978 0.5022 0.1194 12 8.0/8.4
POPR 0.4487 0.5513 0.3366 34 2.7/3.3

a Distribution of ODA.
b Distribution of PFMB.



chloride method was used. The polymerization reached
equilibrium after 2 h in all cases.

Fig. 5 shows the imidization characteristics of copoly-
amic acid methyl esters according to the average sequence
length. Imidization properties of polyamic acid alkyl esters
in comparison to alkyl esters have been studied [19-21].
However, the effect of average sequence length on these
imidization properties has not been examined. The maxi-
mum imidization temperature of ODA/p-PMDE polyamic
acid methyl ester was around 2378C and that of
PFMB/p-PMDE was 2528C. The maximum imidization
temperature of the copolymer with the long average
sequence length approached that of the PFMB/p-PMDE
polyamic acid methyl ester and reached 2528C when the
average sequence length was ca. 5. When the average
sequence length is long, the ODA/p-PMDE block moiety
is thermally cyclized to the corresponding polyimide before
the cyclization of the PFMB/p-PMDE block moiety. There-
fore, a block of PFMB/p-PMDE moiety, the maximum
imidization temperature of which is greater than that of
ODA/p-PMDE, may be crucial for the thermal imidization
when the average sequence length is greater than ca. 5 [1].

4. Conclusion

The average sequence length of copolyimides was
controlled via copolyamic acid methyl esters as a precursor

by direct copolycondensation. The degree of polymerization
of the copolyamic acid methyl esters was high enough for
film casting. A perfect alternating copolyimide was not
obtained, but the average sequence length was less than
that of random copolyimides. Control of the average
sequence length was difficult as the stoichiometric unba-
lance betweenp-PMDE and diamine increased due to the
low reactivity of carbonic–phosphoric mixed dianhydride to
diamines. The maximum imidization temperature of
copolyamic acid methyl ester with the long average
sequence length approached that of the PFMB/p-PMDE
polyamic acid methyl ester, and was higher than that of
the ODA/p-PMDE polyamic acid methyl ester, because
the polymeric unit with high imidization temperature was
crucial in thermal cyclization to the corresponding
copolyimide.

In the future, we will study possibilities for better control
of the average sequence length and investigate the relation-
ship of other physical properties with the average sequence
length of copolyimides.

References

[1] Harris FW. Chapter 1. In: Wilson D, Stenzenberger HD, Hergenrother
PM, editors. Polyimides, New York: Blackie & Son, 1990.

[2] Frost LW, Kesse I. J Appl Polym Sci 1964;8:1039.
[3] Kolegov VI, Frenkel SY. Polym Sci USSR 1976;18:1919.
[4] Kolegov VI. Polym Sci USSR 1976;18:1929.
[5] Overberger CG. J Polym Sci, Part C: Polym Symp 1985;72:67.
[6] Koton MM, Meleshko TK, Kudryavtsev VV, Nechayev PP,

Kamzolkina YV, Bogorad NN. Polym Sci USSR 1982;24:791.
[7] Nechayev PP, Vygodskii YS, Zaikov GY, Vinogradova SV. Polym

Sci USSR 1976;18:1903.
[8] Korshak VV, Vinogradova SV, Vygodskii YS, Gerashchenko ZV.

Polym Sci USSR 1971;13:1341.
[9] Flaim TD, Horter BL, Moss MG. In: Feger C, Khojasteh MM,

McGrath JE, editors. Polyimides: materials, chemistry and character-
ization. New York: Elsevier, 1989. p. 279.

[10] Babu GN, Samant S. Eur Polym J 1981;17:421.
[11] Babu GN, Samant S. Makromol Chem 1982;183:1129.
[12] Park SK, Ha WS, Lee CJ. Polymer 1997;38:5001.
[13] Rogers HG, Gaudiana RA. Macromolecules 1985;18:1058.
[14] Lauis LA, Tsapovetskii MI. In: Mittal KL, editor. Polyimides: synth-

esis, characterization, and application, 1. New York: Plenum, 1984.
p. 295.

[15] Young PR, Chang AC. Proceedings of the Second International
Conference on Polyimides, 1985. p. 414.

[16] Fradet A. In: Salamone JC, editor. Polymeric materials encyclopedia,
1. New York: CRC, 1996. p. 797.

[17] Harwood HJ, Ritchey WM. J Polym Sci, Part B: Polym Lett 1964;2:
601.

[18] Sperling LH. Introduction to physical polymer science, Chapter 2.
New York: Wiley, 1986.

[19] Nishizaki S, Moriwaki T. Kogyo Kagaku Kaishi 1970;73:1873.
[20] Okabe Y, Miwa T, Takahashi A, Numata S. Kobunshi Ronbunshu

1993;50:947.
[21] Volksen W, Yoon DY, Hendrick JL. IEEE Trans Compon Hybrids

Manuf Tech 1992;15:107.

S.K. Park et al. / Polymer 41 (2000) 433–440440

Fig. 5. DSC thermograms of polyamic acid methyl esters: (a) PO; (b) POP1;
(c) POPR; (d) POP5; and (e) PP.


