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Miroslav MAREK, Jr.?, Drahomira HLAVATA?!*, Jana KOVAROVA“?,
Miloslav SUFCAKP! and Jindfich PYTELAPZ
@ Institute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
162 06 Prague 6, Czech Republic; e-mail: I hlavata@imc.cas.cz, 2 kov@imc.cas.cz
b Kaucuk, a.s., 278 52 Kralupy nad Vitavou, Czech Republic; e-mail: I sufcakm@kaucuk.cz,
2 pytelaj@kaucuk.cz

Received July 14, 1999
Accepted January 20, 2000

Poly(amide-imide)s containing polybutadiene blocks were prepared by reaction of
4,4'-methylenedi(phenyl isocyanate) with trimellitic anhydride and a,w-diisocyanatopoly-
butadiene. The polymers were characterized by spectroscopic methods and X-ray diffraction.
Incorporation of 5 wt.% of polybutadiene structures into polyimide decreases the tempera-
ture of 10% weight loss in nitrogen by 90 °C. Glass transition temperature of the polymer
also decreases with the increasing content of soft polybutadiene segments, but the decrease
is moderate for the contents higher than 20 wt.%. Broad amorphous halo dominates
wide-angle X-ray diffractograms of all the samples, but sharper peaks of a more ordered
structure were observed in definite concentration range of polybutadiene blocks. The copol-
ymers are soluble in N-methylpyrrolidone.

Key words: Copolymers; Polyimides; Poly(amide-imide)s polybutadiene blocks; Thermal sta-
bility; X-ray diffraction; Synthesis.

Polycondensation reaction of low-molecular-weight polyamides, poly-
urethanes, polyethers etc., containing isocyanate end-groups, with aromatic
diisocyanates and aromatic dianhydrides is a well-tried synthetic route
leading to variety of block copolymers containing polyimide structure-3,
The attractivity of such modification of various polymers by imide cyclic
structures consists in excellent thermal and mechanical properties of
polyimides*®. Aromatic polyimides generally show high relaxation transi-
tion temperatures, compared with most commercially available polymers,
which make it possible to preserve their high modulus and tensile strength
at exceptionally high temperatures. Therefore, incorporation of imide moi-
eties among polymer segments of an other chemical structure by the above
mentioned polycondensation reaction is motivated by the effort to increase
thermal and high-temperature mechanical properties without the danger of
macroscopic demixing typical of polymer blends®-13,
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An interesting way of molecular reinforcement of a soft polymer with
stiff segments seemed to be preparation of poly(butadiene-imide)s contain-
ing oligobutadiene blocks of definite length. Suitable telechelic oligomers
can be prepared by application of organodilithium-based initiator to living
anionic polymerization of butadiene and subsequent proper termination
and chemical modification of chain ends. This procedure leads to prepara-
tion of an isocyanate-end-capped oligobutadiene having definite molecular
weight and low index of polydispersity. Previously we used such
telechelic oligomers in the reaction with 3,3',4,4'-benzophenone-
tetracarboxylic acid dianhydride (BTDA) and 4,4'-methylenedi(phenyl
isocyanate)!® (MDI). Unfortunately, such poly(butadiene-imide)s are suit-
able just for preparation of elastomers with relatively low contents of
polyimide structures since a higher concentration of imide moieties makes
the copolymer insoluble in common solvents.

In this work, related poly(butadiene-amide-imide)s were synthesized by
replacing BTDA with trimellitic anhydride (TMA). Poly(amide-imide)s are
more soluble than polyimides and therefore they might be more suitable
for modification of polybutadiene with high concentration of stiff seg-
ments containing imide structures. This communication describes our ef-
fort to develop the above mentioned copolymers and to show some of their
basic physicochemical and physical properties.

EXPERIMENTAL

Materials

The a,w-diisocyanato-polybutadiene LBD-3000 was obtained from Kaucuk Co., Kralupy. M,
of individual samples was 3 500 + 300, with concentration of isocyanate groups 730 mmol/g
(samples 2, 3) and 719 mmol/g (samples 4-7), respectively, because of different concentra-
tion of the free MDI. The polydispersity index of the main fraction was M, /M, = 1.3, but
minor peak in the range of short retention times was also observed. The oligomers con-
tained 60% of 1,2-, 25% of 1,4-trans, and 15% of 1,4-cis structure units.

Trimellitic anhydride (TMA, Aldrich) was purified by sublimation and 4,4'-methylene-
di(phenyl isocyanate) (MDI, Aldrich) was purified by pressure filtration at 60 °C (ref.*?). An-
hydrous N-methylpyrrolidone (NMP, Aldrich, water content <0.01 wt.%) was used as
received.

Synthesis

4-(Phenylcarbamoyl)phthalimide (1) was synthesized by the reaction of chloride of TMA
(9.5 mmol) with aniline (19 mmol) and pyridine (2 ml) in NMP (35 ml) at 160 °C for 3 h.
The crude product was isolated by precipitation into water and crystallized twice from
nitromethane. Yield 83%, m.p. 208 °C. FTIR (KBr): 3 476, 3 344 (NH, amide); 3 060 (CH,
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arom.); 1 780 (C=0, imide); 1 646 (C=0O, amide); 1 600 (C=C, arom.); 1 540 (NH, amide).
IH NMR (DMSO-dg): 10.57 s (CONH); 7.07-8.49 m (arom.). For C,;H,,N,0O5 (342.8) calcu-
lated: 73.57% C, 4.12% H, 8.17% N; found: 73.49% C, 4.32% H, 8.25% N.

Synthesis of Poly(butadiene-amide-imides)

Diisocyanates (MDI, LBD-3000) were dissolved in NMP in a glass reactor equipped with a ni-
trogen inlet and CaCl, drying tube. Then an equimolar amount of solid TMA was added
into the reaction mixture and the reactor was heated in an oil bath at 70 °C for 90 min. The
solid content (including LBD-3000) was 15 wt.%. Then the temperature 90 °C was main-
tained for 90 min, 130 °C for 120 min, 150 °C for 180 min, and 180 °C for 60 min. The
polymer was then precipitated into water and washed with THF.

Measurements

Infrared spectra of samples in the form of KBr pellets were measured using a Bruker IFS 55
FTIR spectrometer. IH NMR spectra were recorded on a Bruker ACF-300 spectrometer at
25 °C in DMSO-dg. Viscometric measurements were carried out in an Ubbelohde viscometer
at 25 °C in m-cresol. Concentration of samples was 0.001 g/cm®. Wide-angle X-ray diffracto-
grams were measured with a HZG4A automatic powder goniometer. CuKa radiation was reg-
istered with scintillation counter and monochromatized with Ni filter and pulse-height ana-
lyzer. The diffractograms were performed in 6/26 scan in the scattering angle range 26
4-40°. Small-angle X-ray scattering curves were measured using a Kratky camera in the re-
gion of the scattering vector q = 0.1-2.0 nm™. The scattering vector is defined as q =
(41/A\)/sin B, where A is the wavelength and 20 is the scattering angle. CuKa radiation was
registered using a position-sensitive detector!’ (Joint Institute for Nuclear Research, Dubna,
Russia). Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were
carried out using Perkin-Elmer DSC-7 and TGA-7 instruments, respectively, with a heating
rate 10 °C/min in both cases.

RESULTS AND DISCUSSION

Poly(amide-imide)s containing polybutadiene blocks, poly(amide-imide)
TMA/MDI and poly(a,w-diisocyanato-polybutadiene-co-trimellitic anhy-
dride), were synthesized by a well-tried method consisting in reaction of
TMA with aromatic diisocyanates!® (Scheme 1). This reaction is based on
the reactivity of -N=C=0 groups both with anhydride group, resulting in
the formation of cyclic imide!®, and with carboxylic group, leading to am-
ide structures?. Traces of water are necessary for a quantitative imide ring
formation?!. Therefore, no further drying of commercially available
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pre-dried solvent was used. Moreover, numerous organometallic com-
pounds (alkali metal alkoxides, phenoxides, naphthoxides, lactamates, etc.)
are known to catalyse the amide bond formation?°. On the other hand, ba-
sic catalysts, in particular sodium alkoxides, promote undesirable
cyclotrimerization of isocyanate groups?2. Since organometallics and traces
of water would deactivate each other, we did not add any special catalyst
into the reaction system and carried out the reaction at high temperatures
(up to 177 °C), in spite of the fact that a few side reactions can take place
under such condition, as it is published in literature (in particular, the reac-
tion of isocyanate end-goups with solvent — NMP, ref.18).
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SCHEME 1

Basic characteristics and composition of (co)polymers are shown in Table I.
The yields and inherent viscosities are comparable with those of related
poly(butadiene-imide)s and other high-performance polymers. But in con-
trast to related poly(butadiene-imide)s, the (co)polymers in question are
well soluble in NMP even at low or zero contents of butadiene blocks.

In Fig. 1, FTIR spectra of poly(amide-imide) TMA/MDI (a) and copolymer
sample 6 (b) are shown. The spectrum of neat poly(amide-imide) (sample 1)
contains absorption bands which are typical of macromolecules containing
amide and imide groups. Characteristic absorption bands of the amide moi-
ety?® appear at 1 778 [v((C=0)], 1 722 [v,(C=0)], 1 376 [v(C=N], 726
[3(C=0)], and those of amide group?* can be seen at 1 660 [v(C=0)] and
1540 cm™ [8(N-H)]. The same absorption bands are also obvious in the
spectrum of copolymer (b). In addition, absorptions of polybutadiene occur?.
The strong absorption in the region 1 640-1 665 cm™ indicates the pres-
ence of bands corresponding to C=C stretching vibrations of both 1,2- and
trans-1,4-polybutadiene structures. Weaker absorption bands in the range
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994-1 000 cm™ are located in the range of the C-H out-of-plane vibrations
of both mentioned polybutadiene isomers.

IH NMR spectra are too complex to give an evidence of any side reac-
tions. On the other hand, strong singlet of amide proton (at 10.4 ppm for
the copolymer and 10.5 ppm for poly(amide-imide)s, several overlapping
multiplets in the range 7.0-8.5 ppm (corresponding undoubtedly to aro-
matic protons) confirm the aramide-type structures in the (co)polymer.

TABLE |
Content of LBD-3000, yield, inherent viscosity, and glass transition temperature of poly-
(amide-imide)s containing polybutadiene (LBD-3000) blocks

LBD-3000 content

Sample W% Yield, % Nmns dL/g Tg °C
1 94 0.89 255
2 89 0.80 -
3 89 0.90 211
4 16 91 1.22 206
5 18 82 0.54 202
6 42 96 1.05 193
7 94 92 0.39 -
T T
"
a WWW
b
i
//‘r 1!
Fic. 1 . | ‘ ‘
FTIR spectra of poly(amide-imide) TMA/MDI 4 000 3000 2 000 1000
(sample 1) (a) and sample 6 (b) v, cmt
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Thermal stability of (co)polymers was characterized by temperatures of
10% (T,p) and 20% (T,,) weight loss. As can be seen in Fig. 2, incorporation
of 5 wt.% of polybutadiene into the poly(amide-imide) chain leads to a de-
crease in thermal stability by 90 °C. However, further increase of polybuta-
diene content in copolymers causes relatively smaller drop of the respective
initial decomposition temperature (Fig. 2). Further increase of polybuta-
diene content in copolymers does not decrease decomposition tempera-
tures (T,s)- ON the other hand, as follows from Fig. 3, total weight loss for
poly(butadiene-amide-imide)s at temperatures up to 550 °C considerably

640 T T
°C

Tloss'

600

560

520 |

Fic. 2
The dependence of 10% weight loss (m) and
20% weight loss (e) on the weight fraction of
LBD-3000, W gp, in TGA experiments in ni-
trogen

480 -

440

T T T T T

100 B
Weight, wt%

80
60 |
40

| | 1 | |

100 200 300 400 500
T, °C
Fic. 3
TGA curve in nitrogen for poly(amide-imide) (sample 1, - - -) and poly(butadiene-amide-

imide) containing 5 wt.% polybutadiene (sample 2, [0 )
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exceeds the value corresponding to T,y strongly reflecting the effect of
thermally labile polybutadiene blocks.

Polubutadiene segments flexibilize copolymer chains, so that just an ad-
dition of 8 wt.% of these soft blocks leads to a decrease in the glass transi-
tion temperature Ty by 45 °C, as it can be seen from Table I. Further
increase in the concentration of polybutadiene does not influence T, con-
siderably, probably due to the limited miscibility of soft polybutadiene, and
hard poly(amide-imide) blocks.

Wide-angle X-ray diffraction (WAXD) patterns of the (co)polymers are
shown in Fig. 4. All samples exhibit a broad amorphous halo, the maxi-
mum of which is slightly shifted to lower values of 26 with increasing
polybutadiene content. While the neat poly(amide-imide) (sample 1) has
maximum at 206 = 20°, which corresponds, according Bragg’s law, to the av-
erage interchain distance d = 4.4 A, sample 7 showed the maximum at 20 =
18° corresponding to the interchain distance d = 4.9 A. Difractograms of
samples 4 and 6 (sample 5 was not measured since its composition is al-
most the same as that of sample 4) show one additional, relatively sharp
but very weak peak demonstrating appearance of an ordered structure.
From the position of this peak at the diffraction angle 26 = 25°, the corre-
sponding Bragg’s distance d = 3.5 A was calculated. These peaks might re-
flect intersegmental distance of rigid TMA-related segments, since in some

Intensity, a.u.

C
W
Fic. 4

Wide-angle X-ray diffractograms of (co)poly- a
mers: sample 1 (a), sample 2 (b), sample 4 (c), L L L
sample 6 (d), sample 7 (e) 0 10 20 80 20, ° 40
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BTDA-based polyimides?®, intersegmental distances between two diimide
structures were observed by means of WAXD.

The existence of a partially ordered structure only in a discrete range of
polybutadiene content can be explained by the flexibilizing effect of such
soft segment. Since steric hindrance of rigid poly(amide-imide) chains,
composed dominantly from heterocyclic and aromatic rings and
intermolecular H-bond-forming amide structures, prevents reorganization
in the (co)polymer, there are no sharp peaks in samples 1 and 2 (i.e., those
with no or very low contents of polybutadiene). An increase in the content
of soft segment flexibilizing macromolecules might enable partial ordering
of TMA-related structures and therefore sharp peaks in Fig. 4,
diffractograms b and c (samples with 18 and 42 wt.% of polybutadiene)
were observed. Further increase in polybutadiene concentration leads to di-
lution of such stiff segments so that they cannot approach each other to
form a more compact structure. This assumption is supported by the ab-
sence of the ordering in sample 7 (Fig. 4, diffractogram e).

In order to get more information about the origin of the ordering in some
samples, the TMA-related model compound, 4-(phenylcarbamoyl)phthalimide
(1), was synthesized and its WAXD pattern was measured. The
diffractogram (Fig. 5) is clearly more complicated and the peaks are much
sharper in comparison with those in copolymers because of the

Intensity, a.u.

Fic. 5
" a Wide-angle X-ray diffractograms of 4-(phenyl-
I carbamoyl)phthalimide (a), sample 4 (b), sam-
10

20 30 20, ° 40 ple 6 (c)
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low-molecular-weight nature of the crystalline model compound. Two
distances, d = 4.1 and 3.3 A, are close to those in WAXD patterns of the copoly-
mers, which indicates the possibility that sharp peaks in Fig. 4 (diffracto-
grams b and ¢) originate from stiff TMA-related structures similar to the
model. On the other hand, some distances (in particular the intensive
sharp peak corresponding to d = 5.2 A) are not presented in the diffracto-
gram of the model. This fact can be explained either by not exactly the
same orientation of the model and the stiff TMA-related segments in copol-
ymers or by non-identical structure of copolymer segments in question and
4-(phenylcarbamoyl)phthalimide (the real stiff TMA-related segment in the
copolymer is larger than in a case of model compound).

Small angle-X-ray scattering (SAXS) patterns of the same (co)polymer
samples are shown in Fig. 6. Curves of scattering intensity, I, vs scattering
vector, g, show a relatively sharp increase in the intensity for g - 0 (even
the sample 1 — neat polyamid-imide). Therefore, we believe that microvoids
of air (commonly present in polymers like polyimides) are present. Besides,
SAXS curves of the copolymers exhibit a slight shoulder in the range of the
scattering vector g = 0.2-0.4 nm~, This faint maximum can be attributed to
the formation of the supermolecular structure typical of copolymers.

=

0

Intensity

FiG. 6 0.1
Small-angle X-ray scattering curves: sample 1
(A), sample 2 (A), samle 4 (O), sample 6 (o),
sample 7 (x)
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