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Preparation and Properties of
Polyimides from Diisocyanates

G. D. KHUNE*

National Chemical Laboratory
Poona-411008, India

ABSTRACT

A series of diisocyanates was polycondensed with pyromellitic
dianhydride (PMDA) and benzophenone tetracarboxylic dianhy-
dride (BPTD) and characterized by variations in substitution
at one of the hydrogen of the CH2 connecting the two phenyl
rings. All the polycondensations were carried out under the
same conditions (except the final heating period) in solutions
of N,N-dimethylacetamide (DMAC), dimethyl sulfoxide (DMSO),
dimethyformamide (DMF), and N-methylpyrrolidone (NMP).
Polymers that separated out after prolonged heating at 130°C
were filtered, washed with methanol, and dried.

Nineteen different polyimides were synthesized and charac-
terized by elemental analysis, IR spectroscopy, and viscosity
measurements. Some other properties, such as solubility, and
thermal stability, were also investigated. Thermogravimetric
analysis (TGA), differential thermal analysis (DTA), and deriva-
tive thermogravimetry (DTG) were carried out in air at a heating
rate of 9°C/min to determine thermal properties.

*Present address: PRRC Building, New Mexico Institute of Mining
and Technology, Socorro, New Mexico 87801 (U. S. A.).

687

Copyright ©® 1980 by Marcel Dekker, Inc.



08: 07 25 January 2011

Downl oaded At:

688 KHUNE

INTRODUCTION

Thermostable polymers based on recurring imide units are now
being studied for two purposes: to search for new methods of synthesis
and to test the thermal and thermooxidative stability of those polymers
which are very promising for technical applications, Intensive devel-
opmental work in this field has been in progress for the last two
Flecajies, culminating in the preparation of various novel polyimides

1-3].

A commercially most important method for polyimide synthesis
involves the reaction between diamine and dianhydride, giving an
intermediate poly(amic acid) which on cyclodehydration yields poly-
imide. Of the other methods, one that consists of the diisocyanate-
dianhydride reaction in polar solvent is simple and useful [4-7].

Reaction of dianhydride with anexcess of diisocyanate yields an imide-
containing polymer useful as adhesive for rubber |8, 9]. Farrissey
et al, [ 10] have obtained polyimide foams from the reaction of benzo-
phenone tetracarboxylic dianhydride (BPTD) and polymethylene poly-
phenyl isocyanate in DMSO. Isocyanate-terminated polybutadiene
intermediates and polymers therefrom could be processed to give
thermosetting resins [ 11]. Alberino [ 12] has described soluble poly-
imides from diisocyanates and BPTD.

In the present investigation, polyimides from PMDA, BPTD, and
various diisocyanates were prépared, and their properties were
studied. In addition, bis(p-isocyanophenyl)methane (MDI) has been
reacted with PMDA and BPTD to give polyimides as the end products
for comparative studies. The diisocyanates used are: 4,4'-diisocyano-
triphenylmethane (MTDI), 4-methyl,4',4"-diisocyanotriphenylmethane
(MTMDI), 4-chloro,4',4""-diisocyano triphenylmethane (MTCDI), 4-
nitro,4',4"-diisocyano triphenylmethane (M TNDI}, bis(p-isocyano-
phenyl)l,1-ethane (BIPE), bis{p-isocyanophenyl),1,1-isobutane
(BIPISO), bis(p-isocyanophenyl)l,1-butene (BIPBE), bis(p-isocyano-
phenyl)l,1-butane (BIPB), bis(p-isocyanophenyl)l,1-hexane (BIPHEX),
bis(p-isocyanophenyl)l,1-heptane (BIPHEPT), and bis(p-isocyano-
phenyl)l,1-nonane (BIPNOE).

A general scheme for the polyimide synthesis is given in Egs. (1)
and (2).

EXPERIMENTAL
Materials

Pyromellitic dianhydride (PMDA) (Koch-Light Laboratories,
England) was purified by sublimation under reduced pressure (0.8-1
Torr) at 205-235°C. BPTD was procured from Gulf Oil Co. in the
form of yellow powder and was purified by sublimation under vacuum
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at 260-270°C/1 Torr, Before use both were vacuum dried for 2-3
hr,
DMAC, DMF, NHP, etc., all from Merck, West Germany were kept
over P20s for 12 hr and then vacuum-distilled twice at 1-3 Torr.
Diisocyanates were prepared in this laboratory; they were distilled
under reduced pressure and vacuum dried just before use [13]. MDI
was obtained from Bayer, A. G. West Germany, and was vacuum-
distilled prior to use.

Properties

Inherent viscosity measurements were made on 0.5% solutions of
the polymers DMF(D) or HzS04H) at 30°C. IR spectra of the polymers
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were recorded on KBr pellets by using a Perkin-Elmer spectropho-
tometer. TGA, DTA, and DTG were made simultaneously with a Mom
Budapest derivatograph OD 102 described by Paulic et al. [14] in air
at a heating rate of 9°C/min. Before determining the properties of
polyimides, samples were conditioned at 100°C under reduced pres-
sure of 10™° Torr to remove entrapped solvent and adsorbed moisture,
if any.

Polymerization

Diisocyanates were polycondensed with dianhydrides at both the
ambient and elevated temperatures by following the general procedure
described by Meyers [5]. In a typical preparation of polyimide, a dry
diisocyanate (0.01 mole) was dissolved in about 30 ml of dry DMAC
{or other solvents) and transferred in a 100 ml four-necked round-
bottomed flask equipped with a strong magnetic stirrer, a reflux
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condenser, a drying tube, and a thermometer. The dianhydride was
added in increments over a period of 10 min while the reaction tem-
perature was maintained at 0°C with the help of an ice-salt mixture.
The reaction mixture was slowly heated to 40°C and kept there for 2.5
hr. It was further heated to 90°C and maintained for 2 hr. A brisk
CO: evolution was observed in MDI-dianhydride reaction at 90°C
with the yellow precipitation of polyimide while in all other diisocya-
nate-dianhydride reactions CO= evolution was very much less at 90°C.
The reaction temperature was further raised to 130°C, at which it
was kept for 2 hr in the MDI-dianhydride reaction, whereas for all
other reactions the duration of heating was 20-30 hr. In case of
BIPHEX, BIPHEPT, and BIPNOE-anhydride reactions polyimides
precipitated in low yields, even after prolonged heating at the boiling
temperatures of the solvents. However, stoichiometric amount of
CO: was evolved in BIPHEX, BIPHEPT, BIPNOE-dianhydride reac-
tions when it was estimated quantitatively.

The polycondensations were repeated by making change in the
solvent used; however, this same trend was noticed in all the solvents.

RESULTS AND DISCUSSION

This series of diisocyanates used for polycondensation was obtained
by the phosgenation of the corresponding diamines. The diamines re-
quired in turn were synthesized by the condensation reactions of alde-
hydes with aniline in excellent yields.

Table 1 summarizes the preparative details and results of polym-
erization. The polycondensations were carried out from low (0°C)
to higher (130°C) temperatures or at the boiling points of solvents
used, (polar solvents such as DMAC, DMF, etc.). The time required
for the MDI-dianhydride reaction to go to completion is strikingly
less; the other reactions needed 10-15 times more heating at 130°C
and the yields were still less.

The analysis of the dried polymer samples almost exactly corre-
sponded to the theoretical for carbon, hydrogen, and nitrogen. This
shows the perfectness of polymerization conditions and the absence
of any crosslinking.

The intrinsic viscosity of the various polymers was determined in
concentrated H2S04 or DMF. It is obvious that a change in substitu-
tion at one of the hydrogen of the '"hinge" CH: resulted in a decrease
in [n] of the polymer. It is important to note that the build-up of
high molecular weight appears to be difficult in reactions yielding
I-1V, though the diisocyanates used are more reactive than MDI. The
time required for polymerization in diisocyanate PMDA or BPTD
reactions was considerably more and still the polymers obtained
were of lower molecular weight than those obtained in MDI-dianhydride
reactions. This may be due to the change in the structure of the di-
isocyanate on introducing a substituted phenyl ring, thereby disturbing
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the symmetry of the polymer chain. As the aliphatic chain length at
the "hinge'" CH: increases, the yield as well as viscosity of the poly-
mer decreases (polymers VII-XII and XV-XIX).

The ability of imide polymers to form stable solutions is of immense
commercial and practical importance in the fabrication of these mater-
ials. In the solubility studies, it was observed that all the imide poly-
mers were soluble in concentrated HzSO,4, fuming nitric acid; a few
of them were partially soluble in polar solvents, such as DMF and
DMAC. Other solvents, viz., benzene, chloroform, alcohol, ethers,
were unable to dissolve them, From Table 2, it is clear that the
polyimides I-IX are not at all soluble in DMF and in other solvents
while X-XII were slightly soluble. In general, these polyimides from
BPTD and/or with long CH2 chain were soluble in highly polar sol-
vents. However, polyimide XIII was insoluble in DMF.

Meyers postulated a seven-membered ring intermediate for the
diisocyanate-dianhydride reaction. In this study, IR spectra of the
intermediate and that of the corresponding polymer resemble each
other to a greater extent. Only the peak at 1660 cm ' is intense in
the spectrum of the intermediate due to the presence of additional CO
group. As polyimide is being formed, CO: is released, and the inten-
sity of the peak at 1660 cm ™' decreases. For example, polyimide IX
precipitated out from the solution; the solution was filtered, and the
intermediate was isolated from the filtrate by precipitation with water.
As an illustration IR spectra of intermediate (Fig. 1) and of the corre-
sponding polyimide (Fig. 2} are given. IR spectrum of polyimide II is
also given in Fig. 3. They show the presence of imide bonds at 1780,
1730, 1380, and 730 cm™'. A band at 1670-1660 cm™ ' was also ob-
served in the spectra of polyimides XIII-XIX which may be assigned
to the benzophenone carbonyl group from the BPTD nucleus. The
evolution of a stoichiometric amount of CO> and the presence of all
the imide bands in IR spectra of polyimides XIII-XIX support the
belief that the diisocyanate-BPTD reactions yield polyimides soluble
in polar solvents. The solubility of such polymers may be due to their
low molecular weights.

Figures 4-22 show TGA curves obtained for polyimides I to XIX,
Table 3 summarizes the loss of weight at different temperatures for
a given polymer, while Table 4 describes the temperature for zero,
10%, and maximum weight losses for corresponding polymers as cal-
culated from TGA curves, A comparison of To values of the poly-
imides investigated shows that the polymers with aliphatic units in
the diisocyanate component exhibit lower thermal stability. Replacement
of one of the hydrogens of the hinge CHz group by an aromatic nucleus
does not increase the stability. On the contrary To decreases by 5-10°C
because of the disturbance to the symmetry of MDI due to the aromatic
ring substitution. Koton and Sazanov | 15] observed that the introduc-
tion of symmetrical substitution with respect to the central carbon
atom of diaminodiphenyl methane increased the thermal stability of
the polypyromellitimide as shown in Table 5.



695

POLYIMIDES FROM DIISOCYANATES

(ponuIjUO0D)

- - - - - + ++ ++ IIAX
- - - - - + ++ ++ IAX

- - - - - + ++ ++ AX

- - - - - + ++ ++ AIX

- - - - - - ++ ++ X

- - - - - F ++ ++ X

- - - - - F ++ ++ 104

- - - - - F ++ ++ X

- - - - - F ++ ++ X1

- - - - - - ++ ++ IIA

- - - - - - ++ ++ IIA

- - - - - - ++ ++ IA

- - - - - - ++ ++ A

- - - - - - ++ ++ Al

- - - - - - ++ ++ 111

- - - - - - ++ ++ I

- - - - - - ++ ++ 1
du01R0Y 1oUooTY el ilc ite)ite) auazudg AWA tONH YOSH epruy
Surum g -£108

ghIIIgniog

sepruntiod jo Jotaeyed AJTIonios ‘g ATAV.L

1102 AJtenuer Gz /0 :80

1Y papeo jumog



KHUNE

696

‘ofaniosut = (-) ‘a1anios Lq1enaed = (F) 2IonI0s = (+) ‘o1gnios AfIsBO

= (++) Amqnios,,

- - - - - + ++ ++ XX
- - - - - + ++ ++ IIIAX
aU0JROY 104001y J9uyg SIOHD auazuag dNa fONH YOS?H oprIuI
Sutung -A10d

ghnmaniog

TT0Z AJenuer Gz £0:80 : N Ppapeo jumod

(ponuriuO”) 7 ATAVL



08: 07 25 January 2011

Downl oaded At:

ABSORBANCE

ABSORBANCE

POLYIMIDES FROM DIISOCYANATES 697

o

WAVELENGTH { MICRONS)

5 6 7 8 9 [{¢] It 12 13 iq 18
i i i i 1 i i i i i

00

20

-30

-40

60

-60
70

Tr I

i-0
1-5

-

:‘ic-o c\”
N
7/
c

L 1 1 1 1 1 1

0
4000 3000

1
2000 1500 -1 1000 900 800 700

FIG. 1. IR spectrum of polyimide intermediate from BIPB-PMDA

reaction.

WAVE LENGTH (MICRONS)

20

30

.40

-50
‘60
*70

-0
15

4000 3000

FI1G. 2.

tion.

T T T T 1 7% T T T T T T L T
2000 1600 c M" 1000 900 800 700

IR spectrum of polyimide from BIPB and PMDA reac-



08: 07 25 January 2011

Downl oaded At:

ABSORBANCE

698 KHUNE

WAVELENGTH (MICRONS)
3 4 ) [] 7 8 9 10 11 12 13 14 15
1

0.

(2}

[+ 13

0

0.

OA

O-

10

':3- 1 Lota a1 1 1 ! 1 { | lCH; $ -
4000 3000 2000 1800 cm-! 1000 900 800 700

FIG. 3. IR spectrum of polyimide from MTMDI and PMDA reac-
tion.

160
POLYIMIDE I POLYIMIDE I

L1201 -
w
>3
a
S eol |
o
-
T
]
g a0t -

o 1 1 1 ] 1 ] ] L

o] 200 400 600 800 [¢] 200 400 600 800 1000

TEMP. TEMP.
FIG. 4. TGA curve for poly- FIG. 5. TGA curve for poly-

imide I in air at 9°C/min. imide II in air at 9°C/min.



08: 07 25 January 2011

Downl oaded At:

POLYIMIDES FROM DIISOCYANATES
1860
POLYIMIDE I POLYIMIDE I

2120 -
w
2
=]
& sof- -
x
=
5
o g0 |
=

o ! I I | I 1 ] I

0 200 400 600 800 o] 200 400 600 800 ~ 1000

TEMP TEMP.

160
POLYIMIDE Y POLYIMIDE ¥I
K120 -
)
2
=]
2]
w 801 -
3
[
I
©
$ 40 -
Ie) ! 1 i L 1 H 1 1
o] 200 400 600 800 [¢] 200 400 600 800
TEMP. TEMP.

FIG. 6. TGA curve for poly-
imide III in air at 9°C/min.

FIG. 7. TGA curve for poly-
imide IV in air at 9°C/min.

FIG. 8. TGA curve for poly-
imide V in air at 9°C/min.

1000

FIG. 9. TGA curve for poly-
imide VI in air at 9°C/min.

699



08: 07 25 January 2011

Downl oaded At:

700

160
POLYIMIDE WIL
f120F
w
=]
a
i
W 8o
-
I
©
w
z 40
fo) 1 b . _1
[¢] 200 400 800 800
TEMP.

FIG. 10. TGA curve for poly-

imide VII in air at 9°C/min.

TEMP.

KHUNE
POLYIMIDE VI
i 1 i 1
0 200 400 800 800 10600

FIG. 11. TGA curve for poly-

imide VII in air at 9°C/min.

160
POLYIMIDE IX POLYIMIDE X
* 120 -
w
=1
a
i
w 8ok -
-
z S
£ a0 =
0 L | 1 L | L ] | )
0 200 400600 800 c 200 400_ 800 800 1000
TIME TIME

FIG. 12. TGA curve for poly-

imide IX in air at 9°C/min.

FIG, 13. TGA curve for poly-

imide X in air at 9°C/min.



08: 07 25 January 2011

Downl oaded At:

%

WEIGHT RESIDUE

POLYIMIDES FROM DIISOCYANATES

701

FIG. 14, TGA curve for poly-
imide XI in air at 9°C/min.

160
POLYIMIDE XT POLYIMIDE XIT

R0 -

120
w
2
=]
7]
Y so}- ~
-
xI
© (5}
w
z 40 B

o} H | - 1 1 { | 1
] 200 400 600 800 (o} 200 400 600 800 1000
TIME TIME

FIG. 15. TGA curve for poly-
imide XII in air at 9°C/min.

160
POLYIMIDE XIT POLYIMIDE XV
120L -
BOL -
4o -
o L 1 | L ] I I i
o] 200 400 600 800 ] 200 4OOTEMP600 800 1000

TEMP.

FIG. 16, TGA curve for poly-
imide XIII in air at 9°C/min.

FIG. 17. TGA curve for poly-
imide XIV in air at 9°C/min.



08: 07 25 January 2011

Downl oaded At:

1

WEIGHT RESIDUE ,%

WEIGHT RESIDUE ,%
'3
[=]
T

702 KHUNE
60
POLYIMIDE XY POLYIMIDE XVL
201~
aof-
10}
o) 1 ] [ 1 l 1 L i
o 200 400600 _ 800 0 200 400 600 800 1000
TEMP. TEMP.

FIG. 18. TGA curve for poly-
imide XV in air at 9°C/min.

160

FI1G. 19. TGA curve for poly-
imide XVI in air at 9°C/min.

POLYIMIDE XV

POLYIMIDE XVITT

I { i |
0 200 400 600 800
TEMP.

FIG. 20, TGA curve for poly-
imide XVII in air at 9°C/min.

I i [ L
o] 200 400 600 800 1000
TEMP.

FIG. 21, TGA curve for poly-
imide XVTII in air at 9°C/min.



08: 07 25 January 2011

Downl oaded At:

POLYIMIDES FROM DIISOCYANATES 703

160

POLYIMIDE XIX

WEIGHT RESIDUE,%
8 3
i T

rY
o
T

o | 1 [ 1
[¢] 200 400 600 800 100
TEMP. 0

FIG. 22. TGA curve for polyimide XIX in air at 9°C/min.

A similar trend was observed in the polyimides obtained in the
present study. An electron-withdrawing substituent at the para
position of the third phenyl ring in case of polyimides III and IV
increased Ty by 5-10°C. Substitution of a CHs group at the para
position of the third phenyl ring, however, did not show a change
of To in polyimide II. The To value decreased markedly with the
replacement of one of the hydrogen of the hinge CHz by an aliphatic
group or chain. The aliphatic substitution affects the value of To
by 15-25°C. Unsaturation in the aliphatic chain shifts the To value
higher while replacement by an isomer or an increase in the chain
length decreases the To (polyimides VII-XII). The same trend was
also observed in polyimides XIII-XIX.

Tio, the temperature for 10% gravimetric loss, is an important
criterion for evaluating the thermal stability from TGA data in these
highly heat-resistant polymers. Critical examination of the Tio
values (Table 4) yields a correlation between the thermal stability
of a polyimide and its structure. Particularly high values of Tiwo
are found in those polyimides with symmetrical repeating units (poly-
imides V and XIII) or with an aromatic nucleus (polyimides I-IV).
Introduction of longer aliphatic chain substituents into the main chain,
however substantially lowered the Tio values.

Tma,x characterizes the decomposition of the main polyimide

chain of polymer, and for all the polymers Tmax lies within a narrow

range of temperature, i, e., 550 + 25°C. However, small deviations
are observed which can be assigned to the structural variations in
the diisocyanate component.
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TABLE 5. Thermal Stability

Repeat unit ' To (°C)

400

CHz 360
OO
o

250
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