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Synopsis

Two monomeric V-substituted bisitaconimides, NN’ -bigitaconimido-p,p’-diphenylmethane
and N,N'-bislitaconimido-p,p’-diphenyl either), were symthesized from the corresponding diamines.
The synthesis was accomplished by reaciion of the diamine with ilaconic anhydride and ¢yclocon-
densation of the resubant bisitaconamic acid.  Attempts 1o vse p.p’-diaminodiphenylsulfone as
the diamine gave NNV’ -hiscitraconimido-p.p’-diphenylsulfone and N-citraconimide-N'-itaconi-
mido-p.p’ -diphenvlsulfone instead of the hisitaconimide. ''he lwo hisitaconimides polymerize
thermally at 180°C and 225°C., respectively, and vield tough palymers with very high thermal sta-
bility,

INTRODUCTION

Polyimides are one of a growing number of classes of thermoseiting resins
which offer very high thermal stability and high-temperature mechanical
strength. The most common synthesis of polyimides takes place by the evclo-
condensation of the corresponding polyamic acid.*? Unfortunately, volatile
by-products are evolved which interfere with the curing of the polymer [eq.

(1)).
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Here A and B can be a wide variety of organic moieties, usually aromatic for
higher thermal stability. In recent vears, the use of N-substituted bismaleimide
monomers has eliminated the problem of volatiles from polyimide synthesis.”
With the bismaleimides, the imide bonds are preformed in the monomer, and
the polymer is subsequently formed by an addition type reaction [eq. (2)].
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Here R is generally an aromatic structure to enhance the thermal stability of
the polymer. However, it is a rather general rule that 1,2-disubstituted ethylenes,
such as maleimides, do not readily homopolyvmerize,*® angd it would be advan-
tageous to use a more reactive species. [t has been shown that itaconic deriva-
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138 HARTFORD, SUBRAMANIAN. AND PARKER

tives homopolymerize by an addition type reaction more readily than maleic
derivatives.®-? Therefore, it is reasonable {0 speculate that itaconimides may
be more suitable than maleimides as precursors for polyimides. There has been
very little discussion of itaconimides in the literature,’®4 and we wish to report
the synthesis of several N-substituted bisitacenimides, which vield polyimides
upon thermal curing. These N-substituted bisitaconimides have the general
structure:

] Q
1 Il
N—R— N
H C?C O\:}
2 il il CHz
Q o

EXPERIMENTAL

Materials and Instrumentation

The N-substituted bisitaconimides were prepared by the method of Searle.t®
First, the bisitaconamic acid was formed from a diamine and itaconic anhy-
dride. Then the amic acid was dehydrated by using acetic anhydride and sodium
acelate to give the bisitaconimide. All chemicals were reagent grade and were
used directly as obtained from the supplier. Diamines and chloroform were
obtained from Aldrich Chemical Company, itaconic acid from Pfizer Chemicals
Division, acetic anhydride, silica gel, and phosphorus pentoxide from Baker
Chemical Company, sodium acetate from Eastman Chemicals Division, and
acetone from Mallinckrodt Chemical Company.

Melting-point determinations were performed by using a Thomas Hoover
uni-melt apparatus and are uncorrected. Melting points were also determined
by differential thermal analysis (DTA) with a DuPont 990 differential thermal
analyzer. Infrared spectra were taken on a Perkin-Elmer Model 180 infrared
spectrometer. NMR specira were obtained with a 100-MHz Varian HA 100
spectrometer. The liguid chromatographs were run on a Waters Associates
Model 202/401 high-pressure liquid chromaiograph equipped with a differential
ultraviolet detector and an M6000 pumping unit. Thermogravimetric analysis
{TGA) was performed by using a DuPont 950 thermogravimetric analyzer.
Elemental analysis was done by 1. J. Wilk Associates, Stanford, Calif.

Synthesis of Itaconic Anhydride

Itaconic anhydride was prepared in the laboratory from itaconic acid by use
of phosphorus pentoxide as the dehydraiing agent.!8 The reaction is carried
out by mixing 2.0 moles of itaconic acid and 1.5 moles (excess) of phosphorus
pentoxide in a 3-liter reaction flask containing 2 liters of chlorolorm. The
mixture is allowed to reflux with stirring for 24 hr.  After refluxing, the chloro-
form solution s decanted from the viscous brown residue at the bottom of the
flask, and the volume of solution is reduced to 1 liter by rotary evaporation. The
remaining chloroform solution is cooled Lo —10°C, resulting in crystallization
of itaconic anhydride from the solution. Three crops of white crystals, mp 68°C,
can be obtained in this manner. The average vield is about 85%.
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General Synthesis of Bisitaconamic Acids

The synthesis of the bisitaconamic acids is similar to the synthesis of the
monoitaconamic acids.1 A 0.5-mole portion of the appropriate primary diamine
is dissolved in 2 liters of acetone in a 3-liter round-bottomed flask, and 1.1 mole
{10% excess) of itaconic anhydride is added slowly. A slight excess of the an-
hydride is used to assure complete reaction of the diamine so that no monoamic
acid is present. After addition of the itaconic anhydride, the mixture is refluxed
with stirring for 24 hr. The bisitaconamic acid that precipitates from the acetone
is collected by suction filtration and washed with fresh acetone. After air drying
at room temperature for 24 hr, the product is vacuum-dried at 75°C 1o remove
any remaining solvent. The yields of the different bisitaconamic acids are given
in Table 1.

General Synthesis of Bisitaconimides

The hisitaconimides are made by the cyclocondensation of the bisitaconamic
acids. First, 0.06 mole of the bisitaconamic acid is suspended in 700 ml of acetone
in g i-liter round-bottomed flask. Next, 0.18 mole (excess) of acetic anhydride,
the dehydrating agent, and 1.0 g of sodium acetate, as catalyst, are added to the
suspension. The mixture is refluxed with stirring until the solution just becomes
clear and no solid remains. Then the reaction mixture is poured into 8 liters of
distilled water with vigorous stirring, causing the imide to precipitate. The imide
15 filtered and washed with copious quantities of distilled water. After air-drying
at room temperature for 2448 hr, the imide is vacuum-dried at 75°C to remave
any remaining solvent. The product, a mixture of hisimides, is obtained in
80-90% yield.

Isolation of Pure Bisimides

The mixtures resulting from the cyclocondensation of the different bis{ita-
conamic acids) were fractionated by vsing a 4.9 cm (i.d.}) X 100 em chromato-
graphic column filled with 60-200 mesh silica gel. For each mixture, 50 g of
material was fractionated at a time, chloroferm being used as the eluting solvent.
Fractions were collected in 250 ml volumes gnd exaimined by high-pressure liquid
chromatography (HPLC) to determine which fractions contained only one species
and which fractions contained more than one. Pure compounds were obtained
by rotary evaporation of the solvent from the pure fractions. The yields of the
different bisimides which were obtained by this process are given in Table I1.

RESULTS AND DISCUSSION
Characterization of Bisitaconamic Acids

Three different diamines were used in the synthesis of the bisitaconamic acids:
p.p’-diaminodiphenylmethane; p,p’-diaminodipheny) ether; and p,p’-diami-
nodiphenylsulfone. The resulting amic acids were N, N'-bisitaconamic acid-
p.p’-diphenylmethane (1), V,N’-bisitaconamic acid-p,p’-diphenyl ether (I,
and N,N’-bisitaconamic acid-p,p’-diphenylsulfone (I1I), respectively. There
are two structural isomers possible for the itaconamic acids:
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Fig. 1. 100-MHz 'H-NMR spectra of (¢} NN’ hisitaconamic acid-p,p’-diphenylmethane, (6)
NN’ bisitaconamic acid-p,p’-diphenyl ether, and {c) N,N'-hisitaconamic acid-p,p - diphenvlsulfone
in DMS30-dg
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It has been demonstrated!” that only one product, (b), is shtained. Therefore,
the bisitaconamic acids have the structures I-I{L

Hoo
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Figure 1 shows the 100-MHz 'H-NMR spectra of the bisitaconamic acids I,
I1, and I1I. The different resonances in the specira are assigned, hut the absence
of a resonance for the amide hydrogen indicates a very rapid equilibrium between
amide-bound hydrogen and solvated hydrogen ion. This rapid equilibrivm
broadens the peak to the point where it is unobservable. Also, there are two small
peaks at 5.64 and 5.96 ppm. These small peaks may be due 1o the presence of
small amounts of the isomer in which the amine has attached to the conjugated
carbonyl, The small peaks do occur in the same region of the spectrum as the
larger ifaconic methylene hydrogen peaks.

Figure 2 shows the infrared spectra of the bisitaconamic acids I, I1, and 1IL
In each spectrum there is a broad absorption region from approximately 1600
to 1700 em~!. This broad absorption is due ta overlap of the amide carbonyl
and acid carbonyl stretching absorptions of the amic acid. It should be pointed
out that even though there is a very broad absorption in the region 2500-3500
cm~! due to the OH stretch of the amic acid, there is also a significant contri-
bution in this region due to the OH stretch of HoO. The H20 could not be
completely eliminated from the KBr pellets.
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Fig. 2. Infrared spectea of (a) N,N'-hisitaconamic acid-p,p’-diphenylmethane, (5) N,N"-bisita-
conamic acid-p,p’-dipheny! ether, and {c) N, N’ -bisitaconamic acid-p,p’-diphenylsulfone in KBr
pellet forim.
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Fig. 3. Differential thermal analysis plots of (2} N, N'-bisitaconamic acid-p,p’-diphenylmethane,
{5} N,N’'-bisitaconamic acid-p,p’-diphenyl ether, and (¢} N N’ -bisitaconamic acid-p,p’ -diphenyl-
sulfone with alumina as the reference and a heating rate of 10°C/min.
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Fig. 4. High-pressure liguid chromatographs of the reaction products of the evclodehydration
reactions of (@) N, N’'-bisilaconamic acid-p,p'-diphenylmethane, (8} N, N’-hisitaconamic acid-
p.p’-diphenyl ether, and {¢} N,N'-bisitacenamic acid-p,p" -diphenylsulfone by use of a Microporasil
{Waters Associates) column.
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Figure 3 contains the DTA data for the bisitaconamic acids I, I1, and IIL
These compounds exhibit normal melting behavior which was substantiated by
using a standard melting point apparatus. The melting point data, elemental
analysis, physical description, and vield of each compound are given in Table
I. The slight coloration in compounds I and I could be due to slight amounts
of impurity. The low yield of compound Il is reproducible and cannot be ac-
counted for.

Characterization of Bisitaconimides

Figures 4a, 4b, and 4¢ show the high-pressure liquid chromatographs (HPLC)
of the reaction products which resulted from the cyclocondensation of the
bis(itaconamic acids) I, II and II1, respectively. Only the major componeat, IV,
was jsolated in the pure form from the eyclocondensation products of bis(ita-
conamic acid) I. Compound IV corresponds to the peak appearing at 4.6 min
in Figure 4a. Only the major component, V, was isolated in the pure form from
the cyclocondensation products of bis(itaconamic acid} II. Compound V cor-
responds to the peak appearing at 4.4 min in Figure 46. Compounds VIa and
VIb were both isolated in the pure form from the eyclocondensation products
of bis(itaconamic acid) IIL. Compounds Vla and VIb correspond to the peaks
at 3.6 min and 4.8 min, respectively, in Figure 4¢.

Figure 5 shows the 100-MHz 'H-NMR spectra of compounds IV, V, VIa, and
VIb. Figure ba is the NMR spectrum of IV, which was identified as N,N’-bisi-
taconimido-p,p’-diphenylmethane.

o} o

I il
SO <0

HaC® i

¢ s}

v

Sehy

Figure 5b is the NMR spectrum of V, which was identified as N,N’-bisitaconi-
mido-p,p’-diphenyl ether.

0 o
I
L3000
M2l ek
o 0
Vv

Figure 5c¢ is the NMR spectrum of Vla, which was identified as N N’ -bisci-
traconimido-p,p’-diphenylsulfeone.

o 0
I 0 I
s Y 0 ii CHs
0 0
Via

Figure 5d is the NMR spectrum of VIb, which was identified as N-¢itraconim-
ido-N'-itaconimido-p,p’-diphenylsulfone.
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The low signal/noise level in Figure 5d is a result of the low solubility of the
bisimide, VIb, in CDCl;. Aftempts to dissolve this compound in other solvents
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Fig. 5 100-MHz "H-NMR spectra of 1he products that were isolated pure from the cyclocon-
densation reaction of the bisitaconamic acids 1,11, and 1LL: (g} N,N'-bisitaconimido-p,p’-diphe-
nylmethane, ) N N -bisitaconimido-p.p -diphenyl ether, (¢) N N’ -biscitraconimido-p,p’-di-
phenylsulfone, and (d) N-citraconimido-N"-ilaconimido-p,p’-diphenylsulfone in CDCly.
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Fig. & {continued from the previous page)

such as acetone-dg, acetonitrile-dy, and DMS0-dg produced a pink solution
which gave an aliered NMR spectrum.

The presence of citraconimide as a by-product of itaconimide synthesis is not
unexpected, since the isomerization of itaconic anhydride to ¢itraconic anhydride
[eq (4}] is known to take place readily.’® The citraconimide is distinguished
in the NMR spectra by a peak at 6.44 ppm and another, approximately three
times as large, at 2.15 ppm.

HaCF H3C
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Figure 6 shows the infrared spectra of the bisimides IV, V, V1a, and VIbh. All
of the spectra show the large absorption at 1710 em~! which is characteristic of
imides. The spectral region from approximately 700-800 em~1 is obscured by
the absorpiion of the C—Cl stretch of the solvent.
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Fig. 6. Infrared spectra of (a) N N’ -bisitaconimido-p.p’-diphenylmethane, () N,N'-bisitacon-
imido-p.p’-diphenyl ether, (¢) N, N'-biseitraconimido-p,p’-diphenylsulfone, and (d) N-eitraconi-
mido-N"-itaconimide-p,p’-diphenylsulfone in CDCL; with the vse of a matched .1-mm reference
cell.
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Fig. 7. Dillerential thermal analysis plots of {a) N N'-hisitaconimido-p.p -diphenvlmethane,
tb) N N’-bisitaconimido-p.p’-diphenyl ether, {¢) NN’ biscitraconimido-p p'-diphenylsulfone,
and (d) N-citraconimido-N'-itaconimide-p,p’-diphenyvisullone with alumina as the reference and

a heating rate of 10°C/min.
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Fig. 8. Thermogravimetric analsis of {a) poly(:V,N'-bisitaconimido-p.p’-diphenylmethane) and
(&) poly(N N’ bisitaconimido-p,p’-dipheny] ether) with a heating rate of 10°C/min.

The DTA data for the bisimides IV, V, Vla, and VIb are shown in Figure 7.
It is intevesting to note that the bisitaconimides IV and V show a strong exotherm
just after the endotherm of melting. It is believed that this exotherm is caused
by the thermally induced potymerization of double bonds in the bisitaconimides.
In correlating the DT A data with standard melting point tests, it was observed
that the hisitaconimide V did not melt when heated from room temperature to
the 210-211°C melting point shown in Figure 7b. However, the compound did
melt when immersed directly into an oil bath at 211°C, but not less than that
temperature. Apparently, if the compound is heated gradually, sufficient
crosslinking occurs at lower temperatures so that melting does not oceur at the
normal melting temperature. The observation that the bisitaconimide IV shows
normal melting behavior when heated gradually is attributed to the fact that it
has a lower melting point, and sufficient thermal crosslinking to prevent melting
does not occur.  Table IT summarizes the melting point data of the bisimides,
IV, V, VIa, and VIb as determined by DTA and standard techniques, as well as
elemental analysis, physical description, and yields of these compounds.
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Thermal Polymerization of the Monomeric Bisitaconimides

The two bisitaconimides, IV and V, were thermally polymerized by heating
in a cylindrical press of 1.25 in. diameter at 2500 psi for 24 hr. Bisitaconimide
IV was heated to L80°C and bisitaconimide V was heated to 225°C. Both
compounds yielded tough, light yellow, transparent disks with a density of ap-
proximately 1.3 g/fcm®  Figure 8 shows the TGA data for the two polymers.
These curves show that the bisitaconimide polymers have very high thermal
stability, which is comparable to that of the bismaleimide polvmers. Further
physical tests are currently being conducted on the bisitaconimide polymers.
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