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(571 ABSTRACT

Polyimides having high thermal and oxidative stability
are prepared by the reaction, with application of heat,
of a mixture of monomers comprising (a) a dialkyl or
tetraalkyl ester of an aromatic tetracarboxylic acid, (b)
an aromatic diamine, and (c) a monoalkyl or dialkyl
ester of a dicarboxylic acid wherein the ratio of a:b:c
is n:(n+1):2, wherein n has a value of from 1 to 20. The
mixture of monomers is prepared in a 30 to 70 percent
by weight solution of an organic solvent, a substrate im-
pregnated with the solution and heated at 50° to 205°C
to remove said solvent and form a low molecular
weight prepolymer, and thereafter heated at 275° to
350°C to cure to a high molecular weight polyimide. In
a specific embodiment, graphite fiber is impregnated

. with a solution of 60 percent by weight of a mixture of

2,5-dicarbomethoxyterephthalic acid, methylenedi-
aniline, and 5-norbornene-2,3-dicarboxylic acid mono-
methyl ester in dimethyl formamide, the impregnated
fiber heated at 50° to 120°C to remove solwent, and
thereafter heated at about 205°C to form imidized pre-
polymer and then at 315°C to form a high molecular
weight thermally stable polyimide.

11 Claims, No Drawings
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PREPARATION OF POLYIMIDES FROM
MIXTURES OF MONOMERIC DIAMINES AND
ESTERS OF POLYCARBOXYLIC ACIDS

ORIGIN OF THE INVENTION

The invention described herein was made by employ-
ees of the United States Government and may be man-
ufactured and used by or for the Government for gov-
ernmental purposes without the payment of any royal-
ties thereon or therefor.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to polyimide resins which are
noted for their high thermal and oxidative stability,
high strength at elevated temperatures, and which ex-
hibit many other outstanding physical and chemical
properties especially useful in high temperature appli-
cations. Such polyimides have been particularly useful
in applications such as jet engine compressor compo-
nents, for example, blades, vanes, air seals, air splitters,
and engine casing parts. They are generally useful in
applications where high strength and temperature ca-
pabilities are required at temperatures of up to 550°F.
Polyimide resins, while possessing the attractive high
temperature properties, have not been utilized as fully
as might otherwise be possible because the economics
of processing conditions have been less than favorable.
Special handling requirements in the processing stage
have made their use economically prohibitive for many
applications.

2. Description of the Prior Art .

Polyimides have been prepared according to the
practice in which intermediate polyamide acids are first
synthesized. Generally these polyamide acids are of
two types, high molecular weight and end-capped low
molecular weight. Both these types of pre-cursors haye
certain limitations such as limited solubility in organic
solvents and limited shelf life due to solvolytic degrada-
tion. The thermal stability of the latter type precursor
is further limited due to the non-aromatic nature of
end-caps employed.

Thus, in the past, condensation type aryl polyimides
have been produced by reacting an aryl dianhydride
and an aryl diamine in an aprotic solvent. Initial reac-
tion produces a polyamide acid through chain exten-
sion, or polymerization, requiring a reaction time of up
to 4 hours. The polyamide acid which is formed is un-
stable and must be kept in solution, hermetically sealed
and refrigerated if not utilized within a few hours. Spe-
cial handling and storage greatly increases the ultimate
cost to the user. Such polyamide acids require curing
by heat treatment to the final polyimide for periods of
from 5 to 16 hours and such curing results in the evolu-
tion of appreciable amounts of volatile materials.

U.S. Pat. No. 3,528,950 discloses a method for pre-
paring high molecular weight polyimides without the
necessity of forming the polyamide acids. In U.S. Pat.
No. 3,528,950 a low molecular weight prepolymer is
prepared by reacting a poly-functional amine, a poly-
functional anhydride, and an end-capping mono-
anhydride of the formula:

¢}
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where R represents hydrogen or a lower alkyl, by re-
fluxing for a period of 18 hours. Such treatment yields
two polyimide prepolymers, one of a higher molecular
weight and a second of a lower molecular weight,
which are subsequently blended in dry-powder form.
The blend of prepolymer is then heated to a tempera-
ture of 200° to 350°C to form polyimide macro-
molecules. While utilization of such prepolymers elimi-
nates the instability problems that are encountered
with the polyamic acid approach, the preparation of
the prepolymer is very time-consuming and requires
the separate step of blending the two prepolymers that
are formed in the refluxing step prior to heating to cure
to the macro-molecular polyimide.

SUMMARY OF THE INVENTION

According to this invention, macro-molecular polyi-
mides are prepared-from mixtures of monomers of (a)
a dialkyl or tetraalkyl ester of an aromatic tetracarbox-
ylic acid, (b) an aromatic diamine, and (c) a monoalkyt
or dialkyl ester of a dicarboxylic acid, wherein the ratio
of a:b:cisn: (nt+l) : 2, wherein n is an integer of from
1 to 20. The monomers are mixed in an organic solvent
and comprise 30 to 70 percent by weight of the solu-
tion. The solution of monomers has excellent long-term
shelf life. The monomers are non-reactive at room tem-
perature but react at elevated temperatures to form
prepolymers, and when cured at high temperatures
form macromolecular polyimides having molecular
weights of at least 10,000. Such polyimides have excel-
lent high temperature oxidative and thermal stability
and outstanding mechanical properties.

DETAILED DESCRIPTION OF THE INVENTION

According to this invention, the high temperature
macromolecular polyimides are synthesized from a
mixture of monomer compounds of the following for-
mulas:

(a) [¢] 0
RzO—(UJ g—om
e
R, o—c/ \c—o Ry
§od

wherein R, is a tetravalent aryl radical and R, is alkyl,
preferably lower alkyl of one to four carbon atoms, or
hydrogen, at least two of R, being alkyl;

(b) H;N—R,;—NH,
wherein R, is a divalent aryl radical; and

(c) 0
1l
Re—O—C
N
Hy
itz OO0}
|

L]
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wherein R, is defined as in a above, and wherein at least
one of R, in c is alkyl, and R, is a divalent radical of the
formulas:

AN o
\C/ \c c
It or | Ry—C—R; ||

[e;

C
4 \Rs /I%s\l( \Ra

.wherein Ry is hydrogen or lower alkyl of one to four
carbon atoms, and is preferably methyl.

The esters of the tetracarboxylic acid defined in a
above may be readily prepared according to the known
methods from the corresponding dianhydrides of the
formula: :

o] (o}

Il il

C (o]
o/ \Rl/ \o
N7 N/

i

& 4

wherein R, is as defined above. Representative of the

“many dianhydrides which may be employed include py-
romellitic dianhydride, 3,3', 4,4’-benzophenone tetra-
carboxylic dianhydride, 2,3,6,7-naphthalene tetracar-
boxylic dianhydride, 1,2,5,6-naphthalene tetracarbox-
ylic dianhydride, 2,2',3,3’-diphenyl tetracarboxylic di-
anhydride, bis (3,4-dicarboxyphenyl) sulfone dianhy-
dride, 1,4,5,8-naphthalene tetracarboxylic dianhy-
dride.

Representative diamines of the type defined in b
above are benzidine, 4,4'-methylenedianiline, 4,4’-
thiodianiline, 4,4’-oxydianiline, 4,4'-diaminodiphenyl
sulfone, m-phenylenediamine, p-phenylenediamine.

The mono- or dialkyl esters of the dicarboxylic acid
defined in ¢ may be prepared readily from the corre-
sponding anhydride of the formula:

(o}

i
C

wherein R, is as defined above. Representative of such
anhydrides include maleic anhydride, citraconic anhy-
dride, 5-norbornene-2,3-dicarboxylic anhydride, meth-
yl-5-norbornene-2,3-dicarboxylic anhydride.

An organic solvent is employed to dissolve the esters
and diamine. The solvent is one of which must not react
with the amines or esters during the processing condi-
tions. Representative examples of suitable solvents are
N,N-dimethylformamide, N,N-dimethylacetamide, di-
methyl sulfoxide, N-methylpyrrolidone, aliphatic alco-
hols, aliphatic alcohol-ethers, and alkylbenzenes such
as xylene. Mixtures of two or more of such solvents
may be employed.
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The solutions of esters and diamine of the present in-
vention are very stable and have an extremely long
shelf life. They do not require any special packaging or
storage conditions.

The solutions of mixtures of esters and diamine of the
present invention may be reacted to form prepolymers
of the types described in U.S. Pat. No. 3,528,950 by
heating the solutions at temperatures of 50°C to 205°C
thereby forming low molecular weight end-capped pre-
polymers of the formula:

wherein R,, R;, R, and n are as defined above. The mo-
lecular weight of such end-capped prepolymers can be
adjusted to desired values by varying the value of the
number n between 1 and 20 provided molar ratio nR,
: (n+1)R; : 2R, is maintained, as indicated above, for
the relationship of a:b:c. The prepolymers have an av-
erage molecular weight in the range of 400 to 10,000.
Such end-capped prepolymers, as is known, are stable
below 275°C. When heated at from about 275°C to
about 350°C the endcapped portion of the molecule
becomes reactive and chain extension and cross-linking
occur to form high molecular weight thermally stable
polyimides. ,

The exact nature of the polymerization process by
which the high molecular weight polyimides having the
structure:

0 O (o] O

I I i I
N2 NN /N
/R'\.\ /N—~R3—N R N——R3;-N R’y

¢ L & N J N

} il i

are formed, is not known. It is believed that R’ is a rad-
ical formed during the cross-linking of the end-caps.
One of the important advantages of the present in-
vention is that there is no need to form the polyimide
prepolymer as in U.S. Pat. No. 3,528,950 prior to heat-
ing at curing temperature to form the high molecular
weight polyimides. Thus, the solution of monomer mix-
tures of the present invention may be used to impreg-
nate a substrate which is then heated to a cure tempera-
ture of 275° to 350°C to obtain the high molecular
weight polyimide within 30 minutes to an hour. Ac-
cording to the process of this invention, the polymer-
ization to the high molecular weight polyimide can be
accomplished within a much shorter period of time
than previously known processes. In addition, there is
no volatile material evolved during the final cure.
The following examples describing certain represen-
tative embodiments of this invention will serve to fur-
ther illustrate the nature of this invention. It is to be un-
derstood that the examples are merely illustrative, and
intended to cnable those skilled in the art to practice



3,745,149

5

the invention in all of the embodiments flowing there-
from and do not in anyway limit the scope of the inven-
tion defined in the claims.

EXAMPLE 1

A solution of 5.10 g of 5-norbornene-2,3-
dicarboxylic acid monomethyl ester in 6.00 g of anhy-
drous N,N-dimethylformamide is added dropwise at
room temperature to a stirred solution of 6.02 g of 4,4’-
methylenedianiline in 4.69 g of dimethylformamide.
After the addition is completed, 4.91 g of solid 2,5-
dicarbomethoxyterephthalic acid is added. The mix-
ture is stirred at room temperature for 2 hours. The
solid dissolves during this time. The resulting solution
contains 60 percent solids by weight, and will yield an
imidized end-capped prepolymer having a molecular
weight of 1,000. The value of n is 1.342.

Approximately 5 g of graphite fiber are impregnated
with 7.65 g of the solution by first winding the graphite
fiber onto a mandrel, then applying the solution evenly
to the fiber with a small brush. The impregnated fiber
is then heated at 50°C for 1 hour on the mandrel to re-
moved most of the dimethylformamide solvent. The
impregnated fiber is then heated in a 120°C oven for 10
minutes to further reduce the solvent content to 5 to 10
percent by weight. The impregnated fiber at this point
is flexible, but not tacky, and can be easily cut and
~ shaped into various forms.

Six plys of impregnated fiber % by 4% inches are cut
and then heated for 1 hour in a 205°C oven. During this
heating period the monomers in the fiber react to form
the imidized end-capped prepolymer. The volatile
products of this reaction, along with the last traces of
solvent, are driven off.

A separator film of aluminum foil is placed on the top
and bottom of the stack of impregnated fiber, and the
impregnated fiber inserted into a % by 5 inch mold pre-
heated to 315°C. The mold is closed and contact pres-
sure maintained for 50 seconds, then 650 psi is applied.
After 30 minutes at 650 psi and 315°C, the pressure is
released and the mold slowly cooled to room tempera-
ture.

The resulting polyimide-graphite fiber composite is
essentially void-free, and exhibits mechanical proper-
ties comparable to composites made from conventional
amide-acid prepolymers, such as a room temperature
interlaminar shear strength of 8,000 psi (measured ac-
cording to Method D-2344 of the American Society of
Testing and Materials).

EXAMPLE 2
- .Following the procedure of Example 1, a solution of
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5-norbornene-2,3-dicarboxylic acid monomethyl ester, -

4,4'-thiodianiline, and 2,5-dicarbomethoxyterephthalic
acid is made wherein the value of n is 2,492 and yield-
ing an imidized end-capped prepolymer having a for-
mulated molecular weight of 1,500. The impregnated
fiber using the monomeric solution of this example is
molded into a composite in the same manner as in Ex-
ample 1. The composite is essentially void-free and ex-
hibits excellent mechanical properties, such as a room
temperature interlaminar shear strength of 8000 psi.

EXAMPLE 3

Following the proc.edure of Example 1, a solution of
5-norbornene-2,3-dicarboxylic acid monomethyl! ester,
4,4'-methylenedianiline, and 2,5-dicarbomethox-
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yterephthalic acid, wherein n has a value of 3.974, is
prepared to give an imidized end-capped prepolymer
having a formulated molecular weight of 3,000. Im-
pregnated graphite fiber is prepared in the same man-
ner as in Example 1 except that the imidization step at
205°C is eliminated. The compounds in the impreg-
nated fiber react to form imidized end-capped prepoly-
mer in the mold during the initial phase of the molding
cycle at 320°C, and further polymerize through the re-
active end-caps to the high molecular weight polyi-
mides. As in the previous examples, there are essen-
tially no voids and the composite exhibits excellent me-
chanical properties.

EXAMPLE 4

A mixture of 8.82 g of 5--
-norbornene-2,3-dicarboxylic acid monomethyl ester,
13.75 g of 4,4'-methylenedianiline, and 18.13 g of 3,3-
' 4,4'-benzophenonetetracarboxylic acid dimethyl
ester is dissolved in 40.70 g of anhydrous methanol by
stirring at room temperature. The solids dissolved
within 30 minutes. The resuliting solution contains 50
percent solids by weight, and will yield an imidized end-
capped prepolymer having formulated molecular
weight of 1,500. The value of n is 2.087.

Approximately 60 g of graphite fiber are impreg-
nated with the above solution by first winding the
graphite fiber onto a mandrel, then applying the solu-
tion evenly to the fiber with a brush. The impregnated
fiber is then dried at 50°C for 1 hour on the mandrel to
reduce the solvent content to 5 to 10 percent by
weight. The impregnated fiber at this point is easily cut
and shaped into various forms.

Twelve plys of impregnated fiber 3 by 9 15/16 inches -
are cut and then heated for 4 hours in a 205°C oven.
During this heating period the monomers in the fiber
react to form the imidized end-capped prepolymer.
The volatile products of this reaction, along with the
last traces of solvent, are driven off.

A separator film of aluminum foil is placed on the top
and bottom of the stack of impregnated fiber, and the
impregnated fiber inserted into a 3 by 10 inch mold
preheated to 315°C. The mold is closed and contact
pressure maintained for 40 seconds, then 500 psi pres-
sure is applied. After 30 minutes at 500 psi and 315°C,
the pressure is released and the mold slowly cooled to
room temperature.

The resulting polyimide-graphite fiber composite is
essentially void-free, and exhibits excellent mechanical
properties, such as a room temperature interlaminar
shear strength of 13,000 psi.

What is claimed is:

- 1. A composition of matter consisting essentially of
a mixture of compounds of the formulas:

(1) O

wherein R, is a tetravalent aryl radical and R, is alkyl
or hydrogen; and at least two R; are alkyl;
(b) H;N—R;—NH,
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wherein R, is a divalent aryl radical; and

1)
(c) i

wherein R, is as defined in (a) and at least one R, is al-
‘kyl, and R, is divalent radical of the formula:

Rs Rs CRs R;
N/ N | ™~
9] [o] C
I or | Rs—C—Rs ||
Rs Rs Rs R

wherein R; is hydrogen or lower alkyl; and wherein the
molar ratio of a:b:c is n :(n+1) : 2, wherein n has a
value from 1 to 20.

2. A composition of matter as claimed in claim 1
wherein said mixture is dissolved in an organic solvent
which is inert to the reactant mixture and comprises
from 30 percent to 70 percent by weight of the solu-
tion.

3. A composition of matter as claimed in claim 2
wherein R, is

'Ry CRs R
\é/‘ /
(|3 Rs—?-‘ua 1l

AN
/}[zs\cm Rs

wherein R; is hydrogen or lower alkyl.

4. A composition of matter as claimed in claim 3
wherein Ry is methyl.

5. A composition of matter as claimed in claim 2
wherein a is solid 2,5-dicarbomethoxyterephthalic
acid; b is 4,4-methylenedianiline; and ¢ s
5-norbornene-2,3-dicarboxylic acid monomethyl ester.

6. A composition of matter as claimed in claim 1
wherein a is 2,5-dicarbomethoxyterephthalic acid; b is
4 4’-thiodianiline; and ¢ is 5-norbornene-2,3-
dicarboxylic acid monomethyl ester.

7. A composition of matter as claimed in claim 2
whercin a is 3,3’,4,4'-benzophcnonctetracarboxylic
acid dimethyl ester; b is 4,4’-methylencdianiline; and ¢
is 5-norbornene-2,3-dicarboxylic acid monomethyl es-
ter.

8. A process for preparing polyimides which com-
prises reacting, by application of heat, a mixture of
compounds of the formulas:

(a) 0 0
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wherein R, is a tetravalent aryl radical and R, is alkyl
or hydrogen, and at least two of R, are alkyl,

(b) H,N—R;—NH,

wherein Ry is a divalent aryl radical; and

(c) 0
R»—0-C

/
Rz—O—(IJ

wherein R, is as defined in a and at least one R, is alkyl,
and R, is a divalent radical of the formula:

Ry R CRy Ry
\(‘/ \(I‘/’\\ .(‘/
Ii or | Ry -C Ry ||
/C\ /(I'"\ /U\
R Ry Ol K,

wherein Ry is hydrogen or lower alkyl, and wherein the
molar ratio of a:b:c is n : (n+1) : 2, wherein n has a
value of 1 to 20, and wherein said application of heat
raises the temperature of said reaction mixture to at
least 205°C to obtain polyimide prepolymers having an
average molecular weight in the range of 400 to
10,000.

9. A process as claimed in claim 8 wherein the reac-
tion products are heated to a temperature of from
about 275°C to about 350°C to obtain polyimide poly-
mers having an average molecular weight in excess of
10,000.

10. A process for preparing polyimides which com-
prises heating a solution of solvent and from about 30
percent to about 70 percent by weight of a mixture of
compounds of the following formulas:

(a) O
R;0-—C ("3—0 R,
Ry
RzO——C/ C—OR;
;o

whercin R, is a tetravalent aryl radical and R, is alkyl
or hydrogen; and at least two R, are alkyl;

(b) HyN—R;—NH,

wherein R is a divalent aryl radical; and

(c)
R:—0-—-C

ity
R:—0O—-C
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wherein R, is as defined in a and at least one R, is alkyl,
and R, is a divalent radical of the formula:
Rs Rs CRs Rs
N/ N ™/
c c c
Il oo | Rs—C—R; |
¢ / (I:\ /C\
4 \Rs Rs Rs Rs
wherein Ry is hydrogen or lower alkyl, and wherein the
molar ratio of a:b:c is n : (n+1) : 2, wherein n has a
value from 1 to 20, at a temperature from about 50°C
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to about 120°C to remove said solvent, and thereafter
heating at 205°C to obtain polyimide prepolymers hav-
ing an average molecular weight in the range of 400 to
10,000, said solvent being inert to said mixture.

11. A process as claimed in claim 10 including an ad-
ditional heating step wherein said prepolymers are
heated at temperatures of from about 275°C to 350°C
to obtain polyimide polymers having an average molec-
ular weight in excess of 10,000.

* * * * *



