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ABSTRACT: Ten nadicimide/methyl nadicimide end-capped oligomeric resins were pre-
pared by reacting endo-5-norbornene-2,3-dicarboxylic acid anhydride (methyl nadic
anhydride), pyromellitic dianhydride (PMDA)/3,3 *,4,4 *-benzophenone tetracarboxylic
acid dianhydride (BTDA)/2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane dianhy-
dride (6F), and bis(3-aminophenyl) methyl phospine oxide (BAP) in glacial acetic acid/
acetone. Structural characterization of the resins was done by elemental analysis, IR,
and 1H-NMR. Multistep decomposition was observed in the TG scan of uncured resins
in a nitrogen atmosphere. Residual weight at 8007C depended on the structure and
ranged between 25 and 51%. Isothermal curing of the resins was done at 3007C for 1
h in an air atmosphere. These cured resins were stable to 350 { 307C and decomposed
in a single step above this temperature. The char yield of the resins increased on curing
and was in the range 34–70%. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 65: 861–
869, 1997

INTRODUCTION ylene end-capped resins based on tris(3-amino-
phenyl)phosphine oxide. These resins had excel-
lent thermal stability and flame resistance.7–13

Endo-5-norbornene-2,3-dicarboximide (nadicim-
The present article deals with the effect of theide) end-capped polyimides have been investi-
structure of (methyl) nadicimide resins based ongated as matrix resins for advanced fiber-rein-
bis(3-aminophenyl)methyl phosphine oxide (BAP)forced composites. Recent research efforts in this
on thermal characteristics.area have been primarily directed toward the de-

velopment of new and improved resins capable of
better elevated temperature performance than
the state-of-the-art systems.1–4 Incorporation of EXPERIMENTAL
phosphorus and nitrogen into the polymer back-
bone generally leads to an improvement in flame Several (methyl) nadicimide oligomers were pre-
resistance and high-temperature performance of pared by reacting nadic anhydride (NA)/methyl
polymers.5,6 In our earlier articles, we reported nadic anhydride (MNA) with bis(3-aminophenyl)-
the synthesis of maleimide, nadicimide, and acet- methyl phosphine oxide (BAP) (Scheme I).

Pyromellitic dianhydride (PMDA)/3,3 *,4,4 *-
benzophenone tetracarboxylic acid dianhydride

Correspondence to: I. K. Varma. (BTDA)/2,2 - bis(3,4 - dicarboxyphenyl)hexafluoro -This paper was presented at the National Symposium
propane dianhydride (6F) was used for chain ex-‘‘Polymer 94’’ held at Vadodara, February 8–10, 1994.

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/050861-09 tension. The structure of the oligomers along with
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Scheme I Reaction scheme for synthesis of (methyl) nadicimides.

sample designation and formula molecular weight were purified by recrystallization from acetic an-
hydride. MNA was distilled under reduced pres-(FMW) is given in Scheme II.
sure. Anhydrous sodium acetate (Sarabhai Chem-
icals) was obtained by fusion. BAP was prepared

Materials according to the method reported elsewhere.10

Glacial acetic acid (BDH) and acetic anhydride
(BDH) were distilled at atmospheric pressure be- Synthesis of (Methyl) Nadicimides
fore use. Acetone (BDH) was dried over sodium
sulfate overnight, refluxed for 1 h, and distilled Appropriate quantities of NA/MNA and BAP in gla-

cial acetic acid (20 mL) were refluxed for severalat atmospheric pressure. NA (E. Merck), BTDA
(Kochlight), PMDA (Fluka), and 6F (Hoechst) hours, and the mono- and bisnadicimides were re-

Scheme II Structure of chain-extended (methyl) nadicimides.
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Table I Physical Characteristics of (Methyl) Nadicimide Resins

Solubility
Sample Yield

Designation (%) Color Acetone CHCl3 DMF DMSO

B-1 97 Brown // // // //
B-2 96 Gray // // // //
MB-1 94 Yellow // // // //
MB-2 93 Dark yellow // // // //
B-1P 54 Light brown // / // //
B-1B 61 Brown 00 / // //
B-1F 51 Yellow 00 / // //
MB-1P 53 Light brown / / // //
MB-1B 59 Brown / / // //
MB-1F 49 Dark brown / / // //

(00) Insoluble; (/) partially soluble; (//) highly soluble.

covered by precipitation. The precipitated resins Chain Extension with Dianhydrides
were washed several times with water and aqueous

Mononadicimide/methyl nadicimide (0.01 mol)sodium bicarbonate and dried under a vacuum. Pu-
was dissolved in acetone (20 mL) at 607C andrification of these resins was done by dissolving in

chloroform and precipitating in methanol. 0.005 mol of PMDA/BTDA/6F was added in por-

Table II Results of Elemental Analysis of (Methyl) Nadicimide Resins

Elemental Analysisa

Sample
Designation Formula C (%) H (%) N (%)

B-1 C22H21N2O3P 63.4 5.12 7.0
[67.3] [5.35] [7.14]

B-2 C31H27N2O5P 65.8 4.9 5.1
[69.1] [5.01] [5.2]

MB-1 C23H23N2O3P 66.0 5.41 5.9
[67.9] [5.66] [6.89]

MB-2 C33H31N2O5P 65.9 5.39 4.8
[69.9] [5.47] [4.94]

B-1P C54H40N4O10P2 66.8 3.9 5.4
[67.0] [4.14] [5.70]

B-1B C61H44N4O11P2 66.9 4.00 5.10
[68.4] [4.11] [5.2]

B-1F C63H44N4O10P2F6 62.8 3.4 4.3
[63.4] [3.69] [4.69]

MB-1P C56H44N4O10P2 64.8 4.3 5.2
[67.6] [4.4] [5.63]

MB-1B C63H48N4O11P2 65.2 4.2 5.0
[68.8] [4.3] [5.10]

MB-1F C65H48N4O10P2F6 61.2 3.2 4.3
[63.9] [3.9] [4.59]

a Figures in brackets indicate calculated values.
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Figure 1 IR spectrum of methyl nadicimide resin MB-1.

tions. The solution was heated for 4 h followed by
chemical cyclization of the amic acid to imide, us-
ing sodium acetate and acetic anhydride as the
cyclodehydrating agent.

Figure 3 DSC traces of (methyl) nadicimide resins:
(a) B-1F; (b) MB-1F.

Characterization

A Nicolet MX-I FTIR spectrophotometer was used
for recording the spectra of various (methyl) nadi-
cimides in KBr pellets. 1H-NMR spectra were re-
corded on a JEOL-JNM-FX-100 FT NMR spectro-
photometer using DMSO-d6 or CDCl3 as solvents
and tetramethylsilane as an internal standard.

A DuPont 9900 thermal analyzer having a 910
DSC module was used for studying the curing
behavior. A sample of 10 { 2 mg was heated
from room temperature to 4507C in static air at
107C/min.

A DuPont 1090 thermal analyzer having a 951
TG module was used for assessing the relative
thermal stability of the (methyl) nadicimide res-
ins. Thermogravimetric traces were recorded in a
nitrogen atmosphere (flow rate 60 mL/min) at a
heating rate of 107C/min. A sample of 10 { 2 mgFigure 2 1H-NMR spectra of nadicimide resins: (a)

B-1P; (b) B-1. was used. The relative thermal stability of various
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resin samples was evaluated by determining (a) 1385 { 10 and 725 { 10 cm01 . The presence of
NH2 groups in the mononadicimide B-1 and MB-the initial decomposition temperature (Ti ) , (b)

the temperature of maximum rate of weight loss 1 was indicated by N{H stretching at 3230 cm01 .
The absorption bands due to P{C6H5 and(Tmax) , and (c) the char yield at 8007C.
{P|O were observed at 1430 and 1185 cm01 .
In samples containing BTDA, a shoulder at 1630
cm01 due to nC|O of ketone was present. The IRRESULTS AND DISCUSSION
spectrum of MB-1 is shown in Figure 1.

The 1H-NMR spectra of B-1, B-2, MB-1, andThe (methyl) nadicimide oligomers were obtained
in powder form having a white to brown color. MB-2 were recorded in CDCl3, whereas DMSO-

d6 was used as a solvent for B-1P, B-1B, B-1F,The physical characteristics of the (methyl) nadi-
cimide oligoimides are given in Table I. The yields MB-1P, MB-1B, and MB-1F resins. The aromatic

protons appeared at d Å 7.2–8.3 ppm and olefinicwere in the range of 49–96%.
The samples B-1, B-2, MB-1, and MB-2 were protons at d Å 6.14 ppm [Fig. 2(a) and (b)] . The

NH2 group appeared at d Å 2.0 ppm. Since thehighly soluble in low boiling solvents. The results
of elemental analysis (C, H, N) of (methyl) nadi- spectrum was recorded in DMSO-d6 , integration

in the aliphatic region was slightly complicatedcimide resins (Table II) showed a good correlation
between observed and calculated values. because of the residual protons of solvent and

moisture. The ratio of total aromatic to olefinicIn the FTIR spectra of (methyl) nadicimide res-
ins, characteristic bands due to imide groups ap- protons was used for structural characterization

of these resins.peared at 1782 { 2 and 1720 cm01 (nC|O) and

Thermal Behavior of Uncured (Methyl)
nadicimide Resins

The TG traces of uncured (methyl) nadicimide
resins in nitrogen revealed a multistep decompo-
sition. An initial weight loss of Ç 2–5% was ob-
served in the temperature range of 70–1657C in
most of the samples except B-2, where 10% loss
was observed. In the DSC scan of the B-2 resin,
a broad endothermic transition was observed in
this region. The observed weight loss associated
with the endothermic transition may be attrib-
uted to loss of absorbed moisture. Introduction of
phosphorus into the backbone increases hydro-
philicity. In B-1P and B-1B resin samples, a melt-
ing endotherm was observed at 173 and 1767C,
respectively. No such endotherm was observed in
the corresponding methyl nadicimides, i.e., MB-
1P and MB-1B. A similar weight loss was ob-
served in B-1, MB-1, B-2, and MB-2 resins in this
temperature range. The FMW of B-1, MB-1, B-2,
and MB-2 resins are comparable. The only differ-
ence is the presence of a methyl group in (methyl)
nadicimide MB-1 and MB-2 resins. Therefore, it
may be concluded that the presence of nonpolar
methyl groups in methyl nadicimides did not af-
fect the moisture absorption.

In DSC scans, a less prominent endotherm was
observed in B-2 and B-1 resins in the temperature
range of 200–3007C. A melting endotherm was
observed in B-1F and MB-1F resins with a peakFigure 4 TG traces of uncured (methyl) nadicimide

resins: (a) B-1F; (b) MB-1F. position at 237 and 2257C, respectively [Fig. 3(a)
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Table III Results of Thermogravimetric Analysis of BAP-Based Uncured (Methyl) Nadicimide Resins

Sample Sample T1 Tmax Tf Yc

No. Deisgnation FMW (7C) (7C) (7C) (%)

1 B-1 392 103 115 139 (4.5) 39.0
139 196 271 (5)
271 296 314 (11)
314 413 459 (30)

2 MB-1 406 60 80 120 (3) 36.5
170 196 216 (9)
274 287 306 (8.5)
348 395 495 (25)

3 B-2 538 100 120 165 (10) 45.0
220 340 380 (10)
420 470 580 (20)

4 MB-2 566 200 325 339 (9) 51.0
339 493 550 (27)

5 B-1B 1070 75 125 150 (2.01) 49.0
273 296 375 (15.8)
375 528 559 (28)

6 MB-1B 1098 100 150 200 (2) 50.0
269 309 334 (15.8)
503 530 600 (16.4)

7 B-1P 966 80 98 120 (1.5) 33.0
164 180 194 (2.5)
200 276 317 (14)
317 416 486 (43)

8 MB-1P 994 100 125 160 (5) 29.0
243 273 292 (14)
292 408 530 (42)

9 B-1F 1192 61 75 100 (3) 25.0
125 170 200 (4)
263 302 450 (48)
490 545 583 (16)

10 MB-1F 1220 100 150 180 (5) 32.0
263 326 322 (36)
504 527 527 (9)

and (b)] . Only a shift of the base line was ob- In DSC scans, the onset of an exothermic tran-
sition was observed above 2507C. This may be dueserved in this region for rest of the resins; soften-

ing of the resin accompanied by endo–exo isomer- to the curing of (methyl) nadicimides via the retro
Diels Alder (RDA) reaction.ization may occur in this temperature range. A

weight loss of 8.5–48% was observed in the tem- Complete degradation of the nadicimide /
methyl nadicimide occurs in the temperatureperature range of 200 { 40 to 350 { 507C. The

maximum weight loss was seen in the resins con- range of 400 { 50 to 600 { 507C (Ç 15–50%
weight loss). A char yield of 25–51% was ob-taining 6F anhydride, i.e., B-1F and MB-1F [Fig.

4(a) and (b)] . This high weight loss may be due served at 8007C in a nitrogen atmosphere. This is
due to a solid-state condensation reaction leadingto a breakdown of the hexafluoroisopropylidine

unit in the backbone. A weight loss of 16–43% to the formation of aromatic char residue. The
results of the thermogravimetric analysis of BAP-was observed above 3507C.
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Table IV Weight Loss During Isothermal nation of the resin (Table V). A close examination
Curing of (Methyl) Nadicimides (Time Å 1 h) of the results at 3007C indicate that the weight

loss is less in methyl nadicimides compared to
Weight Loss (%) the corresponding nadicimides. The weight loss

Sample Resin during isothermal curing of nadicimides may be
No. Designation 2507C 3007C attributed to the loss of (methyl) cyclopentadiene

formed as a result of the RDA reaction according1 B-1 3.7 10.0
to the following scheme:2 MB-1 3.6 9.8

3 B-2 2.9 7.2
4 MB-2 2.8 6.4
5 B-1P 5.0 6.0
6 MB-1P 4.9 5.6
7 B-1B 4.0 5.6
8 MB-1B 4.9 6.2
9 B-1F 4.0 5.6

10 MB-1F 4.1 5.0

based (methyl) nadicimide resins are summa-
rized in Table III. The resins containing the free
amino groups B-1 and MB-1 were less stable than
those which did not have such groups (resin B-2
and MB-2). Char yields of the (methyl) nadicim-
ides containing BTDA were higher than the corre-
sponding (methyl) nadicimides containing PMDA
and 6F units. The presence of the methyl group
in (methyl) nadicimide did not affect the char
yield in a systematic manner.

Curing of Nadicimide Resins

Isothermal curing of the nadicimide resin was
done at 2507C for 1 h in an air atmosphere. These
resins readily dissolved in DMAc, indicating Copolymerization of (methyl) cyclopentadiene

with bismaleimide is believed to be the mecha-thereby only partial curing. The TG traces of these
resins were also similar to those corresponding nism of the crosslinking reaction. The presence of

an electron donor methyl group in methyl cyclo-uncured resins. Therefore, the resins were further
heated at 3007C for 1 h. Resins insoluble in DMAc pentadiene would facilitate such a copolymeriza-

tion. Therefore, more of methyl cyclopentadienewere obtained by such a treatment. Heating at
this temperature resulted in a 5–10% weight loss would be trapped whereas cyclopentadiene evolu-

tion may be higher, thus accounting for higher(Table IV). The cured resins have been desig-
nated by appending a prefix C to the letter desig- weight loss in nadicimides:
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Table V TG Results of Cured (Methyl) Nadicimide Resins

Sample Resin T1 Tmax Tf Yc

No. Designation (7C) (7C) (7C) (%)

1 CB-1 349 410 565 36.0
2 CMB-1 360 405, 506 570 45.0
3 CB-2 433 510 550 50.0
4 CMB-2 318 380, 502 540 57.0
5 CB-1P 337 410, 570 580 50.0
6 CMB-1P 270 410 595 34.0
7 CB-1B 395 410, 512 600 62.0
8 CMB-1B 390 590 600 70.0
9 CB-1F 240 365, 585 650 35.5

10 CMB-1F 290 390, 587 600 45.0

Thermal Behavior of Cured Resins [Fig. 5(a) and (b)] . Char yield at 8007C (Yc ) in-
creased significantly on curing. The TG results ofIn DSC traces of cured samples, no exotherm was cured resins are summarized in Table V. The charnoticeable. In the TG traces, a one or two-step yields of methyl nadicimides were higher thandecomposition was observed. The resins were sta- those of the corresponding nadicimides.ble to Ç 350 { 307C except resins CMB-1P and One would have expected a lower char yield inCB-1F, which started losing weight below 3007C methyl nadicimides due to the presence of a labile
methyl group as a substituent. The observations
are contrary to the expectations and may be due
to participation of a methyl group in the condensa-

tion reaction with
u

C|O
U

groups of nadicimides
resin.

Isothermal Aging of Cured (Methyl) Nadicimides

The isothermal aging of cured (methyl) nadicim-
ide resins was carried out at 3407C in a muffle
furnace. The % weight loss after 150 and 300 h of

Table VI Weight Loss During Isothermal Aging
at 3407C of Cured (Methyl) Nadicimides

Weight Loss After
Sample Sample

No. Designation 150 h 300 h

1 CB-1 47.0 48.5
2 CMB-1 29.2 31.2
3 CB-2 39.6 45.2
4 CMB-2 28.1 31.0
5 CB-1P 52.6 65.7
6 CMB-1P 50.0 55.1
7 CB-1B 22.8 31.5
8 CMB-1B 21.4 28.5
9 CB-1F 42.3 50.0

Figure 5 TG traces of cured (methyl) nadicimide res- 10 CMB-1F 46.6 49.3
ins: (a) CB-1F; (b) CMB-1P.
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