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SOLVENT FREE LOW-MELI VISCOSITY
IMIDE OLIGOMERS AND THERMOSETTING
POLYMIDE COMPOSITES

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

ORIGIN OF THE INVENTION

The invention described herein was made by an employee
of the United States Government and may be manufactured
and used by or for the Government for governmental pur-
poses without the payment of any royalties thereon or there-
for.

FIELD OF THE INVENTION

The present invention 1s directed to low-melt imide oligo-
mers and thermoset polyimides and to a novel melt process
which comprises reacting specific aromatic dianhydrides and
aromatic diamines containing one or two benzene rings with
a reactive monofunctional endcap such as phenylethynyl
phthalic anhydride (PEPA). These reactants are capable of
adapting to a melt process at 232-280° C. to produce imide
oligomers that have a low-melt viscosity of 1-60 poise at
260-280° C. Due to their low viscosities, these 1mide oligo-
mers are amenable to low-cost resin transier molding,
vacuum assisted resin transier molding and resin infusion
processes. These oligomers can be cured at371° C. (700° F.)
to produce thermoset polyimide resins having a high glass
transition temperature (1) between 310-380° C. with a 288-
343° C. (550-650° F.) high temperature performance capabil-
ity for aerospace applications and the like. These low-melt
oligomers also can be formulated mto melt adhesives, com-
posites, and moldings for various other high temperature
applications.

BACKGROUND OF THE INVENTION

Polyimides comprise polymers characterized by excellent
thermal stability, solvent resistance and high glass transition
temperatures (T,). For example, in structural applications, the
fiber-reinforced high-temperature polyimide matrix compos-
ites olfer significant advantages over metals because of their
low density and high specific strength. These composites are
particularly attractive for use in acrospace systems, €.g. air-
cralt engines, airframe, missiles, and rockets, where weight is
critical. Weight reduction has substantial benefits in terms of
tuel savings, increased cargo load, or increased speed and
maneuverability. The durability and reliability of the type of
polymers used i aerospace components 1s a critical concern.
The polymer requirements for these applications include high
glass transition temperatures, (1), high thermo-oxidative
stability and good mechanical properties over a wide range of
temperatures. In general, the stability of most polymers are
limited to 50° C. lower than their glass transition temperature
(T,).

gThe prior art describes polyimides end-capped with diaryl
substituted acetylene by dissolving the monomers, 1.e. the
dianhydride, diamine and the endcap 1n organic solvents such
as N,N-dimethylformamide or N-methyl-2pyrrolidinone
(NMP) and subsequently imidizing the oligomers through
heating. The oligomers are 1solated by precipitation of the
imide solution in water. In the 48” SAMPE Symposium,
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1076-1086 (2003), the imide oligomer was prepared by dis-
solving 2,3,3".4'-biphenyl dianhydride (a-BPDA) together
with two diamines and 4-phenylethynylphthalic anhydrnde in
NMP and subsequently imidizing the oligomer by precipitat-
ing the slurry in water. The 1mide oligomers based on
a-BPDA, were cured at 371° C. for 1 hour to form polyimides
having T,’s equal to 330° C.

The problem that arises from this process 1s that NMP or
any other organic solvent 1s very difficult to remove from the
oligomers. Even when the imide oligomer was recovered by
precipitation from the water, traces of NMP were still present.
The presence of trace amounts of NMP or any other solvent
during the curing or resin transfer molding process (R1M),
for example, often creates voids or causes delamination 1in the
final composites. To remove the last trace of solvent, exten-
stve drying under vacuum or passing nitrogen gas 1n a con-
vection oven are often needed. These extensive measures
generally cost additional time and labor which 1s not very cost
clfective.

One of the objects of this invention 1s to produce low-melt
viscosity 1mide oligomers with a reactive endcap to form
thermoset polyimide resins by a melt process free of any
solvent 1n order to reduce the manufacturing cost due to the
solvent removal process. The oligomers can be cured via the
reactive endcap to form thermoset polyimide resins. Accord-
ingly, through the selection of specific diamines together with
certain dianhydrides such as 2,3,3'.4'-biphenyl dianhydride
(a-BPDA) and phenylethynylphthalic anyhdride as the end-
cap, this invention produces novel imide oligomers capable of
achieving low-melt viscosities of 1-60 poises. Upon curing
these oligomers at 371° C. (700° F.), the imide oligomers
yield thermoset polyimide resins having high glass transition
temperatures (1,) equal to or greater than 330° C. These
oligomers are adaptable to the RTM, VARTM or resin infu-
sion processes and also can be formulated into adhesives
capable of high temperature applications between 288-343°
C. (550-650° F.).

The significant advantages of melt processing 1n accor-
dance with the present invention includes processing the oli-
gomers without the use of solvent such that costly solvent
recycling 1s unnecessary and can be eliminated. High thermal
stability 1s not only essential for processing the melt at tem-
perature greater than or equal to 350° C., but 1s required also
for polyimides for use in various other high temperature
applications.

Moreover, the thermosetting polyimides of this imnvention
are easier to process 1n comparison to other polymers such as
the thermoplastic resins in that they have a lower molecular
weight and lower viscosities. The thermosetting polyimides
have superior processability 1n addition to their high tempera-
ture capabilities which make them more attractive for use as
high performance matrnx resins i preparing lightweight,
fiber-reinforced polymer matrix composites. These polymer
matrix composites are finding increased use 1n the electron-
ics, automobile and aerospace industries.

SUMMARY OF THE INVENTION

This mvention relates to the composition and process for
preparing solvent free [polyimide] thermoset polyimide res-
ins specifically formulated with dianhydrides including 2,3,
3'.4'-biphenyltetracarboxylic dianydride (a-BPDA), 2,3,3",4-
benzophenone dianhydrnide (a-BTDA), 3,4-methylene
diphthalic anhydrnide or 3,4'-oxydiphthalic anhydride and a
specific group of aromatic diamines endcapped with 4-phe-
nylethynylphthalic anhydride (PEPA) or nadic anhydnide.
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This invention further relates to a solvent-free process for
preparing 1mide oligomers that have a low-melt viscosity
(1-60 poise) at 260-280° C. When the 1mide oligomer melt
was cured at 371° C. 1n a press or autoclave under 100-500 ps1
pressure, the oligomer melt resulted 1n a thermoset polyimide
having a glass transition temperature between 310-380° C.

Accordingly, 1t 1s an object of this mvention to provide
thermosetting polyimides derived from the reaction of low-
melt viscosity imide oligomers by a melt process without the
use of solvents.

It 1s another object of this imvention to provide low-melt
imide oligomers cured by resin transfer molding or resin film
infusion at temperatures ranging up to about 370° C. (700° F.)
to obtain polyimide composites having T,’s ot 310° C. and
above.

It 1s a further object of this mvention to provide a solvent-
free melt process for the preparation of low-melt viscosity
oligomers and thermosetting polyimides.

These and other objects of this ivention will become
apparent from a further and more detailed description of the
process as follows.

DETAILED DESCRIPTION OF THE PREFERR.
EMBODIMENTS

s
.

This invention relates to solvent-iree, low-melt imide oli-
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the invention relate to the process of preparing solvent-iree,
low-melt viscosity imide oligomers derived from the reaction
of eflective amounts (suificient to form the 1mide) of at least
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ASYMMETRIC DIANHYDRIDE

and

X

SYMMETRIC DIANHYDRIDE

wherein X 1s selected from the group consisting of nil, C—0,
—CH,— and oxygen and X, 1s selected from the group
consisting of nil, C(CF,),, CH,— and oxygen, and at least
one diamine having a formula selected from the group con-
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H,N
A\ NH>

2-RING DIAMINE
and
H>N
O =0
_ \/ _

3-RING DIAMINE

wherein the Y’s are the same or different and are selected
from the group consisting of mil, CH,, C,H,, C—0, and
oxygen, and the reactive endcap 1s selected from the group
consisting of 4-phenylethynylphthalic anhydride (PEPA) and
cis-5-norbornene-endo-2,3-dicarboxylic anhydrnide (nadic
anhydride).

In the reaction, an effective amount i1s not limited to the
reaction of stoichiometric equivalents of all the amine func-
tional groups with anhydride groups from the dianhydride
and monofunctional anhydride. It can also include a formu-
lation with up to overall 50% excess of anhydride functional
groups dertved from 4-phenylethynylphthalic anhydrnide over
all the amine functional groups (Example 1V). Furthermore,
additives such as 4-[phenylethynyldiphenylacetylene] ple-
nvlethynyvldiphenvimethane or diphenylacetylene can be
added over the stoichimometric equivalents of the amine and
anhydride (Example V) to increase the glass transition tem-
perature and thermo-oxidation of the thermoset polyimide
resins.

The following examples 1llustrate the novel process and
products obtained by specifically reacting these dianhy-
drides, diamines and 4-phenylethynylphthalic anhydride or
nadic anhydride 1 a solvent-iree, melt process to obtain
low-melt viscosity oligomers which are subsequently cured
to form thermosetting polyimides.

EXAMPLE I

4-phenylethynylphthalic anhydride (6.206 g, 25 mmol)
and 2,3,3'.4'-diphenyl tetracarboxylic dianhydride (3.678 g,
12.5 mmol) were mixed with 3,4'-diaminobenzophenone (3.5
g, 25 mmol) as a solid mixture with either ball mill or an
eificient mechanical stirrer until it became a homogeneous
powder mixture. The solid powder mixture was heated to
232° C. (450° E.) from room temperature i 30 minutes and
then held at 450° F. for 1 hour to melt the monomers initially
and then reacted with all the monomers to form an i1mide
oligomer. The resulting oligomer resin was then [grounded]
ground 1nto a solid powder with a melt viscosity of 5-10
poises as measured by the Brookfield viscometer. The low-
melt viscosity resin was processed by resin transfer molding,
(RTM) or resin film infusion (RFI) and cured at 700° F. (371°

C.) for 2 hours to yield a thermosetting polyimide witha T, of
350° C.

EXAMPLE II

4-phenylethynylphthalic anhydride (0.24 g, 30 mmol) and
2.,3,3".4'"-diphenyl tetracarboxylic dianhydrnide (8.816 g, 30
mmol) were mixed with 3,3'-diaminodiphenylmethane (4.01
g 45 mmol) as a solid mixture with either ball mill or an
eificient mechanical stirrer until it became a homogeneous
powder mixture. The solid powder mixture was heated to
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232° C. (450° F.) from room temperature 1n 30 minutes and
then held at 450° F. for 1 hour to melt the monomers initially
and then reacted with all the monomers to form an 1mide
oligomer. The resulting oligomer resin was then [grounded]
ground 1nto a solid powder with a melt viscosity of 10-20
poises as measured by the Brookfield viscometer. The low-
melt viscosity resin was processed by resin transfer molding,
(RTM) or resin film 1nfusion (RFI) with a carbon fiber pre-
form and cured at 700° F. (371° C.) for 2 hours with the carbon

fiber and then further post cured at 650-700° F. for 8-16 hours
to yield a thermosetting composite with a'l, of 310° C.

EXAMPLE I11

4-phenylethynylphthalic anhydrnide (7.44 g, 30 mmol) and
4.4'-(hexafluoroisopropylident)diphthalic anhydride (6.66 g,
15 mmol) were mixed with 1,3-bis(4-aminophenoxy)ben-
zene (30 mmol) as a solid mixture with either ball mill or an
eilicient mechanical stirrer until it became a homogeneous
powder mixture. The solid powder mixture was heated to
232° C. (450° F.) from room temperature 1 30 minutes and
then held at 450° F. for 1 hour to melt the monomers initially
and then reacted with all the monomers to form an 1mide
oligomer. The resulting oligomer resin was then [grounded]
ground 1mto a solid powder with a melt viscosity of 10-20
poises as measured by the Brookfield viscometer. The low-

melt viscosity resin was processed by resin transfer molding,
(RTM) and resin film infusion (RFI) with a carbon fiber

preform and cured at 700° F. (371° C.) for 2 hours with the
carbon fiber and then further post curred at 650-700° F. for

8-16 hours to yield a thermosetting polyimide composite with
aT,ot320°C.

EXAMPLE IV

2,3,3".4"-biphenyl tetracarboxylic dianhydride (1.47 g, 5
mmol and 3,3'-diaminobenzophenone (2.1275 g, 10 mmol)
were mixed with 20% excess of 4-phenylethynylphthatic
anhydride (2.987 g, 12 mmol) as a solid mixture with either
ball mill or an efficient mechanical stirrer until it became a

homogeneous powder mixture. The solid powder mixture
was heated to 232° C. (450° F.) from room temperature in 30
minutes and then held at 450° F. for 1 hour to melt the
monomers 1nitially and then reacted with all the monomers to
form an 1mide oligomer. The resulting oligomer resin was
then [grounded] ground into a solid powder for resin transfer
molding (RTM) or resin infusion (RFI) processes and cured at
700° E. (371° C.). The polyimide resin or composite can be
turther postcured at 650-700°F. (343-371° C.) to optimize the

composite properties and increase the 1, to 311° C.

EXAMPLE V

2,3,3".4"-biphenyl tetracarboxylic dianhydride (1.46 g, 5
mmol) and 3,3'-diaminobenzophenone (2.1275 g, 10 mmol),

2

\

(

O
X =nill, C =0, CH,, O
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4-phenylethynylphthalic anhydride (2.4823 g, 10 mmol)
were mixed with an additive such as 4-phenylethynyldiphe-
nylmethane (0.5367 g, 2 mmol) or diphenylacetylene as a
solid mixture with either ball mill or an efficient mechanical
stirrer until 1t became a homogeneous powder mixture. The
solid powder mixture was heated to 232° C. (450° F.) from
room temperature in 30 minutes and then held at 450° F. for 1
hour to melt the monomers initially and then reacted with all
the monomers to form an 1mide oligomer. The resulting oli-
gomer resin was then [grounded] ground into a solid powder
for resin transier molding (RTM) or resin infusion (RFI)
processes and cured at 700° F. (371° C.). The polyimide resin
or composite can be further postcured at 650-700° F. (343-
371° C.) to optimize the composite properties and increase

the T, to 322° C.

The special feature of this invention 1s the novel combina-
tion of the reactants comprising dianhydrides selected from
the group consisting of 2,3,3'.4'-biphenyldianhydride
(a-BPDA), 2,2'.3,3-biphenyldianhydride, 2,3,3',4'-ben-
zophenone dianhydride (a-BTDA), 3,4'-oxydiphthalic anhy-
dride, 3,4'-methylenedipthalic anhydride, 4,4'-hexafluoroiso-
propylidene) diphthalic anhydride (HFDA), 4,4'-
oxydiphthalic anhydride, and 3,3'-oxydiphthalic anhydride
together with the specific group of diamines and the endcaps
that can be melt-processed at temperatures between 232-270°
C. (450-520° F.), without any solvent. This reaction produces
imide oligomers that have low-melt viscosities of 1-60 poise
at 260-280° C. The resulting imide oligomers are amenable to
RTM, VARTM or resin infusion processes at 260-280° C. to
produce high quality polymer composites comprising carbon,
glass, quartz or synthetic fiber preforms for use at tempera-
tures ranging from about 550-650° F.

Specifically, a preferred reaction formulation comprises

asymmetrical dianhydrides selected from the group consist-
ing of 2,3,3".4'-biphenyldianhydride (a-BPDA), 2,3,3".4'-ben-
zophenone dianhydrnide (a-BTDA), 3,4'-methylenediphthalic
anhydride, and 3.4'-oxydiphthalic anhydride with one or
more of the specific diamines and 4-phenylethynylphthalic
anhydride (PEPA) or nadic anhydride as the reactive endcap.
These compounds can be reacted 1n the melt to produce imide
oligomers that yield a very low viscosity (1-60 poise). This
unmque melt process, free of solvent, affords a simple manu-
facturing advantage 1n term of cost saving by not requiring
expensive, high boiling solvents such as N-methyl-2-pyrroli-
dinone (NMP) to dissolve the monomers 1n order to produce
the oligomers followed by a tedious and costly solvent
removal process.

The solvent-free melt-process provides a more consistent
quality control 1n contrast to frequent contamination of high
boiling NMP in the final resin product. An example of the
solvent-1ree process 1s illustrated by the following reaction:

X

Heat
230-270° C.

Y
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-continued
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O

‘ N—0ligomers—N

O

lHeat & Pressure at 371° C.

Thermoset Polyimide Resin

In order to produce imide oligomers of this imnvention hav-
ing the low-melt viscosities, the specific aromatic dianhy-
drides are selected from the group consisting of 2,3,3".4'-
biphenyldianhydride (a-BPDA), 2,3,3".4'-benzophenone
dianhydride (a-BTDA), 3,4'-methylenediphthalic anhydride,
3.4"-oxydiphthalic anhydride (a-ODPA), 2,2',3,3"-biphenyl-
dianhydride, 4.4'-(hexafluoroisopropylidene)diphthalic
anhydride, 4,4'-oxydiphthalic anhydride, and 3,3"-oxydiphth-
lic anhydride. The specific diamines are selected from the
group consisting of diamines containing two benzene rings;

such as 3,4'-diamino diphenylmethane, 3,3'-diaminodiphenyl

methane, 3,4-diaminobenzophenone, 3,3'-diaminoben-
zophenone, 3.4'-oxydianiline 2,2'-diamino biphenyl, 2,2'-
dimethylbenzidine, 2,2'-bis(trifluoromethyl) benzidine, and

diamines containing three benzene rings with linkages

between the benzene rings. The linkage between the benzene
rings are the same or different and include CH,, C,H,, oxy-
gen, nil or C=—0. The amino group on the first benzene ring
can be 1n the para, meta or ortho positions with respect to the
linkage Y between the benzene rings while the second amino
group on the second benzene ring 1s preferred to be 1n the

meta or ortho positions with respect to the linkage. In case of
three benzene ring diamines, the third benzene ring can be in
para, meta or ortho positions.

The novel feature of this invention 1s based on the fact that
the monomers, namely; the dianhydrides, diamines and the
endcaps are melt processable which form 1mide oligomers at
temperatures ranging between 232-280° C. (450-535° F.)
without any solvent. Furthermore, the imide oligomers either
partially or fully imidized generally have low-melt viscosities
in the range of 1-60 poise. These low-melt imide oligomers
can be processed easily by resin transier molding (R1TM),
vacuum-assisted resin transfer molding (VARTM) or the

resin infusion process with preforms including carbon, glass,
quartz or synthetic fibers to produce polyimide matrix com-
posites with 288-343° C. (330-630° F.) high temperature
performance capability.

While this invention has been described by a number of
specific examples, it 1s obvious that there are other variation
and modification that can be made without departing from the
spirit and scope of the invention as set forth in the appended
claims.

The mvention claimed 1s:

[1. Process for preparing low-melt viscosity imide oligo-
mers dertved from a solvent-free reaction of stoichiometric
elfective amounts of at least one asymmetric dianhydride
having the formula:
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wherein X 1s selected from the group consisting of nil, C—0,
—CH,, and oxygen, and at least one aromatic diamine having
the formula:

H,N
\h NH2
wherein Y 1s a aromatic radical selected from the group to
consisting of
= / 4 X
OO
4 \

AN
0
|

I/ %

S\
/

and an endcap selected from the group consisting of 4-phe-
nylethynylphthalic anhydride and cis-5-norbornene-endo-2,
3-dicarboxylic anhydride.]

[2. The process of claim 1 wherein effective amounts of an
additive selected from the group consisting of 4-phenylethy-
nyldiphenyl methane and diphenylacetylene 1s added to the
solvent-free reaction. ]

[3. The solvent-free reaction process of claim 2 wherein the
reaction temperature ranges from about 232°-280° C.]
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[4. The solvent-free reaction process of claim 1 wherein at
least one of the dianhydrides 1s

a-ODPA
3.4"-oxydiphthalic anhydride

]

[5. The solvent-free reaction process of claim 1 wherein at
least one of the dianhydrides 1s

O (‘i‘) .
0O Z ‘/C\/ ‘
O
N Y
O
a-BTDA

2,3,3".4'-benzophenone dianhydride

]

[6. The solvent-free reaction process of claim 1 wherein at
least one of the dianhydrides 1s

Qﬁ@
O

a-MEDA
3,4'-methylenediphthalic anhydride

]

[7. The solvent-free reaction process of claim 1 wherein the
Y radical of the diamine has the formula:

o

]

[8. The solvent-free reaction process of claim 1 wherein the
Y radical of the diamine has the formula:

\
OO

]

[9. The solvent-free reaction process of claim 1 wherein the
Y radical of the diamine has the formula:
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]

[10. The solvent-free reaction process of claim 1 wherein
the Y radical of the diamine has the formula:

]

[11. The solvent-free reaction process of claim 1 wherein
the Y radical of the diamine has the formula:

OO
]

[12. The solvent-free reaction process of claim 1 wherein
the Y radical of the diamine has the formula:

\ 0
2.

S
-

]

[13. The solvent-free reaction process of claim 1 wherein
the endcap is 4-phenylethynylphthalic anhydride.]

[14. The solvent-free reaction process of claim 1 wherein
the endcap 1s cis-5-norbornene-endo-2,3-dicarboxylic anhy-
dride.]

[15. The solvent-free reaction process of claim 13 wherein
the reaction temperatures range from about 232° C. to 280° C.
to obtain 1midize oligomers having a low-melt viscosity of
about 1-60 poises at 260°-280° C., and a cure glass-transition
temperature of about 310°-380° C ]

[16. The thermosetting imidized resins or claim 15 cured
with a fiber preform at temperatures ranging from about 650°
to 700° F. to obtain thermosetting polyimide matrix-compos-
ites having a T, ranging from about 310°-380° C.]

[17. The thermosetting polyimide matrix composites of
claim 16 wherein the fiber preform 1s carbon, glass, or a
synthetic fiber preform.}

[18. The imide oligomers obtained by the solvent-free pro-
cess of claim 1 cured by resin-transier molding at tempera-
tures ranging from about 650° to 700° F., to obtain thermo-
setting polyimides having a T, ranging from about 310°-380°
C]

[19. Imide oligomers obtained by the solvent-free process
of claim 1 cured at temperatures ranging from about 650° to
700° F. to obtain thermosetting polyimides having a 1, rang-

ing from about 310°-380° C ]
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[20. Imide oligomers obtained by the solvent-free process
of claim 1.]

21. A process for preparing low-melt viscosity imide oli-
gomers which comprises rveacting in a solvent-free media at
temperatures vanging from about 232° C. to 270° C. an effec-

tive amount of an asymmetric dianhvdride having the for-
mula:

O
AO O
0 = Y
‘ 0
\/ \
@
ASYMMETRIC DIANHYDRIDE

wherein X is selected from the group consisting of nil, C—0,
—CH, and oxygen, and at least one diamine having a formula
selected from the group consisting of:

H,N

/7 \

Y //—\\/\Ma(2
/

2-RING DIAMINE

3-RING DIAMINE
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wherein the Y radicals arve either the same or diffevent and are

selected from the group consisting of nil, CH,, C,H ,, C—0,

and oxygen, and a reactive end-cap selected from the group

consisting of 4-phenylethynviphthalic anhydride and cis-5-
5 norbornene-endo-2,3-dicarboxylic anhydride.

22. The process of claim 21 wherein the Y radical of at least
one of the diamines is C—0.

23. The process of claim 21 whevein the diamines comprise
three vings and the reactive end-cap is selected from the group
consisting of 4-phenviethynyviphthalic anhydride and cis-5-
norbornene-endo-2,3-dicarboxylic anhydride.

24. The process of claim 21, further comprising subse-
quently curing said oligomers at temperatures of about 700°
F. to obtain thermosetting polyimide resins having a 1T,
greater than 330° C.

25. The process of claim 21 wherein the end-cap is 4-phe-
nvlethynyviphthalic anhydride.

26. The process of claim 21 wherein the end-cap is cis-3-
norbornene-endo-2,3-dicarboxylic anhydride.

27. The process of claim 21 wherein said imide oligomers
exhibit a low-melt viscosity of about 1-60 poise at 260°
C.-280° C.

28. The process of claim 21, further comprising curing said
oligomers with fibers at temperatures vanging from about
260° C.-280° C. to obtain thermosetting polyvimide-matvix
composites.

29. The process of claim 28 wherein the fibers are selected
from the group consisting of carbon, glass, quartz and syn-
thetic fibers.

30. Imide oligomers obtained by the process of claim 21.

31. A thermosetting polyimide vesin obtained by the pro-
cess of claim 24.

32. A thermosetting polyimide-matrix composite obtained
by the process of claim 28.

33. A thermosetting polyimide-matrix composite obtained
by the process of claim 29.

34. Imide oligomers obtained by the process of claim 21,
wherein said oligomers exhibit a low-melt viscosity of about

1-60 poise at 260° C.-250° C.
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