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(57) ABSTRACT

Reactive extrusion can be used in a continuous, solvent -less
preparation of imide oligomers involving two competing
reactions among three ingredients, the first reaction between
a dianhydride and a diamine and the second reaction
between an endcap and the same diamine. The imide oli-
gomer can form a composite via conventional production
methods or via formation of a film from imide oligomer
re -melted in an extruder before being impregnated into tape
or fabric.
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standard. Around 30 mg of each sample tested was added
into 6 mL of DMF +O.OSM LiBr. The solution was then
shaken for 20 hours on an orbital shaker followed by heating

10
to 50° C. for 2 hours, and filtering through 0.22 um poly-
tetrafluoroethylene filter before being injected to the GPC
column for testing.

TABLE 3

Example

1 2 3 4 5 6 7 8 9

Mole Ratio of 1:0.5:1.0 1:0.5:1.0 1:0.5:1.0 1:0.5:1.0 1:0.5:1.0 1:0.85:0.3
3,4'-ODA:a-
BPDA:4-PEPA
End-cap

Monomer (mole. %)

3,4'-ODA 40.00 40.00 40.00 40.00 40.00 46.51
a-BPDA 20.00 20.00 20.00 20.00 20.00 39.53
4-PEPA 40.00 40.00 40.00 40.00 40.00 13.95
Extruder Prism 16 millimeter Twin Screw Extruder (L/D = 40)
Order of All ingredients were mixed in a blender and then added at the throat of the extruder
addition

Temperature at different zone, ° C.

Zone 1 n/a n/a n/a n/a n/a n/a n/a n/a 280
Zone 2 100 100 100 100 100 100 100 100 280
Zone 3 210 210 210 210 210 210 210 210 320
Zone 4 210 210 210 210 210 210 210 210 320
Zone 5 210 210 210 210 210 210 230 230 350
Zone 6 210 210 210 210 210 210 230 230 350
Zone 7 210 210 210 210 210 210 250 250 350
Zone 8 210 210 210 210 210 210 250 250 350
(vacuum port)
Zone 9 210 210 210 210 210 210 250 250 350
Ave. Temp. ° C. 196 196 196 196 196 196 216 216 328
Die No Die 220 210 210 210 210 210 210 340
Screw rpm 250 250 250 100 150 200 100 150 300
Observation at molten light molten light molten light molten light molten light molten light
Die caramel caramel caramel caramel caramel caramel
Tg of uncured 152.6 150.8 154.7 152.4 152 220.8
resin measured
by DSC, ° C.
(room temp to
360° C.)
Tg of the cured 339.3 292.9
resin by DSC
(room temp to
400° C.)
Mn by GPC 1385
Mw by GPC 1694
Mw/Mn 1.223

TABLE 4

Example

10 11 12 13 A 14 15 16 17

Mole Ratio of 1:0.88:0.24 1:0.9:0.2 1:0.935:0.13 1:0.95:0.1 1:0.975:0.05 1:0.56:0.88 1:0.6:0.8 1:0.7:0.6 1:0.8:0.4
3,4'-ODA:a-
BPDA:4-PEPA
End-cap

Monomers (mole. %)

3,4'-ODA 47.17 47.62 48.43 48.78 49.38 40.98 41.67 43.48 45.45
a-BPDA 41.51 42.86 45.28 46.34 48.15 22.95 25.00 30.43 36.36
4-PEPA* 11.32 9.52 6.30 4.88 2.47 36.07 33.33 26.09 18.18
Extruder Prism 16 millimeter Twin Screw Extruder (L/D = 40)
Order of All ingredients were mixed in a blender and then added at the throat of the extruder
addition

Temperature at different zone, ° C.

Zone 1 280 280 320 320 350 n/a n/a n/a 250
Zone 2 280 280 320 320 350 100 100 100 250
Zone 3 320 320 350 350 370 210 210 210 250
Zone 4 320 320 350 350 370 210 210 210 270
Zone 5 350 350 350 350 370 230 230 230 270
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TABLE 4-continued

12

10 11 12 13 A 14 15 16 17

Zone 6 350 350 370 370 370 230 230 230 270
Zone 7 350 350 370 370 370 230 230 230 270
Zone 8 350 350 370 370 370 230 230 230 270
(vacuum port)
Zone 9 350 350 380 380 380 230 230 230 270
Ave. Temp.° C. 328 328 353 353 367 209 209 209 263
Die 340 340 380 380 380 230 230 230 250
Screw rpm 300 300 250 250 250 100 100 150 150
Observation at molten light molten light molten light molten light not able molten light molten light molten light molten light
Die caramel caarmel caramel caramel to run caramel caramel caramel caramel
Tg of uncured 235.3 240.2 256.1 262.7-263.6 156.6 164 174.3 201.1
resin measured
by DSC, ° C.
(room temp to
350° C.)
Tg of the cured 287.4 289 289.8 293.1 n/a 319.7 329.2 293.3 299.3
resin by DSC
(room temp to
400° C.)
Mn by GPC 5312 9589
Mw by GPC 9106 16382
Mw/Mn 1.714 1.709

25

Fourier Transform Infrared Spectroscopy (FTIR) was
utilized to identify chemical structures for polyimide, cyclic
anhydride, and amine. The characteristic absorption peaks of
cyclic anhydride were observed at —1820 cm-' of medium
intensity and —1780 cm-' of strong intensity, respectively, 30
assigned to C-0 symmetric and asymmetric stretch peaks.
For polyimide, the characteristic absorption peaks are
observed at —1780 cm-' with medium intensity and —1720
cm-' of very strong intensity with respective to C-0
asymmetric and symmetric stretch, and also at —1380 CM_' 35
of strong intensity due to imide C N stretch. Although the
anhydride asymmetric C-0 absorption peak at-1780 cm-'
is in overlap with the imide symmetric C-0 absorption
peak at —1780 cm-', the anhydride symmetric C-0 absorp-
tion peak at —1820 cm-' can be used to identify un-reacted 40
anhydride. For diamine, two absorption peaks with very
weak intensity are observed at —3200 cm-' due to NH
symmetric and asymmetric stretching. In addition, for the
4-PEPA endcap, besides two C-0 absorption stretching
peaks at —1820 and —1780 cm-', there is another character- 45
istic absorption peak at 2210 cm-' which is assigned to the
stretching of ethynyl group (—C=C ).
FTIR spectra of Examples 1 to 3 showed the asymmetric

and symmetric C-0 stretching absorption peaks at —1780
and —1720 cm-', and the C N stretching absorption peak 50
at —1380 cm-' which are assigned to the imide groups. A
very tiny symmetric C-0 absorption peak at —1820 cm-'
assigned to un-reacted anhydride was observed for
Examples 1 to 3, which indicated that the Examples 1 to 3
contained a very small amount of unreacted anhydride. In 55
addition, compared with the non-reacted mixture, little
change in intensity of ethynyl group (—C=C ) stretching
absorption peak at 2210 cm-' was observed for Examples 1
to 3, indicating that the reactive functional group (--C=C )
was not diminished during extrusion. 60

FTIR spectra of Examples 4 to 6 showed the asymmetric
and symmetric C-0 stretching absorption peaks at —1780
and —1720 cm-', and the C N stretching absorption peak
at —1380 cm-' which are assigned to the imide groups. In
addition, compared with the non-reacted mixture, little 65
change in intensity of ethynyl group (—C=C ) stretching
absorption peak at 2210 cm-' was observed for Examples 4

to 6, indicating that the reactive functional group ( C=C )
was not diminished during extrusion. However, in compari-
son, Example 4 was the best material because no symmetric
C-0 absorption peak at —1820 cm-' assigned to unreacted
anhydride was observed for Example 4, but a very tiny
symmetric C-0 absorption peak at —1820 cm-' assigned to
un-reacted anhydride was observed for Examples 5 and 6.
FTIR spectra of Examples 7 and 8 showed the asymmetric

and symmetric C-0 stretching absorption peaks at —1780
and —1720 cm-', and the C N stretching absorption peak
at —1380 cm-' which are assigned to the imide groups. In
addition, compared with the non-reacted mixture, little
change in intensity of ethynyl group (—C=C ) stretching
absorption peak at 2210 cm-' was observed for Examples 7
and 8, indicating that the reactive functional group
( C=C ) was not diminished during extrusion. To com-
pare with Example 4, a very tiny symmetric C-0 absorp-
tion peak at —1820 cm-' assigned to unreacted anhydride
was also observed for Examples 7 to 8.
Examples 1-3 started with a screw speed of 250 rpm in the

16 mm (L/D=40) extruder. Examples 4-6 then tried a slower
screw speed of 100, 150, and 200 rpm to increase residence
time relative to Examples 1-3. Examples 7 and 8 then tried
both a slower screw speed of 100 and 150 rpm, respectively,
and a higher average temperature to increase both residence
time and heat of reaction relative to Examples 1-3. Examples
9-13 increased the average temperature over Examples 1-8
but at faster screw speeds, again testing the time and
temperature variables for concurrent reactive extrusion,
indexed to a 16 mm, L/D=40 extruder. Comparative
Example A did not succeed because the temperatures in the
zones of the extruder were too high. Examples 14-17
returned to the lower temperatures and slower screw speeds,
with success.
These Examples 1-17 show that one having ordinary skill

in the art can establish time and temperature parameters for
a given molecular weight for a given size of extruder of a
given length/diameter ratio for that extruder. As one moves
the process of the invention to extruders of other sizes or
oligomers of different molecular weights, the integral of the
time and temperature will need adjustment to the new
extruder conditions and/or desired molecular weight. Thus,
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TABLE 6-continued

21 22 23 24 25 26

Temperature at different zone,
° C.

Zone 1 n/a n/a n/a n/a n/a n/a
Zone 2 100 100 100 100 150 150
Zone 3 210 210 210 210 230 230
Zone 4 210 210 210 210 230 230
Zone 5 210 210 210 210 250 250
Zone 6 210 210 210 210 250 250
Zone 7 210 210 210 210 250 250
Zone 8 210 210 210 210 250 250
(vacuum port)
Zone 9 210 210 210 210 250 250
Die 210 210 210 230 230 230
Screw rpm 150 250 250 300 300 300
Observation at Die molten black molten black molten black molten black molten black molten

material material with material with material with material with material with
higher torque higher torque higher torque higher torque a much higher

than than than than torque than
Example 21 Example 21 Example 21 Example 24 Example 24

Tg of uncured resin measured 138.5 138.8 144.2 143.9 142.6 146.4
by DSC, ° C.
(room temp to 250° C.)
Tg of the cured resin by DSC 338.7 338.0 335.9 Not detected 337.6 336.7-340.6
(° C.) below 400 ° C., but not but not

means Tg > 400° C. very clear very clear

Examples 18 and 21 are further demonstrations of suc-
cessful reaction via concurrent reactive extrusion to form
imide oligomers useful for curing into thermoset polyimides
with and without the presence of fibrous additives such as
carbon fiber and carbon nanofiber.

Examples 19 and 20 demonstrate that it is possible to form
a curable imide oligomer composite both via in -situ polym-
erization in the presence of carbon fiber and in a two step
process of oligomerization followed by melt mixing with the
carbon fiber. Comparative Examples B and C demonstrate
that in -situ polymerization of the imide oligomer in the
presence of carbon nanofiber is not presently possible using
known reaction conditions.

Examples 22-26 demonstrate that using a variety of zone
temperatures and screw speeds can be employed in a melt
mixing of imide oligomer and carbon fiber and carbon
nanofiber.

Most unexpectedly, there is a greatly increased Tg for the
compound having about 20 weight percent of the carbon
nanofiber, more than the measuring capacity of 400° C. This
peak of Tg, more than a 19% increase in Tg as compared
with the compound having about 10 weight percent of the
carbon nanofiber, is not understood but can prove valuable
for those seeking to form aromatic polyimide-carbon nano -
fiber composites of all types as identified above. The weight
percent of carbon nanofiber can range from about 17 to
about 23, and preferably from about 18 to about 22 weight
percent of the compound.

The invention is not limited to above embodiments. The
claims follow.

What is claimed is:

1. A process for preparing low -melt viscosity imide oli-
gomers derived from a solvent -free reaction of stoichiomet-
ric effective amounts of at least one asymmetric dianhydride
having the formula:

30 O
O O

o \ I x \

O
35

O

wherein X is selected from the group consisting of nil,
4o 

C O, —CH2 and oxygen,
and at least one aromatic diamine having the formula

selected from the group consisting of:

45 H2N

ty Y_ON112  and

50 H2N NH2
Y a 

Y 

o

55
wherein the Y radicals are either the same or different and

are selected from the group consisting of nil, CH2,
C2H4, C O, and oxygen,

and an endcap selected from the group consisting of
60 4-phenylethynylphthalic anhydride and cis-5-nor-

bornene-endo-2,3-dicarboxylic anhydride,
wherein the process comprises the steps of:
(a) introducing the asymmetric dianhydride, the aromatic

diamine, and the endcap into an extruder at its throat;
65 (b) melt mixing the asymmetric dianhydride, the aromatic

diamine, and the endcap for a sufficient period of
residence time in at least one mixing zone having at
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least one temperature to thoroughly blend them
together and to permit concurrent reaction of both the
asymmetric dianhydride and the endcap with the
diamine to form the imide oligomer;

(c) extruding the imide oligomer from the extruder;
(d) melt mixing the imide oligomer in the presence of

carbon nanofiber to form a fiber reinforced imide
oligomer compound having about 17 to about 23
weight percent of carbon nanofiber;

(e) extruding the fiber reinforced imide oligomer com-
pound; and

(f) feeding the fiber reinforced imide oligomer compound
into a machine for impregnation into a tape or fabric.

2. The process of claim 1, wherein the temperature in the
extruder ranges from about 210° to about 380° C. in an
extruder of at least six zones.

3. The process of claim 1, wherein the melt mixing step
(b) has a residence time of about 20 to about 2000 seconds.

4. The process of claim 1, wherein the melt mixing step
(b) has a residence time of about 25 to about 200 seconds
indexed to a 16 mm, L/D=40 extruder.

5. The process of claim 1, wherein step (e) results in
pelletization before step (f).

6. The process of claim 1, wherein the endcap introduced
during step (a) competes and denies reaction sites at the
aromatic diamine for reaction by the dianhydride.

7. The process of claim 1, wherein introduction of the
endcap of the extruder during step (a) establishes competi-
tion for diamine reaction sites between the dianhydride and
the endcap from the beginning of the extrusion process.

8. The process of claim 1, wherein the melt mixing step
(b) has a screw speed of from about 100 to about 1000
revolutions per minute.

9. The process of claim 8, wherein the melt mixing step
(b) has a screw speed of from about 100 to about 300
revolutions per minute indexed to a 16 mm, L/D=40
extruder.

18
10. The process of claim 1, wherein the endcap is a solid

or a liquid, and wherein the process is solvent -less.
11. The process of claim 1, wherein the introduction of the

endcap during step (a) does not cause immediate cessation
5 of reaction of the dianhydride and the diamine which have

also begun reacting during step (a).
12. The process of claim 1, wherein the imide oligomer

further comprises optional additives selected from the group

10 
consisting of 4-phenylethynyldiphenyl methane and diphe-
nylacetylene, and combinations of them.

13. The process of claim 1, wherein the tape or fabric
comprises carbon fibers, fiberglass, polymers, or combina-
tions of them.

15 14. A composite formed from the fiber reinforced imide
oligomer compound made by the process of claim 1.

15. The composite of claim 14, wherein the fiber rein-
forced imide oligomer compound is further reacted or cured
at temperatures ranging from about 340° to 360° C. to form

20 a thermosetting polyimide matrix -composite having a Tg
greater than 400° C.

16. The composite of claim 15, wherein the carbon
nanofiber is present in amount of about 18 to about 22

25 weight percent of the fiber reinforced imide oligomer com-
pound.

17. The composite of claim 14, wherein the composite is
in the form of an article selected from the group consisting
of an airframe component; an engine component; an aircraft;

30 a missile; a radome; a rocket, a high temperature laminate;
an electrical transformer; an engine bushing; an engine
bearing; oil drilling equipment; oil drilling risers; automo-
tive chassis bearings; and films for use in electronics, fuel
cells and batteries.
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