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ABSTRACT: Polymaleamide—polymaleimide networks
were obtained as films by the thermal treatment of mixtures
with different ratios of an aliphatic-aromatic polymaleam-
ide (PMA) and 4,4'-bis(maleimidodiphenylmethane) (BMI),
in N-methyl-2-pyrolidinone (NMP) as a solvent. The poly-
maleamides were synthesized by ring-opening polyaddition
of 1,6-hexamethylene-bisisomaleimide with 4,4'-diaminodi-
phenylmethane in NMP at room temperature. The networks
are infusible and insoluble in organic solvents; therefore,
they were studied by solid-state techniques such as IR, DSC,
thermooptical analysis (TOA), TG/DTG analysis, and TEM.
Thermal treatment of pure PMA and BMI occurs with the

formation of crosslinked structures as proved by IR spectra.
DSC and TOA curves show the appearance of chemical
interactions between PMA and BMI in cured films and the
formation of ordered morphologies, especially when BMI is
the major component. TG/DTG and TEM results supported
these observations. The PMA—-polymaleimide network films
present electrical insulator properties superior to individual
polyamides or polyimides. © 2003 Wiley Periodicals, Inc. ] Appl
Polym Sci 91: 779-788, 2004
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INTRODUCTION

The physical properties and processing characteristics
of homopolymers are rarely favorable for practical the
requirements needed for their use. Properties can be
improved by combining the qualities of different poly-
mers and are strongly related to the mixing degree of
the components. It is quite difficult to mix polymers at
a desired molecular level by blending or by separation
from solution in mutual solvents (especially for those
polymers that present limited miscibility)."

These problems can be avoided if networks of dif-
ferent polymers are formed. Thermal treatment (cur-
ing) is used to obtain networks with special thermal
and electrical properties by simultaneous polymeriza-
tion and crosslinking reactions that occur in mono-
mer /polymer mixtures.> *

Polymaleamides, which are polyamides with dou-
ble bonds between the amide groups, offer the main
advantage that no volatile products are evolved dur-
ing the curing process as long as only addition reac-
tions take place. Otherwise, the volatile compounds, if
present, would produce voids in the material, thus
causing deterioration, especially of the mechanical
properties.” Addition reactions in polymaleamides
lead to structures that contain polyamide units. The
properties of polyamides are related to the type of
substituents (aliphatic or aromatic) between the amide
groups of the macromolecular chain. Polyamides with
aliphatic soft segments are flexible chain polymers and
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present low thermal expansivity, electrical insulation,
and good adhesion properties. Aliphatic-aromatic
polyamides combine the flexibility of aliphatic moi-
eties with the high melt and glass transition tempera-
tures induced by aromatic units.® The amide groups
can lead, by hydrogen bonds, to polyamide self-asso-
ciated structures; therefore, their density in the chain
influences their properties.”

Polyimides exhibit high-temperature stability, ex-
cellent electrical properties, and mechanical strength.
Polymaleimide resins are industrially important for
composite materials and electronics-related products.®

This article presents the synthesis and characterization
of some networks obtained by curing mixtures of ali-
phatic-aromatic polymaleamide (PMA) and 4,4’-bis(ma-
leimidodiphenylmethane) (BMI) in different ratios. Both
chain elongation and crosslinking reactions occur during
thermal treatment. The chemical structure, morphology,
and properties of the resulting networks depend on the
initial BMI content in the mixtures.

EXPERIMENTAL
Reagents and solvents

Maleic anhydride was purified (mp 56°C) by sublima-
tion. 1,6-Diaminohexane (Fluka) was purified by vac-
uum distillation to give white crystals. 4,4'-Diamin-
odiphenylmethane was purified by recrystallization
from benzene. The N,N'dicyclohexylcarbodiimide
(DCC) (Fluka) reagent was used as received. BMI
(with the structure presented in Scheme 1) was pre-
pared as described elsewhere’ (mp 155-158°C).
N-Methyl-2-pyrolidinone (NMP), dichloromethane,
and N,N'-dimethylformamide were dried over P,O;
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Scheme 1 Network synthesis by thermal crosslinking of initial components (PMA and BMI).

and fractionally distilled (bp 202-204, 40, and 153°C,
respectively). Sulfuric acid, 98%, was a commercial
product (Riedel-de Haén, Germany) and used without
further purification.

Preparation of PMA

An aliphatic-aromatic PMA was synthesized by ring-
opening polyaddition (ROPA)'® of 1,6-hexamethyl-
ene-bisisomaleimide (HBIM) with 4,4'-diaminodiphe-
nylmethane, in an equimolecular ratio, in NMP at
room temperature, as elsewhere presented.'' HBIM
was obtained by cyclodehydration of the 1,6-hexam-
ethylenebismaleamic acid using DCC as a dehydra-
tion agent.

1,6-hexamethylenebismaleamic acid synthesis

A solution of 11.6 g (0.1 mol) of 1,6-diaminohexane in
70 mL glacial acetic acid was stirred during a drop-
wise addition of a solution of 19.6 g (0.2 mol) maleic
anhydride in 50 mL of the same solvent. Stirring was

continued for 10 h. Bismaleamic acid that had precip-
itated during the reaction was removed by filtration,
washed with water and with a 3% sodium carbonate
solution, and dried under reduced pressure, at 60°C,
for 6 h. Yield: 87%; mp 175°C.

HBIM synthesis

The product was prepared by a dehydration reaction
of 1,6-hexamethylenebismaleamic acid with DCC as
described by Cotter et al.'* Purification was performed
by recrystallization from benzene: an ether mixture
yielded a 65 wt % product with a melting point of
95-96°C.

IR (KBr) cm % 1810-1790 (five-membered imide
ring); 1695 (>C=N). 'H-NMR (JEOL C-80 HL spec-
trometer, CDCl,) §, ppm: 6.50-7.10 (two doublets, het-
erocycle vinyl CH=CH).

PMA synthesis

A 6 g (0.03 mol) amount of 4,4'-diaminodiphenyl-
methane was added under stirring to a slurry of 8.3 g
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Scheme 2 Possible reactions during PMA curing.
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(0.03 mol) 1,6-hexamethylenebisisomaleimide in 12
mL NMP, and the reaction mixture was stirred for 5 h.
The product was added to 50 mL distilled water when
a sticky layer separated. After methanol solubilization,
the product (with the structure depicted in Scheme 2)
was precipitated in distilled water, removed by filtra-
tion, and washed with distilled water (with the struc-
ture as depicted in Scheme 2). Yield: 90%. Solubiliza-
tion was realized in amide-type (NMP, etc.) solvents
with 4% LiCl on heating. The inherent viscosity (mea-
sured at a concentration of 0.2 g/dL in NMP with 4%
LiCl at 20°C using an Ubbelohde suspended level
viscometer), 1, dL/g was 0.291. The polymer was
freely soluble in 98% H,SO, but partially soluble in
usual organic solvents.

IR (KBr) cm™": 3300 (N—H); 1640 (C=0, amide I);
1610 (C=C); 1550 (C—N, amide II).

The absence of the absorption band in the 980-960
cm ™' region corresponding to the trans configuration
also suggests that ROPA retained the cis geometry of
the isomaleimide monomer, as was also mentioned in
the literature.'>'*

'"H-NMR (DMSO-d¢) 8, ppm: 6.10 (singlet, vinyl
CH=CH); 6.75—7.30 (two doublets, p-disubstituted
aromatic protons); 8.50 (CO—NH—CsH, amide pro-
ton); 11.20 (CO—NH—CH, amide proton).

PMA-polymaleimide films curing

Twenty percent solutions each of PMA and BMI in
NMP were obtained at room temperature under mag-
netic stirring. Different amounts from the two solu-
tions were mixed to form films of various composi-
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TABLE I
Codes and Compositions of Cured Films (Ratios of
Initial PMA and BMI Solutions and Their
Percent BMI Content)

PMA/BMI
Sample code (mL/mL) BMI (%)
Cured PMA 10/0 0
A10 9/1 10
A20 8/2 20
A40 6/4 40
A60 4/6 60
A80 2/8 80
A90 1/9 90
Cured BMI 0/10 100

tions, as presented in Table I. For instance, the A10
sample was prepared by adding 1 mL of the BMI
solution to 9 mL of the PMA solution under stirring.
The mixture was poured over a 120°C heated glass
plate and maintained at 150°C for 1 h in an air atmo-
sphere of a preheated convection oven to evaporate
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the solvent; then, the temperature was maintained for
2 h at 220°C for the final thermal treatment. The ob-
tained film was removed after cooling in a bath of
water. After drying at about 100°C under a vacuum to
remove water, the cured film was kept for 24 h in
methanol to eliminate the solvent (NMP), then finally
dried in similar conditions. The same treatment was
applied to all solutions containing either the initial
components or their mixture in different ratios.

Characterization and analysis techniques

The polymeric network films presented insolubility
even in 98% H,SO,; therefore, their characterization
requires the use of solid-state techniques. The chemi-
cal structures of the cured films were assigned on the
basis of IR spectra recorded on an M80 Carl Zeiss Jena
Specord spectrophotometer using KBr pellets.
Thermal behavior of the films was determined by
thermogravimetric/differential thermogravimetric (TG/
DTG) data obtained on 50-mg samples at a heating
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Figure 1 IR spectra of the initial components (PMA and BMI) and their cured films.
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Figure 2 IR spectra of the cured components and network films.

rate of 12°C/min in air, using an MOM Budapest F.
Paulik derivatograph. Differential scanning calorime-
try (DSC) measurements were performed on a MET-
TLER TA Instrument DSC 12E to determine the glass
transition temperatures (T,) of the films and the ther-
mal effects during curing of the initial components.
The samples were heated in platinum crucibles in a 50
cm®/min N, flow at a 20°C/min heating rate. Ther-
mooptical analysis (TOA) was performed on an appa-
ratus as described by Kovacs and Hobbs," with a
heating rate of 9.6°C/min. The thermooptical transi-
tion temperature, Tro,, Was related to the inflexion
point in the transmitted light intensity versus the tem-
perature curve.

The morphology of the PMA-polymaleimide cured
films was observed by transmission electron micro-
graphs (TEMs) obtained on a Tesla BS513A micro-
scope, using an ultrathin section technique performed
on an ULTRAMICROTOM LKB-8001A apparatus, af-
ter araldite inclusions. The samples were initially
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Figure 3 DSC curves for the initial components (PMA and
BMI).
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Figure4 DSC curves for networks; glass transition temper-
atures (T,) are indicated by arrows; heating rate, 20°C/min.

treated with phosphowolframic acid, which induced a
dark view for polyamide.

Electrical properties (volume resistivity and con-
ductivity) of the cured films were performed on a
digital RLC meter E0711. The volume resistivity was
measured in direct current at 100 V using a TERALIN
electrometer.

RESULTS AND DISCUSSION

PMA is a hard—soft polymer that presents rigid mal-
eamide segments (due to extended conjugation be-
tween the amide groups and the unsaturated C=C
bonds) and flexible —(CH,)s— aliphatic segments,
both having similar length. The extended conjugation
caused the v-_g stretching vibration (amide I band) to
appear in the IR spectrum at about 1675 cm ™" (Fig. 1),
corresponding to «,B-unsaturated amide systems. The
Snp and vy absorption bands (amide II, amide III)
appear around 1550 and 1270 cm ™', respectively.'®
The 8- deformation vibration band in maleamide
units appears around 830 cm™'. The amide dipolar
structures (CO—NH) lead to interchain hydrogen
bond formation; therefore, polyamides have the ten-
dency to self-associate,'” explaining their limited sol-
ubility. In PMA, this tendency is favored by the planar
geometry of the maleamide conjugated segments. The
vyp Vibration is presented as a distinct band about
3290 cm !, characteristic for H bonds.

The IR spectrum of cured PMA presents larger
peaks than for PMA, which can be due to partial
crosslinking reactions during curing. The appearance
of a new strong v-_ band at about 1230 cm ™' in the
cured PMA spectrum proves the presence of a satu-
rated branched structure'® that resulted from
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crosslinking between unsaturated bonds as depicted
in structure 1 in Scheme 2. The amide I band at 1675
cm ! decreases in intensity and a shoulder appears at
about 1720 cm ™! that might correspond to the ve_g
stretching vibration in imide rings (maleimide or as-
partimide). These structures could arise during curing
by the breaking of the PMA chain, leading to maleim-
ide and amine ends that can further undergo Michael
addition (Scheme 2, structure 2).8

The evident displacement at higher frequency (3400
cm ™) of the vy band in cured PMA could be ex-
plained by a lesser effect of the hydrogen bonds of the
amide proton and a lower tendency to form self-asso-
ciated structures. This might be due to the addition to
the backbone of side chains that induces a lateral
disorder and forces the chains apart. Therefore, IR
observations suggest that a network might appear in
cured PMA by crosslinking at former unsaturated
groups. However, a partial unsaturation degree is still
preserved, as shown by the 830-cm ™' band.

The C=C double bonds in BMI are highly electron-
deficient because of the two imide carbonyl groups on
either side; therefore, they can easily undergo poly-
merization reactions during curing. BMI homopoly-
merization is supported in the IR spectrum of the
cured film by the strong decrease of the 3100-cm ™!
band (v ) compared to the BMI spectrum and by
the displacement of the bands at 1165 cm™* (ve_n_c
in maleimide) to about 1185 cm ™! (vc__c in succin-
imide)."” The absorption bands also became broader in
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Figure 5 Transmitted light intensity versus temperature
for cured films; arrows mark thermooptical transition tem-

peratures (Tro,); heating rate, 9.6°C/min.
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Figure 6 Transition temperatures (T, and Tro,) evolution
versus BMI ratio.

cured BMI, proving that the polymerization proceeds
with a high tendency to form crosslinked networks.*

The films of various PMA/BMI compositions pre-
sented in Table I were obtained as previously de-
scribed. In the IR spectra of the A10-A90 series films
(Fig. 2), one can notice the bands corresponding to
both cured BMI (1720, 1385, and 1185 cm ™ '—imide I,
II, and III bands, respectively) and cured PMA (1680
and 1550 cm ™ '—amide I and II, respectively). As ex-
pected, the imide bands increase with the BMI content,
and in the A80 sample, they cover the amide bands. It
has to be mentioned that the decreasing intensity in
the A10—A90 series of the §c_ band at 840 cm™!
from maleimide units indicates that saturation of the
double bonds occurred. Moreover, the v-__ ab-
sorption band at about 1165 cm™ ' from the maleimide
units decreases in the A10 and A20 samples compared
to the cured PMA and vanish in the other samples.
These remarks suggest that, in the A10 film, the dou-
ble bonds in BMI could attack the vinyl groups in
PMA, which explains the shoulder at 1165 cm™ . In
further films in the series, BMI reacted either by ho-
mopolymerization or with PMA vinyl groups, which
explains the decrease of the content in the maleimide
groups (Scheme 1).

Brown and Sandreczki*' proposed a detailed mech-
anism of thermal polymerization of the maleimide
functions in BMI as a radical polyaddition. Based on
electron paramagnetic resonance spectral data, they
considered that homopolymerization involves, as
thermal priming, the scission of a double bond, lead-
ing to a biradical. Subsequently, the biradical attacks
another double bond with two additional radical sup-
plies, one active and the other inactive. The active one
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reacts as an intermediate in the formation and growth
of a polymeric network.

The DSC curve for BMI presents a strong endo-
therm of melting with a minimum at 158°C, immedi-
ately followed by a large exotherm corresponding to
polymerization, as reported in the literature (Fig. 3).%
For PMA, the DSC curve shows an exotherm with a
maximum at about 200°C, which corresponds to the
double-bond reaction. The process starts in the same
temperature range as that of BMI melting. In PMA/
BMI mixtures, one can expect the polymerization of
the two components to take place simultaneously. Re-
action conditions also permit the radical transfer
between BMI and PMA double bonds, which could
lead to PMA —polymaleimide network formation
(Scheme 1).

For cured PMA, the DSC curve corresponds to a
rigid structure and it is practically difficult to establish
a T, value that might be close to the initial tempera-
ture of degradation (Fig. 4). When 10% BMI is added
(A10 sample), one inflexion point appears at 150°C,
meaning that the newly formed structure could be a
flexible one, even if benzene rings are included. This
might be explained by the addition of BMI as side
chains to the PMA backbone that took place with the
interruption of the extended conjugation. Substituted
saturated groups, having increased mobility, are
formed that strongly decrease the self-association ten-
dency. The monotone increase of T, with the BMI

g
amount in the A10-A90 series is due to both crosslink-
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Figure 7 TG and DTG curves for cured films.
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Figure 8 Characteristic temperatures (initial temperature,
T; temperatures for 5 and 10% weight loss, T5% and T10%,
respectively) for thermal decomposition of the cured films.

ing and BMI homopolymerization. The same effect
was noticed for epoxy-novolac/bismaleimide net-
works.”

Thermal rigidization in the A10-A90 series was also
confirmed using TOA analysis (Fig. 5) by the mono-
tone increase of T'ro, with an increasing BMI amount.
The TOA method allowed the determination of the
transition temperature for both cured PMA (at 225°C)
and cured BMI (at 373°C), which was not successful by
DSC measurements. TOA also confirmed that the
PMA /BMI cured films have a more flexible structure
than that of both individually cured components,
which might be explained only by the reactions be-
tween the components, as previously mentioned. For
instance, the decrease of Troa at 55°C from cured
PMA to Al0 suggests the detachment of self-associ-
ated structures having high densities when a low
amount of BMI is added. This could be explained by
crosslinking reactions rather than by a physical mix-
ture of the components. The great difference of 130°C
in Troa between A90 and cured BMI could be due to
the strong decrease of the crosslinking density when
PMA is present.

Interesting conclusions were obtained when com-
paring Troa and T, values (Fig. 6). DSC data through
specific heat represent a measure of changes in the
molecular mobility, while TOA data through a refrac-
tive index are a measure of changes in the material
density (according to the Lorentz-Lorenz relation).
Using similar analysis conditions as in present study,
Schultz and Gendron® reported almost parallel
curves for the dependence of Trp, and T, values on
the resin composition for polystyrene/poly(propylene
oxide) blends. For PMA /BMI mixtures, we observed
slowly ascending and parallel curves for Trp, and T,
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with an increasing BMI content until the amounts of
the components were equal. When BMI becomes the
major component of the sample (A60), T, suffers a
significant increase in respect to Tros. Compared to
the A40 sample, the A60 one corresponds to a struc-
ture with lower flexibility at a similar density, which
can be explained by an increasing of the morphology
order.

The TG and DTG curves of some cured films are
presented in Figure 7. All the studied samples decom-
pose without previous melting and with a 30-35%
weight loss below 500°C in a single major step having
distinct TG and DTG curves (Fig. 7). The relative low
weight loss is not surprising if one considers the
amount of heterocycles and aromatic rings in the
structure.

The DTG curve of cured PMA shows a clear peak at
about 410-510°C, preceded by a long slope in the
270-360°C temperature range, which corresponds to
about a 10% weight loss. This value corresponds to
ammonia formation® from amine ends resulting from
the chain scission over an aliphatic amide group and
by retro-Michael reactions. Cured BMI presents a
higher thermal stability than that of cured PMA, evi-
denced by the lower final weight loss and the shift of
the TG curve to higher temperatures despite the max-
imum of the decomposition rate that appears at 438°C
compared to 455°C in cured PMA.

The A10 film has a similar thermal stability as that
of cured PMA, except for the minor peak in the 270—
360°C temperature range. This behavior could be ex-
plained by the Michael addition over the BMI male-
imide of ammonia or amine that resulted during ther-
mal scission of the PMA chains. The DTG curve shows
a peak analogous to cured BMI and a shoulder corre-
sponding to cured PMA, although the latter repre-
sented the major component. This suggests the ap-
pearance of interactions between components that fa-
vors the decomposition of the BMI units to the
detriment of the PMA ones. For the samples from A10
to A60 (A20 and A40 not shown in Fig. 7), the initial
moments of decomposition are similar to the ones of
cured PMA but the final weight loss decreases, as
expected from the increasing BMI content. The weight
loss above 450°C of the A60 sample is smaller than
that of the cured BMI; therefore, the BMI units are
stabilized compared to other samples in the series,
which supports the idea of a highly crosslinked struc-
ture. The decomposition of the A90 sample is similar
to that of cured BMI; however, a lower thermal stabil-
ity can be observed, especially for the initial moments
of the process as an effect of crosslinks with PMA
chains.

The characteristic temperatures (initial temperature,
T;, and temperatures for 5 and 10% weight loss, T5%
and T10% respectively) for the thermal decomposition
of the A10-A90 samples increase with the BMI content
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Figure 9 TEMs of some films; the order in the network morphology increases with an increasing BMI ratio.

(Fig. 8), showing an increase of thermal stability. This
behavior was also noticed for other BMI-containing
networks.”!

The morphology of the system was revealed from
TEMs. The images were studied in planes of a section
taken under different angles, providing the spatial
order. Hence, if we consider the A10 film (Fig. 9), the
dark zone corresponds to PMA, the light ones to BMI,
and the majority homogeneous gray zones to a possi-
ble crosslinked PMA-polyimide structure; the white
zones represent accidental voids. No clear separation
border between PMA and BMI phases is seen, which
can be explained by crosslinks rather than by an inti-
mate mixing. In A20, the formation of an ordered
net-type structure can be observed that is quite homo-
geneous but not compact. Beginning with A60 in the
series, an ordered structure is proved. This was ob-
served for images taken under different angles; there-
fore, the structure corresponds to a tridimensional
developed network. The ordered network structure

becomes denser in A90, which contains the highest
initial BMI amount. Morphological visualization con-
firms and explains the previous observations obtained
from other analysis methods and together supports
that crosslinking takes place during curing of the
PMA /BMI mixtures.

The networks obtained as films were characterized
by electrical measurements. The new structures
present electrical insulator properties such as high-
volume resistivity (2.15-7.92 X 10'® Q cm) and low
conductivity (1.26-4.65 QO 'cm ™). These values indi-
cate superior properties compared to individual poly-
amides and polyimides.**

CONCLUSIONS

PMA-polymaleimide networks were synthesized by
thermal-treated mixtures of an aliphatic-aromatic
PMA and 4,4’-BMI in different ratios. PMA was ob-
tained by ROPA of 1,6-hexamethylene-bisisomaleim-
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ide with 4,4’-BMI in NMP, at room temperature. The
networks were obtained as insoluble films; therefore,
solid-state techniques were used for their character-
ization. Curing of single PMA and BMI occurred with
formation of crosslinked structures as proved by IR
spectroscopy. DSC and TOA showed the appearance
of interactions between PMA and BMI in mixtures and
the formation of ordered morphologies, especially
when BMI is major component. TG analysis and TEM
supported these observations. The network films pre-
sented electrical insulator properties superior to indi-
vidual polyamides and polyimides.
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