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Abstract

Five different poly(amic dialkyl ester) precursors with various chain rigidities were synthesized and their powder and film samples were
prepared in residual solvent free: poly(4@kydiphenylene biphenyltetracarboxamic diethyl ester); gept{enylene biphenyltetracarboxa-
mic diethyl ester); polyg-phenylene biphenyltetracarboxamic dimethyl ester); poly{dx@diphenylene pyromellitamic diethyl ester); and
poly(p-phenylene pyromellitamic diethyl ester). Glass transition temperatligey ¢f these precursors, which have never been reported so
far, were successfully determined in the present study by the new oscillating differential scanning calorimetry (o0.d.s.c.). In addition, their
imidization behaviours and morphological structures were investigated by o.d.s.c. and X-ray diffraction, respectively. The Myseenered
in the range 179.2-235@, depending upon the precursor backbone structure as well as the history of sample preparatidgs dresery
close to the imidization temperatur€gq), causing difficulties in th&,; measurements. The measufigd are in the range 198.1-23%5%
depending upon the precursor backbone structure as well as the history of sample preparafighafidhdependent on the chain rigidity and
the morphological structure, whereas ffe are influenced by the chemical nature in addition to the chain rigidity and the morphological
structure.© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction However, in comparison with poly(amic acid)s, the
imidization of poly(amic dialkyl ester)s has been rarely
Most aromatic polyimides are not processable, due to studied. Recently, the thermal imidization of several poly-
their insolubility and high glass transition temperaturg) ( (amic dialkyl ester)s was investigated in our laboratory by
[1-3]. Thus, they are always processed in their soluble thermogravimetric analysis (t.g.a.), and their imidization
precursor forms and then imidized chemically or thermally kinetics could be understood to be affected by their back-
[1—4]. One soluble polyimide precursor is poly(amic acid), bone structures, their alkyl leaving groups, and their glass
which is widely used in the fabrication of devices because of transition temperatures [13,14]. However, g of most
its easy synthesis [1,2,5]. However, poly(amic acid) is in aromatic poly(amic dialkyl ester)s could not yet be deter-
equilibration with the constituent anhydride and amine mined. In general, aromatic poly(amic dialkyl ester)s are
monomer in solution, so that it is very sensitive to any expected to exhibit highly; due to their relatively high
temperature variation and moisture contact, causing achain rigidities. Near or above theify ranges, they are
number of problems in quality control and the fabrication converted to the polyimides. Because of this particular
process [1,2,6]. Another soluble polyimide precursor is circumstance, th&gs of aromatic poly(amic dialkyl ester)
poly(amic dialkyl ester) [4,7-13]. This precursor has a precursors could not so far be measured.
high hydrolytic stability, due to the absence of monomer—  However, we have recently investigated the glass transi-
precursor polymer equilibration, providing a processability tion behaviours in several aromatic poly(amic acid)s using a
more adequate for device fabrication. For this reason, new differential calorimetric technique, oscillating differen-
poly(amic dialkyl ester) has recently gained great attention tial calorimetry (o.d.s.c.) [15,16]. The major advantage of
from the industry [4,9,10,13]. o.d.s.c. is to separate effectively the specific heat flow, that
appears in thermally reversible phenomena such as glass
* Corresponding author. Tel.: +82-562-279-2120; Fax: +82-562-279- and melting transition, from the kinetic heat flow that
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chemical reaction, evaporation and decomposition [17—21]. by washing with methanol several times in order to remove
In this study, we have attempted to utilize the advantageousthe HCI byproduct. Then the precursor product in powder
o.d.s.c. for investigating the glass transition behaviours of was dried for 7 days at 8C in a vacuum oven with X
poly(amic dialkyl ester)s. Several poly(amic dialkyl ester)s 10~°torr in order to remove all the residual solvents. Here,
have been synthesized. For precursor polymers, we havethe used BPDA diethyl ester diacyl chloride was prepared
tried to prepare samples in both powders and films which via the reaction of BPDA diethyl ester dicarboxylic acid
are free from residual solvent. For the samplgs, andT;s with oxalyl chloride in an excess under dry nitrogen gas.
were measured by o.d.s.c., whereas the content of residualThe BPDA diethyl ester dicarboxylic acid was prepared by
solvent was determined by proton nuclear magnetic reso-the reaction of BPDA with ethanol. That is, the sublimed
nance tH n.m.r.) spectroscopy. BPDA was added to ethanol and refluxed for 5-8 h, fol-
lowed by distillation of excess ethanol under a reduced
pressure (see Fig. 1).

2. Experimental Other poly(amic dialkyl ester)s were synthesized in the
same manner as BPDA-ODA ES prepared: poly(
2.1. Synthesis and sample preparation phenylene biphenyltetracarboxamic diethyl ester) (BPDA-

PDA ES), polyp-phenylene biphenyltetracarboxamic

Pyromellitic  dianhydride (PMDA), biphenyltetra- dimethyl ester) (BPDA-PDA MS), poly(4;4xydipheny-
carboxylic dianhydride (BPDA),p-phenylene diamine lene pyromellitamic diethyl ester) (PMDA-ODA ES), and
(PDA) and 4.,4-oxydiphenylene diamine (ODA) were poly(p-phenylene pyromellitamic diethyl ester) (PMDA-
supplied from Chriskev Company in Kansas, USA. All the PDA ES) (see Fig. 2). In order to synthesize BPDA-PDA
other chemicals used in this study were purchased from MS, methanol was used instead of ethanol.
Aldrich Company. PMDA was purified by drying at For the synthesized precursors, intrinsic viscosuy [
12C0°C for 1 day in vacuum, and BPDA was purified by measurements were conducted in NMP at Z5.0sing an
recrystallization with acetic anhydride. PDA and ODA Ubbelohde suspended level capillary viscometer as a
were purified by sublimation under reduced pressure, method described in the literature [22,23]. NMP was puri-
respectively.N-methyl-2-pyrrolidone (NMP) was distilled  fied by distillation over phosphorus pentoxide?) under
over calcium hydride under reduced pressure. reduced pressure and further treated with 0.02 J@$£fol-

Poly(4,4-oxydiphenylene biphenyltetracarboxamic lowed by filtration before use, in order to minimize poly-
diethyl ester) (BPDA-ODA ES) was prepared in a glove electrolyte effect in the viscosity measurement. All the
box filled with dry nitrogen gas by adding the equivalent solutions were filtered through Oin Fluoropore filters
number of moles of biphenyltetracarboxylic diethyl ester of the Millipore Company. Theq] value was determined
diacyl chloride (BPDA diethyl ester diacyl chloride) in by the extrapolations of the measured reduced and inherent
dried ethyl acetate to the purified ODA in dry NMP (see viscosities with varying concentrations to the infinite dilu-
Fig. 1). The polymerization was carried out at 0E5wvith tion: the ] was 0.454 dl g* for the BPDA-ODA ES,
vigorous stirring, followed by continuous stirring for an  0.850 dl g* for the BPDA-PDA ES, 0.677 di ¢ for the
additional 20 h. The precursor polymer solution was BPDA-PDA MS, 0.503dlg' for the PMDA-ODA ES,
precipitated in deionized water under vigorous stirring in and 0.474 dl g* for the PMDA-PDA ES.
a mixer equipped with a knife blade and filtered, followed  To prepare precursor films, the precursor polymers in
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Fig. 1. Synthetic scheme of poly(amic dialkyl ester)s from dianhydride and diamine.



S.1. Kim et al./Polymer 40 (1999) 2263-2270 2265

[}

) 0

—NH @ @ NH—@‘ o BPDA-ODA ES
0 o :

Et” gt a

o 0

0 0
T NH @ @ NH BPDA-PDA ES
o)
Et /O ~Et n .
0 0

|

0 0
T NH @ @ NH BPDA-PDA MS
o
LMe/O TMe n
o 0
0 0
TNH NH‘@‘O PMDA-ODA ES
Et™ O\Et n
0 0
0 0
TN NH@“‘ PMDA-PDA ES
_ 0
£° TEt n
0 ]

Fig. 2. Chemical structures of aromatic poly(amic dialkyl ester)s synthesized in this study.

powder form were dissolved in NMP with a concentration of over — 60°C to 400C using a Seiko o.d.s.c. (model ODSC-

5 wt%. The precursor solutions were filtered with silver 220CU), as described previously elsewhere [15,16]. During
metal membranes of 14m pore size before use. The pre- the measurement, dry nitrogen gas was purged with a flow
cursor solutions were spin-cast on precleaned glass slidesrate of 80 cmimin™. Calibrations of temperature and
followed by softbaking on a hot plate of 8&for 1 h, giving enthalpy were carried out using indium and tin as standards,
precursor films of ca 1@m thick. Then, the cast films were respectively. Samples of ca 2 mg were used. A heating rate
immersed into methanol in excess for 10 days in order to of 10 K min~* was employed. The employed oscillating
extract out residual NMP and, thereafter, dried in a high amplitude and frequency were 10@0 and 0.02 Hz,
vacuum of 2x 10~ torr at 80C for 3—7 days. respectively.

2.2. Measurements
3. Results and discussion
For dried precursor powders and films, the content of
residual NMP was determined bYy4 n.m.r. spectroscopy.  3.1. Poly(amic dialkyl ester)s in powder
That is, a small amount of a dried precursor powder or film

was dissolved in dimethydls sulfoxide (DMSOdg) and A small amount of a BPDA-ODA ES in powder, which
then characterized using a Bruker n.m.r. spectrometerwas dried in a vacuum oven at ®for 7 days, was dis-
(model Aspect 300 MHz) with a proton probe. solved in DMSOds and characterized b{+ n.m.r. spectro-

For wide angle X-ray diffraction (WAXD) measure- scopy. The n.m.r. spectrum is shown in Fig. 3. Chemical
ments, poly(amic dialkyl ester)s in powder form were shifts for the protons of NMP did not appear, indicating that
palletized in a thickness of 1 mm. WAXD measurements the dried BPDA-ODA ES in powder did not contain residual
performed at room temperature using a Rigaku vertical NMP. Similar characterizations were conducted for the
diffractometer (Model RINT-2500) with a rotating anode other precursors in powders: BPDA-PDA ES; BPDA-PDA
X-ray generator. The CuKradiation source was operated MS; PMDA-ODA ES; PMDA-PDA ES. The n.m.r. spectra

at 40 kV and 60 mA. A divergence slit of Was employed, indicate that no residual NMP remained in any of the
together with two receiving slits of ®:5All the measure-  precursor powders.

ments were carried i8/20 mode. The 2 scan data were Fig. 4 shows X-ray diffraction patterns measured for the
collected at an interval of 0.0bver the range of 4—70and precursors in powders. For BPDA-ODA ES, the first diffrac-
the scan speed was 0(20)/min. tion peak is centered at 12.126), giving a d-spacing of

Thermograms including glass transition and imidization 7.3 A. This periodicity arises from the repeat distance
in precursor samples in powders and films were measuredalong the polymer chain. Thus, the repeat distance of
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Fig. 3. ™H n.m.r. spectrum of a BPDA-ODA ES powder sample dried in a high vacuum°&t 80 7 days, which was dissolved in DMS®}-

7.3 ;’Acorresponds to the mean length of the chemical repeatapproximately 1.9 polymer chains. Overall, the WAXD
unit projected along the axis of the fully extended polymer results suggest that for the BPDA-ODA ES in powder its
chain. The coherence length is calculated from the full- ordered phase consists of approximately 1.6 chemical repeat
width at half maximum of the diffraction peak separation units along the chain axis and 1.9 chains along the lateral
and an instrumental broadening of ?1&0) using the direction without any regular packing.

Scherrer equation [24]. The estimated coherence length is  Similar diffraction patterns were observed for the other
12 A. The value of this coherence length means that the precursors. However, the diffraction peak in the low angle
molecular ordering along the chain axis consists of approxi- region, which arises from the repeat distance along the
mately 1.6 (= 12 A/7.3 A) chemical repeat units. In addi- molecular chain, is significantly enhanced in intensity and
tion, two amorphous halos appeared in the high angle its d-spacing is varied, depending on the sort of precursors.
region: one is at 2077and the other at 43:3From the For the diffraction peak at the low angle region, thepa-
peak maximum of the first-order amorphous halo, the cing and coherence length are estimated to be 18146)
mean interchain distance is estimated to be “4.8scoher- and 20 Afor BPDA- PDA ES, 7.3 A(12 Z2) and 18 ‘Afor

ence length is estimated to be gwhich corresponds tothe  BPDA-PDA MS, 11.8 A(7 5) and 19 ‘Afor PMDA-ODA

ES, and 10.5 A8.4) and 21 ‘Afor PMDA-PDAES, respec-
tively. For the first-order amorphous halo peak, the mean
interchain distance and coherence length are calculated to
be 4.1 A(21 9)and 9 ‘Afor BPDA- PDAES, 4.1 A(21 9)

and 8 Afor BPDA-PDA MS, 4. 3A(20 9) and 7 Afor
PMDA-ODA ES, and 4. lA(21 &) and 7 Afor PMDA-

PDA ES, respectively. In conclusion, for the BPDA-PDA
ES, the ordered phase includes 2.6 chemical repeat units
along the chain axis and 2.2 polymer chains in the lateral
BPDA-PDA MS direction, whereas for the BPDA-PDA MS, the ordered
phase consists of 2.5 chemical repeat units along the chain
axis and 2.0 polymer chains along the lateral direction. For
BPDA-PDA ES the PMDA-ODA ES, the ordered phase is built with 1.6
chemical repeat units along the chain axis and 1.6 polymer
chains in the lateral direction, whereas for the PMDA-PDA

PMDA-PDA ES

PMDA-ODA ES

Intensity (a.u.)

BPDA-ODA ES : -
ES, the ordered phase is constructed by 2.0 chemical repeat
. . units along the chain axis and 1.7 polymer chains in the
0 20 40 60 lateral direction.
In comparison, the degree of molecular ordering in the
20 (degree) P g g

precursor powder is in the decreasing order BPDA-PDA ES
Fig. 4. WAXD patterns of the palletized powder samples of poly(amic > BPDA-PDA MS> PMDA-PDA ES> BPDA-ODA ES
dialkyl ester)s. The CuKradiation source was employed. > PMDA-ODA ES.
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400 10 Table 1
350] 1: Temperature input signal CompositionsT s andT;s of poly(amic dialkyl ester)s in powders
2 : DSC output signal |5 Precursor Compositior? TS (C)  Ti(C)
E samplé
—_ =4 NMP Precurso
& o = (wi9%) (wt%)
— =]
= 2 BPDA-ODAES 0 100 179.2 203.5
fa\ BPDA-PDA ES 0 100 - 201.2
-5 3 BPDA-PDA MS 0 100 - 198.1
PMDA-ODA ES 0 100 189.8 206.3
PMDA-PDA ES 0 100 - 225.2
F-10

Y ®Dried in a high vacuum at 8C for 7 days

®Measured by proton n.m.r. spectroscopy

f (min) °T, measured from the onset of glass transition in 0.d.s.c. run
T, measured from the onset of imidization in o.d.s.c. run

Fig. 5. The input temperature signal and output o0.d.s.c. signal of a BPDA-
ODA ES powder sample in residual NMP solvent free. A heating rate of
10.0 K min~! was employed. The temperature amplitude and frequency

. o _ over 170-208C. From this thermogram, thEg, was deter-
used in the oscillation were 100 and 0.02 Hz, respectively.

mined to be 179.Z: here,T, is defined as the onset tem-
perature of glass transition. On the other hand, the kinetic

With these structural data, both the glass transition and heat signal curve shows a broad, big endothermic heat flow
imidization behaviours of the precursor polymers in pow- peak, which results from the imidization reaction and the
ders were investigated by d.s.c. For the precursors we have'eémoval of the reaction byproduct (i.e. ethanol). The onset
first tried to measure glass transitions by conventional d.s.c. Ti was estimated to be 203@.

However, glass transitions could not be recognizable for all  The other precursors were characterized by o.d.s.c. in the
the precursors because the endothermic heat flow due to thgéame manner as the BPDA-ODA ES was examined. All the
imidization is predominant over the temperature range of 0.d.s.c. thermograms measured were separated into the
175-280C. For this reason, all the precursor powders were specific heat flow and kinetic heat flow parts, respectively,
characterized by o.d.s.c. as shown in Fig. 7. The measurégs andT;s are summar-

Fig. 5 shows an o.d.s.c. thermogram obtained from the ized in Table 1T; was measured for all the precursors. The
BPDA-ODA ES as a typical example of an o0.d.s.c. thermo- T;s are in the range 198.1-2282 depending on the pre-
gram. This figure shows the oscillating input temperature as cursor backbone structures. In comparisbndecreases in
well as the 0.d.s.c. output signals as a function of time. The the order PMDA-PDA ES> PMDA-ODA ES > BPDA-
o0.d.s.c. output signals can be nicely separated into two parts ODA ES> BPDA-PDA ES> BPDA-PDA MS. However,
the specific heat flow and the kinetic heat flow, as described Tg was measured for only PMDA-ODA ES. For the rest of
previously [15,16]. The separated specific and kinetic heat the precursorsTgs could not be determined from their spe-
flows are plotted in Fig. 6 as a function of temperature. The cific heat flow curves. This result may be caused by one or
specific heat flow curve reveals clearly a glass transition both of two reasons in the following. One is that the heat
capacity changes through their glass transitions are very
small, so that the calorimeter could not detect them within
14 BPDA-ODA ES its resolution limit. The other is that thélis are higher than
theT;s, so that thd ;s could not be detected. If the former is
the clue for no detection of thgs, there is still a possibility
to measure them, because the heat capacity change of glass
transition is dependent upon the morphological structure in
the precursor sample. Thus, we have prepared the precursors
in films rather than powders. O.d.s.c. measurements for the
precursor films and results are discussed in Section 3.2.

Kinetic heat flow signal

203.5TC

<
1

Heat flow (mW)

=24
Specific heat flow signal 3.2. Poly(amic dialkyl ester)s in films
'3 T T T T T v T T T T .
50 100 150 200 250 300 350 BPDA-ODA ES films softbaked at 8Q for 1 h were
immersed into methanol in large excess for 10 days and
T (OC) then followed by drying in a vacuum oven at°80for 3—

Fig. 6. The signals of specific and kinetic heat flow components separated / days. A tiny piece of the soft baked film was dissolved in
from the 0.d.s.c. thermogram in Fig. 5, which was obtained for a BPDA- DMSO-dg and characterized by{ n.m.r. spectroscopy. The
ODA ES powder sample. chemical shifts of the protons of NMP were not detected in



2268 S.I. Kim et al./Polymer 40 (1999) 2263-2270

051 BPDA-PDA ES 0.5 BPDA-PDA MS

Kinetic heat flow Kinetic heat flow

s 201.2TC 1981T

e

N

f

Heat flow (mW)
2

l

Specific heat flow ] Specific heat flow
-15 -1.5
0.5
101 PMDA-ODA ES PMDA-PDA ES
Kinetic heat flow 0.0 Kinetic heat flow

[ 206.3C

/ 2252T

!

Specific heat flow Specific heat flow

Heat flow (mW)
3

; : — ; 5 : o : :
50 100 150 200 250 300 35 50 100 150 200 250 300 350
T(T) T(T)

Fig. 7. The signals of specific and kinetic heat flow diagrams of various poly(amic dialkyl ester) precursors in powders which were free from hesmidual so

the n.m.r. spectrum, indicating that no residual NMP depending on the precursor backbone chemisigyis in
remained in the dried BPDA-ODA ES film. For the other the decreasing order BPDA-PDA MS BPDA-PDA ES
precursors in films, the same n.m.r. characterization was > PMDA-ODA ES > PMDA-PDA ES > BPDA-ODA
conducted, however no residual NMP was detected. ES. In generalT, of a polymer is related directly to its
All film samples of the precursors in solvent free were chain rigidity: higher chain rigidity gives highef,. The
investigated by o.d.s.c. in the same manner as their powderKuhn statistical segment length () [25] is a measure of
samples were examined. The measured specific and kinetiachain rigidity although it does not provide everything con-
heat flow diagrams are shown in Fig. 8. Bdtfs andT;s cerning the chain rigidity. We have previously calculated
which were estimated from the separated specific andLgs of various poly(amic acid)s, which are another type of
kinetic heat flow curves, respectively. Even for BPDA- polyimide precursors [15,16]. Thexs can be adapted for
PDA ES, BPDA-PDA MS and PMDA-PDA ES in which  the corresponding poly(amic dialkyl ester)s because a
their T4s could not be measured in powdefgs were ableto  poly(amic acid) and its dialkyl ester have the same polymer
be determined from the specific heat flow curves. The backbone, only different side groups, carboxylic acid versus
results are summarized in Table 2. carboxylic alkyl ester. ThelLy decreases in the order
The measured¢s are in the range of 201.1-2342 PMDA-PDA ES (88.7 A > BPDA-PDA MS = BPDA-
PDA ES (62.2 A > PMDA-ODA ES (43.3 A > BPDA-

Table2 o L ODA ES (41.2'A. Therefore, thel ;s of the poly(amic dia-
CompositionsT s andT;s of poly(amic dialkyl ester)s in films lkyl ester)s except PMDA-PDA ES are in good agreement
Precursor Composition T4(C) T (C) with the prediction based on the Kuhn segment lengths cal-
sample culated. The relatively lowly of PMDA-PDA ES is not
m:) ('?Ar,i;:)"sor fully understood at this moment. The difference in s

of BPDA-PDA MS and BPDA-PDA ES might result from
BPDA-ODAES 0 100 201.1 213.7 the different side groups (carboxylic methyl ester versus
:igﬁ:gg’; :\EE g 1188 2233127 :332 carboxylic ethyl ester) and the morphological difference
PMDA-ODAES 0 100 226.3 230.3 due to the different sizes of the side groups.
PMDA-PDA ES 0 100 221.6 2222 In comparison, both BPDA-ODA ES and PMDA-ODA

ES films exhibited relatively highefss andT;s than did
bpeasured by proton n.m.r. Spectroscopy their powder samples, respectively. These differences in
°T, measured from the onset of glass transition in 0.d.s.c. run the Tys might also be due to their morphological differences
T, measured from the onset of imidization in 0.d.s.c. run driven by the different sample preparations.

®Dried in a high vacuum at 8C for 3—7 days
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Fig. 8. The signals of specific and kinetic heat flow diagrams of various poly(amic dialkyl ester) precursors in films which were free from residua# solve
heating rate of 10.0 K mif* was employed. The temperature amplitude and frequency used in the oscillation wé@ drftd(.02 Hz, respectively.

Overall, for all the precursors in films th&gs are imidization of a poly(amic dialkyl ester) is influenced by its
very close to theirT;s, causing difficulties in theT, morphological structure in addition to the chain rigidity. In
measurementsAT ( = T; — Ty) is in the range—1.7 to fact, besides these factors the imidization of a poly(amic
12.6'C, depending upon the precursor backbone chemistry. dialkyl ester) should be dependent upon its chemical nature,

For the precursor filmsT;s are in the range 213.7— including the nucleophilicity of the nitrogen atom of the
235.4C, depending on the sort of precursor. In comparison, amide linkage and the electrophilicity of the carbonyl
T; decreases in the order BPDA-PDA MS BPDA-PDA carbon atom of the carboxylic alkyl ester group on the
ES > PMDA-ODA ES > PMDA-PDA ES> BPDA-ODA chemical repeat unit.

ES. This order is the same as the ordefl g8. This may be
evidence that the imidization temperature of a poly(amic
dialkyl ester) is related to its chain rigidity: for the precur- 4. Conclusions

sors except PMDA-PDA ES, higher chain rigidity requires a
higherT;. Five different poly(amic dialkyl ester) precursors were

The T;s in the precursor films are always higher than synthesized: BPDA-ODA ES, BPDA-PDA ES, BPDA-
those in the corresponding power samples by 3.0-687.3 PDA MS, PMDA-ODA ES, and PMDA-PDA ES. These
depending on the sort of precursor. In addition, the order of precursor samples in powders and films were successfully
theT;s of the powder samples is quite different from that of prepared without residual solvent, and then tiiggrandT;s
theT;s of the film samples. These differences in Themay were first determined successfully by o.d.s.c. In addition, the
also result from the morphological differences caused by the morphological structures of the precursors in powders were
different sample preparations. The results indicate that theexamined by X-ray diffraction.
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