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ABSTRACT: New alicyclic Polyimides (Pls) were prepared from asymmetric alicyctic dianhydride,
5-(2,5-dioxotetrahydrofuryl}-3-methyl-cyclohexane-1.2-dicarboxylic anhydride (DOCDA) and the
corresponding aromatic diamines such as p-phenylenediamine, m-phenylenediamine and oxydianiline
etc. by the polycondensation in N-methyl-2-pyrrolidone (NMP) followed by chemical imidization as
welt as one step polyimidization in m-cresol in the presence of isoquinoline as a catalyst. The result-
ing Pls with glass transition temperatures ranging from 220 to 328 ‘C had the inherent viscosities
within the range of 0.25~1.42 dL/g. These polymers were readily soluble in aprotic polar solvents
such as NMP, dimethylacetamide (DMAc), dimethylesuifoxide (DMSO), etc. Furthermore, some of
the polymers showed good solubility properties to common organic solvents like tetrahydrofurane
and chlorform. Also, all of these polyimide films were tough, almost colourless, and transparent.

Introduction

Aromatic polyimides have been known for good
thermal stability, excellent mechanical property,
chemical resistance as well as electrical properties.™
However, most of the polyimides are insoluble, in-
fusible and expensive, which limits their ap-
plication. Therefore, numerous attempts have heen
made to improve the solubility and processability
without significant loss of their attractive prop-
erties.”® In general, the solubility of polymers is
closely related to the chemical structure. The gen-
eral approaches of these work have included the in-
troduction of flexible group such as amide, ester,
and ether linkages into polymer backbone and the
incorporation of pendant bulky groups or alicyclic
structures.”™ Especially, it is well known that the
incorporation of asymmetric alicyclic structure
into polymer backbone increases the solubility and
processability, remarkably.” However, there were
no systematic studies on the synthesis and charac-
terization of alicyclic polyimides with asymmetric
structure.

Therefore, we have undertaken this research on the
synthesis of the novel polyimides from asymmetric
alicyclic dianhydride, 5-(2,5-dioxotetrahydrofuryl)-3-
methyl-3-cyclohexane-1,2-dicarboxylic anhydride
(DOCDA), which can be easily prepared from maleic
anhydride and 3-methly tetrahydrophthalic anhydride.
And we have studied on the structural changes of
polymers according to the reaction conditions. Furth-
ermore, the general properties of these polymers
have been studied and compared with those of con-
ventional aromatic ones.

Experimental

Materials. DOCDA(Tokyo Kasei Organic Chem-
icals) was recrystallized from acetic anhydride and
benzene mixed solvent. N-methyl-2-pyrrolidone
{NMP) was dried over CaH. and distilled under
the reduced pressure, m-Cresol was also used after
distillation. And all the aromatic diamines were dri-
ed in vacuo at high temperature before use.

Measurements. All the NMR spectra were
taken from a Bruker AMX 500 spectrometer. The
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molecular weights of obtained polymers were
measured by Waters Gel Permeation Chromato-
graph equipped with detector and m-styragel
columns in THF solution at room temperature.
The inherent viscosities of polymers were measur-
ed with a Cannon-Fenske viscometer at a con-
centration of 0.5g/dL in NMP {or m-cresol) at
30 °C. Thermogravimetric analysis (TGA) was per-
formed on a DuPont modet 915 coupled to a Du-
Pont thermal analysis station 9900 at a heating
rate of 10°C/min under nitrogen atmosphere. The
glass transition temperatures (T,) of polyimides
were determined by a differential scanning calo-
rimeter (DSC). The T, were estimated from the n-
flection points on the thermogram.

Measurement of Degree of Imdization. The
degree of imidization was determined by TGA. We
measured the weight losses caused by the im-
idization reaction in the temperature range of 100~
300°C and then compared them with the cal-
culated water losses.

Model Reaction (I). DOCDA (5 mmol, 1.32¢g)
and 10% excess aniline (11 mmol, 1.02g) were
reacted in NMP solution at room temperature for 24
hrs and chemically imidized with acetic anhydride
and pyridine. This solution was poured mnto excess
water to precipitate. And then the pure model di-
imide (Model-DI) was obtained by recrystallization
from methanol: 'H-NMR (DMSO-ds ppm) 87.51~
7.28 {m, phenyl ring protons, 10H), 5.44 (s, double

bond protons, 2H), 2.03 (s, -CH., 3H).

And then, model reactions were conducted fur-
ther reaction of Model-DI under the reaction con-
ditions as summarized in Table L.

Model Reaction (II). p-Phenylenediamine (p-
PDA, 5mmol, 0.54g) was dissolved in 10 ml. of
NMP under nitrogen atmosphere. To this solution,
succinic anhydride (11 mmol, 1.1 g) was slowly add-
ed. After the reaction mixture was continuously
stirred for 24 hrs at room temperature, the model
diamic acid (Model DA-1) solution was obtained.
And another Model diamic acid (Model DA-2) solu-
tion was prepared from tetrahydrophthalic anhy-
dride insteads of succinic anhydride under the
same reaction procedure. And then, model reac-
tions were performed from the above Model DA-1
and Model DA-2 mixed solution followed by chem-
ical imidization using acetic anhydride and pyridine
at different
marized in Table IL

Furthermore, we prepared the several reference
diimides for the structural identification of the
resulting products of model reactions. These were
prepared from p-PDA and corresponding anhy-
drides such as succinic anhydride, tetrahydro-
phthalic anhydride and mixture of them under the
above reaction conditions. The results are sum-
marized in Table 1L

Preparation of Polyimides (C-P1} by Synthetic
Route (a). Polyimides by synthetic route (a) in

imidization temperatures as sum-

Table I. Model Reaction (I)

model reaction reaction product

reaction condition

1 model reaction DI-1

reflux in NMP or me-cresol

model reaction DI-2

in acetic acid at 120 ‘C

in pyridine at 120 °C

model reaction DI-4

in pyridine and water at 120 'C

2
3 model reaction DI-3
4
5

mode] reaction DI-5

in acetic acid and water at 120 °C

Table II. Model Reaction (II)-1

model reaction reactionn product

imidization temperature

6 model reaction DI-6 room temperature
7 mode! reaction DI-7 120 °C
8 model reaction DI-8 200 °C
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Table 111 Model Reaction (IT)-2

Identification of structure

reference diimides structure

'H-NMR (8: ppm)* FT-IR {cm™) MS (m/e)
reference DI-1 7.70 (s, phenyl ring v {C=0) at 1779 and 272
protons, 4H) 1713
reference DI-2 7.59 (s, phenyl ring v {(C=0) at 1776 and 376
v protons, 4H) 1704
reference DI-3 .‘ @ N 7.71, 7.67, 7.64, 7.60 v (C=0) at 1776 and 324
{dd, phenyl ring protons, 4H) 1707

“Splvent, CF,COOD.

Scheme 1 were prepared by the reaction of DOCDA
and various aromatic diamines in NMP followed by
chemical imidization. A typical procedure for C-P1(1)
is as follows.

To a solution of p-phenylene diamine (5 mmol, 0.54
g) in 10.5 mL of NMP, recrystallized DOCDA (5
mmol, 1.32g) was added with a solid contents of
15 wi% in NMP. The solution was continuously
stirred at room temperature for 24 hrs. To the
reaction mixture, 1.5mL of acetic anhydride and
1.8 mL of pyridine were added and then the tem-
perature was raised to 120°C. After the reaction
mixture was kept at 120°C for 3 hrs, the resulting
viscous solution was poured into excess methanol
and filtered. The precipitated polymer was washed
several times with water and methanol, and then
the polymer was dried at 100°C for 12 hrs in va-
cuo, The polymerization yield was almost quan-
titative.

Preparation of Polyimides (D-PI) by Synthetic
Route (b). To a freshly distilled m-cresol solution
of p-phenylene diamine {(5mmol, 0.54g), recrys-
tallized DOCDA (5 mmuol, 1.32 g}, was added at room
temperature under nitrogen atmosphere. The
reaction mixture was heated to 70~80“C for over 2
hrs and kept at that temperature for another 2 hrs.
And then, the solution temperature was slowly rais-
ed to 200 °C for over 2 hrs and refluxed for 6~8 hrs.
A gentle nitrogen stream continuously removed wa-
ter produced during imidization. The work-up pro-
cess was the same as the synthetic route (a).

Results and Discussion

Polymer Synthesis. For the synthesis of poly-
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Scheme I, Synthesis of soluble polyimide containing DOC-
DA moiety.
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imides containing DOCDA moiety, two different
synthetic routes were applied as shown in Scheme
I. The chemically imidized polyimides (C-Pls)
were prepared by polycondensation of DOCDA
with corresponding aromatic diamine followed by
the chemical imidization using acetic anhydride
and pyridine by synthetic route (a). lternatively,
direct-imidized polyimides (D-Pls) were also ob-
tained by one step polymerization in m-cresol n
the presence of isoquinoline {~5 wi% to solution}
as shown in route (b). The results of the poly-
merization are summarized in Table IV. As shown
in Table IV, the inherent viscosities of C-Pls
measured in NMP at 30°C were in the range of
0.25~0.51 dL/g, which was much lower than those
of D-Pls ranged 0.60~1.42 dL/g. Tt is believed that

119



K.-Y. Choi &t al.

Table 1V. Synthesis of Novel Alicyclic Polyimides

results of GPC'

. method of L. Towe
polymides preparation diarrne (dL{g) o Y ——
C-PI (1) Route (a)* P-PDA 0.46 32,700 61,100 1.87
C-P1 (2} Route (a) m-PDA 0.29 15,000 23,500 1.57
C-PL (3 Route (a) ODA 0.51 23,600 52,300 2.22
C-PI {4) Route (a) MDA 031 17,800 31,500 1.78
C-Fl (5} Route {(a) m-BAPS 0.30 11,700 17,400 1.48
C-P1 (8} Route (a} HFDA 0.25 12,400 22,200 1.79
D-PE (1) Route (b} P-PDA 1.42 68,400 124,500 1.82
D-P1 (2 Route (b} m-PDA 0.76 34,000 77,300 2.28
D-PI (3) Route (h) ODA 1.31 49,300) 108,400 2.20
D-PI (4) Route {(b) MDA 139 57,700 127,400 221
D-P1 (5) Route (b} m-BAPS 0.76 26,800 80,600 193
D-P1 (6) Route {(b) HFDA (.60 23,300 37,800 1.62

“Polymerization was performed with each 50 mmol of diamine and dianhydside in 105 mL of NMP at 20~25 “C for 24 hrs
and followed by chemical imidization using Ac,O/pyridine under nitrogen atmosphere.

5.0 mmol
under nitrogen in the pressence of isoquinoline as a catalyst.

“ Abbrebiations: p-PDA; p-phenylene diamine, m-PDa; m-phenylene diamine, ODA; oxydianiline, MDA;

of diamine and dianhydride were reacted in 10.0 mlL of m-creso} at 70~80 °C for 2 hrs and 200

“C for 6—8 hrs

methylenedianiline, -

BAPS; m-bis (aminophenoxy)-p-diphenylene dianiline, HFDAS hexafluoroisopropylidenedianiline.

“Measured at a concentration of 0.5 g/dL in NMP at 30 “C.
“Measured at a concentration of 0.5 g/dL m-cresol at 30 °C.

‘Measured in DMF solution at 80 °C with p-styragel column HT6ESE3.

relatively lower molecular weight of C-Pls to
those of D-Pls resulted from the molecular struc-
ture of DOCDA. That is, as shown in Scheme II,
DOCDA has a sterically hindered structure. There-
fore, the polyimides with higher molecular weight
could be obtained at higher temperature like syn-
thetic route (h). Furthermore, in synthetic route
{a). the water produced during imidization was
present in hygroscopic NMP solution, which could
destroy the amide linkage of polyamic acid. On the
other hand, in route (b), one step polymerization,
the produced water was immiscible to the reaction
Hence the produced water
could be immediately removed and no remarkable

medium. m-cresol.
decrease in the molecular weight of polymers oc-
cured.

The molecular weight of the obtained polyimides
was estimated at room temperature by GPC (DMF
solution) after the calibration with polystyrene
standards. The D-Pls had weight-average molec-
ular weight in the range of 37800127400 g/mol
and gave tough and flexible films except for the
polyimide based on HFDA, which was probably
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Scheme II. Three-dimensiona! structure of DOCDA.

due to the low molecular weight. And the struc-
tures of the prepared polyimides were identified
by FT-IR and 'H-NMR spectroscopy.

Degree of Imidization. To study the imidiza-
tion behavior of alicyclic polyimides, we have con-
ducted the imidization at various reaction con-
ditions. Figure 1 shows the degree of imidization
with different reaction temperature and time. As
shown in Figure 1, the degree of imidization was in-
creased with the increase of the reaction tem-
perature and the time. That is, the imidization reac-
tion was not enfirely carried out below the tem-
perature of 50 °C, even after 24 hrs. This was also
due to the sterically hindered structure of DOCDA,

Korea Polym, J., Vol. 4, No. 2, 1996
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Figure 1. Degree of imidization at different imidization tem-
peratures. (a) room temperature, (b) 50 °C, and {c} 12 °C.
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Figure 2. Variation of 'H-NMR spectra of polyimides has-
ed on DOCDA/p-FDA with different imidization tem-
peratures. {a) room temperature, (b) 50 “C, (c) 120 °C, and
{d) 200 °C.

which required higher imidization temperature as
compared to those of the conventional aromatic
polyimides. In this system, it can be seen that the
imidization reaction could be completed ahove the
temperature of 120 °C.

Structural Change of Polyimide During Im-
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where M-THPA is methyl-substituted tetrahydrophthalic
anhydride moiety,
PD is p-phenylene diamine moiety,
SA is succinic anhydride moiety.

idization Reaction. As shown in Scheme II, DOC-
DA has a 3.4-positioned cyclic double bond and two
different anhydride groups. In this study, we have in-
vestigated the structural change of polymer under
the different reaction conditions.

Double Bond Transfer Reaction. Figure 2
shows the 'H-NMR spectra of soluble polyimides
based on DOCDA/p-PDA prepared in different im-
idization temperature. As shown in Figure 2, it can
be seen that 3.4-positioned cyclic double bond was
transfered to another position as imidization tem-
perature increased. That is, the double bond pro-
ton appeared at 5.44 ppm disappered and the
methyl proton of DOCDA moiety was shifted from
2.0ppm to 2.3 ppm with the increase of the im-
idization temperature. From these results, it is be-
lieved that original structure of the polymer (a}
was changed to the structure (b) at high tem-
perature polymerization as shown in Scheme IIL

To confirm this behaviour, we prepared model-
diimide from DOCDA and aniline. And then, per-
formed the further reaction using this model com-
pounds at different reaction conditions. As shown
in Figure 3, the position of double bond of Model-
DI was not changed even after refluxing (1) or
under the acidic condition (2). However, it was
found that the position as almost changed under
the aqueous acidic condition at high temperature.

That is, the double bond transfer reaction was af-
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fected by several reaction factors such as acidity
of reaction medium, the existence of water as well
as reaction temperature as shown in Scheme IV.

So, we can conclude that the catalyst for the
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Figure 3. 'H-NMR spectra of diimides prepared in maodel
reaction (1: (2) Model-DI, (b} modei reaction DI-1, (c)
model reaction DI-2, {d) model reaction di-3, (e) model
reaction DI-4, and (&) model reaction DE-5.

Scheme TV. Mechanism of double bond transfer reaction.

Q [o]
@M@%&.ﬁ-
Hy

Model-D1

122

transfer of double bonds at high temperature im-
idization reaction is presumably the hydroxonium
ion accumulated as a result of the dissociation of
carboxylic acid groups of polyamic acid in agueous
medium for the transfer of double bonds at high
temperature imidization reaction.

Change of Polymer Sequence. Furthermore,
there was another structural change of polyimides
with the variation of imidization temperature. As
can be seen in Figure 4, the phenyl ring protons of
soluble polyimides showed the different behaviors
with the imidization temperature. That is, the
phenyl ring protons of polyimides prepared at
room temperature, splitted into doublet of doublet,

(@

h)

)

(c)

{d)

T

T
£5 60

=
=

T T
8o 75
PPM
Figure 4. 'H-NMR spectra of soluble polyimides based on

DOCDA/p-PDA at various reaction temperature. (a) at room
temperature, (b) at 50 °C, (c) at 120 °C, and (d) at 200 *C.

PO 0o

Model reaction DI-5
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which means this polymer had the alternating se-
quence similar to structure (c).

However, with the increase of reaction tem-
perature, it has become broad siglet. That is, the
structures of polymers have been changed from al-
ternating sequence to a random one.

S, we also tried to confirm this behavior using
model-dimides. First, we synthesized two different
diamic acids (Model DA-1, Model DA-2) from suc-
cinic anhydride (SA) and tetrahydrophthalic anhy-
dride (THPA) with p-phenylene diamine (PD),
which had much similar structure with that of
polyimide based on DOCDA/p-PDA  system. And
then, the imidization reaction was conducted from
the mixture of these two diamic acids under the dif-
ferent reaction conditions as shown in Scheme V.

Scheme V and Figure 5 showed the H-NMR
spectra of resulting reaction products and re-
ference diimides. As shown in Figure 5, there
were no intermolecular reactions between two di-
amic acid below the temperature of 120 °C. In that
case, we obtained just the mixture of two different
pure diimide.

On the other hand, new proton peaks were de-
tected at 7.67 and 7.64 ppm, with the increase of
the reaction temperature, which was due to the
new structure derived from the reference DI-3. So,
it can be seen that the intermolecular reaction
between Model DA-1 and Model DA-2 occured at
that temperature.

In conclusion, the original structure of polymer
with alternating sequence was rearranged to a ran-
dom one during imidizaiton at a high temperature
as shown in Scheme VI

Properties of Polymers. One objective of this
paper was to obtain the soluble polyimides with
good thermal stability. So we had measured the

Scheme V
o o
O
HOG

b

OH

Model DA -1 Model DA-2

| ATt . Model resction DI-8
at 120°C

[———+ Maud#l reaction DI-7
a 200°C
L Model reaction Di-8
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thermal property of obtained polymers by dif-
ferential scanning calorimeter (DSC) and ther-
mogravimetric analysis (TGA) under nitregen at-
mosphere at a heating rate of 10 *C/min.

The glass transition temperature of obtained
polyimdes were very high in spite of carbon-car-
bon single-bond character of DOCDA  moety.
which ranged from 220~-328°C. Especially, poly-
imides based on p-PDA had a relatively high T.
which was due to its rigid structure. It was also
found that T, of polymer decreased with the in-
crease in diamine flexibility. That is, an increase of

o 1l

G0+

%40

T T T T T T
910 81.0 T.IU I 6!0 E.ID JJO 3.|0 2}0
Chemical shift{b:ppm)
Figure 5. 'H-NMR spectra of dimides prepared in model
reaction (I (a) model reaction DI-6, (b) model reaction
DI-7, (¢) mode! reaction DI-8, (d) reference dI-1, {e) ref-
erence DI-2, and (f) reference DI-3.
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Scheme VI
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Polyimide with altsmating sequénce

PA

Polyimide with random sequence

T, was observed according to the following series;
m-BAPS < HFDA, MDA <ODA <m-PDA < p-PDA.
And TGA resuits showed that the imidization reac-
tion was performed at a temperature of 100~300
°C and that polyimides exhibited good thermal sta-
bility compared to other aliphatic polyimides. The
initial decomposition temperature (IDT) were in
the range of 313~390°C and the residual weight
(RW) at 800 °C about 13.5~25.5 % in a nitrogen at-
mosphere.

Another objective of this research was the im-
provement of solubility by the introduction of
asymmetric alicyclic structure. So. we had measur-
ed the soluhility of polymers to various organic sol-
vents. All of these polymers were soluble in typi-
cal aprotic polar solvents such as NMP, DMAc and
DMF. Moreover these polymers were soluble in
less hygroscopic y-butyrolactone. We
could easily prepare the thin polyimide films
without any whitening behaviour taking place.
Furthermore, polyimide based on the flexible di-
amines showed gdod solubility behaviour to com-
mon organic solvents with low boiling point such
as THF and chlroform. These excellent solubility
may be considered expectively to be attributed to
the incorporation of asymmetric alicyclic unit into
the polymer backbone.

Finaily, we prepared the polyimide films by solu-
tion casting from NMP solution followed by drying
at 40~180°C for 24 hrs. All of these films were
tough and flexible except the film based on HFDA,

solvent,
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which was due to the low molecular weight of that
polymer. And the prepared PI films were also al-
most coloruless and transparent.
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