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Abstract—New segmented polyurethaneimides containing poly(ethylene glycol adipate) soft segments and
bis(urethaneimide) hard segments are synthesized. Copolymers are obtained on the basis of poly(ethylene
glycol adipate) (M, = 2.5 x 10%) terminated with 2,4-toluene diisocyanate, two aromatic dianhydrides, and
six aromatic diamines. The structure of the synthesized polymers is studied by IR and NMR spectroscopy.
The thermal properties of the copolymers are characterized by TGA and DSC. Effects of hard segment length
and substituent position in the diamine fragment on the thermal and mechanical properties of the polyure-

thaneimides are investigated.
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INTRODUCTION

Block copolymers have been known since the mid-
dle of the 20th century. However, the interest in them
does not wane, since they allow macroscopic proper-
ties of two different polymers to be combined in a sin-
gle material or synergic effects to be reached. The
structure of block copolymers is multivariate in the
architectural respect, and the block copolymers of
type [A—B], are commonly assigned to multiblock
(segmented) polymers [1, 2]. By definition, each repeat
unit of these polymers contains hard monomer block A
and flexible-chain polymer block B; blocks A and B are
thermodynamically incompatible. A characteristic
feature of multiblock copolymers of type [A—B],, is the
microphase separation of blocks A and B accompa-
nied by the formation of corresponding nanodomains
and microdomains in the copolymer bulk.

Polyurethanes are the typical representatives of
multiblock block copolymers. Polyurethanes belong to
the circle of commercial elastomers that are used in
many fields of engineering. Materials with diverse
properties, from very soft foams to tough elastomers
and wear-resistant coatings, are obtained on their
basis [1]. However, the practical application of poly-
urethanes is limited by their low thermal stability,
since the thermal destruction of polyurethanes starts
even at about 200°C [3]. A promising approach to
enhance the thermal stability and strength of polyure-
thane elastomers is their chemical modification via
introduction of fragments of heterochain highly ther-

mally stable polymers in the repeat units of chains.
Presently, this direction of polyurethane modification
is under the spotlight [3—8]. Particularly, in the last
years, multiblock polyetherimides and polyuretha-
neimides (PUIs) [9—14] containing aromatic imide
fragments have been investigated successfully. The
introduction of imide fragments is dictated by the fact
that polyimides possess high thermal and radiation
stability, solvent resistance, and mechanical strength
[15, 16]. The modification of polyurethanes by imide
blocks makes it possible, on one hand, to consider
PUISs as the products of polyurethane chemical modi-
fication, in which aromatic dianhydrides play the role
of chain extension agents. On the other hand, these are
the products of modification of thermally stable poly-
imides with aliphatic polyester blocks being intro-
duced into the structure of repeat units.

The aim of the present work is to synthesize and
investigate thermal and mechanical properties of novel
PUIs with the chemical structure consisting of the
same poly(ethylene glycol adipate) soft segment and
variable imide aromatic moieties. The latter play the
role of hard segments comprising aromatic diamines
which differ in the number of oxyphenylene fragments
and structural isomerism. Effects of the size and struc-
tural isomerism of the hard segment on the properties
of the obtained film polymer materials are considered.
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EXPERIMENTAL
Initial Reagents

2,4-Toluene diisocyanate (95%, Aldrich) was dis-
tilled in vacuum. N-methyl-2-pyrrolidone (MP)
(98%, Aldrich) was kept above calcium hydride and
distilled in vacuum. Pyromellitic dianhydride (97%,
Aldrich) (1), p-phenylenediamine (98%, Aldrich) (a)
and m-phenylenediamine (99%, Aldrich) (b) were
sublimated in vacuum. Poly(ethylene glycol adipate)
(M, = 2500) (45 mg KOH/g) (Aldrich), 4,4'-(4,4'-
isopropylidene-diphenoxy)bis(phthalic anhydride)
(97%, Aldrich) (2), and 4,4'-diaminodiphenyl ether
(97%, Aldrich) (c¢) were dried in vacuum. 1,4-Bis(4-
aminophenoxy)benzene (98%, Aldrich) (d), 1,3-bis(4-
aminophenoxy)benzene (98%, Aldrich) (e), and 4,4'-
bis(4-aminophenoxy)diphenyl ether (f) were obtained
via the published methods [17]. T,, = 123—125°C
(published data, T,, = 124—125°C). Toluene (analyti-
cal grade, Vekton, Russia) was used without additional
purification.

Methods

The ATR IR spectra of PUI films were recorded on
a Bruker Vertex Fourier spectrometer equipped with a
Pike attachment using Zn—Se crystals as ATR ele-
ments (reflection angle of 45°).

'H and *C NMR spectra were registered at room
temperature on a Bruker Avance 400 instrument in
DMSO-d,.

TGA curves were obtained on a TG 209 Fl
thermo-microbalance (NETZSCH, Germany) in the
temperature range of 30—800°C at a heating rate of
10°C/min in an inert medium (argon). The sample
weight was 2—3 mg.

The temperature transitions of multiblock copoly-
mer films were determined by DSC on a DSC 204 F1
device (NETZSCH, Germany) at a heating rate of
10°C/min in the temperature range from —60 to
250°C in an inert medium (argon). The weight of the
samples was 4—5 mg.

The temperature dependences of storage modulus
E', loss modulus E", and mechanical loss tangent
tand of the film samples were obtained by dynamic
mechanical analysis (DMA) on a DMA 242 C setup
(NETZSCH, Germany). Measurements were per-
formed at a frequency of 1 Hz with a film strain ampli-
tude of 0.1% and a heating rate of 5°C/min.

The stress—strain curves of films were recorded with
the use of an Instron 5940 universal testing system
(Instron, United States) at a strain rate 50 mm/min.

Technique for the Synthesis Polyurethaneimides

The general scheme for the synthesis of PUISs is
presented below:
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As an example, the synthesis of the polymer
obtained using dianhydride (1), poly(ethylene glycol
adipate) (M, = 2.5 x 10%), 2,4-toluene diisocyanate,
and p-phenylenediamine (a) is described.

The synthesis was carried out in a three-neck flask
equipped with an inlet for argon and a mechanical stir-
rer. The flask was charged with 2.5 g (1 mmol) of
poly(ethylene glycol adipate) and 0.348 g (2 mmol) of
2,4-toluene diisocyanate. The obtained mixture was
stirred at 100°C for 1 h, and 0.436 g (2 mmol) of pyro-
mellitic dianhydride was added. The resulting mixture
was stirred for 2 h at 180°C. The formed melt was dis-
solved in 2 mL of MP and cooled to room tempera-
ture. Afterwards, 0.108 g (1 mmol) of p-phenylenedi-
amine solution in 6 mL of MP was introduced in the
as-obtained solution of the macromonomer contain-
ing terminal anhydride groups, and the mixture was
stirred for 18 h to give rise to the polymer precursor—
poly(amic acid).

The thermal imidization of the formed polyamic
acid was conducted in the same flask in MP solution
via heating in a constant argon flow under the follow-
ing regime: 160°C, 30 min; 180°C, 2 h; and 190°C,
1 h. The evolving water was removed in the form of a
toluene/water azeotrope with the use of a Dean-Stark
trap. The obtained solution of PUI was used to cast
coatings on a glass substrate, and 200-um-thick films
were prepared upon solvent removal via heat treat-
ment in the following regime: 100°C, 18 h; 120°C, 1 h;
140°C, 1 h; 160°C, 1 h; and 180°C, 2 h.

All other PUIs and their films were obtained in a
similar manner.

IR (ATR): v 3446, 3339, 2951, 2872, 1778, 1720,
1599, 1535, 1373, 1123, 725 cm™.

'H NMR (DMSO-dy): 8 9.92, 9.13, 8.42, 7.77—
7.02, 4.11, 3.60, 2.31, 2.09, 1.54 ppm.

Table 1. Thermal and thermomechanical characteristics of the synthesized PUIs

UL Hard segment T.xE", °C | T,haitand, °C T,,°C T, °C AH,J/g 15, °C

content, wt % DMA DSC TGA
1a 23.7 —46 —31 -36 64 6.9 355
1b 23.7 —48 —-32 -35 60 7.8 335
1c 25.8 —42 =27 -33 62 7.7 356
1d 27.8 —44 -29 —-33 61 4.8 351
le 27.8 —40 =23 -31 54 7.2 360
1f 29.7 -38 -22 =30 60 5.9 358
2a 35.5 —24 2 —18 54 2.9 340
2b 35.5 —26 6 —17 61 2.4 346
2¢ 37.0 -28 13 —13 56 5.2 353
2d 38.4 =23 8 —13 52 3.4 346
2e 38.4 —22 9 =20 59 2.6 350
2f 39.7 =23 12 —15 56 3.6 339

T

max
temperature of 5% weight loss.

POLYMER SCIENCE, SERIES A Vol. 61

E" is the temperature of loss modulus maximum, 7},,,.tand is the temperature of mechanical loss tangent maximum, and Ts is the
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Fig. 1. Temperature dependences of (a) the storage modulus and (b) the mechanical loss tangent for the film samples of polymers

(I) 1laand (2) 2a.

DSC, mW/mg
—0.1 R
Area: —=2.911J/g
% N\ NN
—02 B T ]
Peak: 53.6°C, —0.3348 mW/mg

-0.3F

2
Inflection: —17.8°C
_0.4 i 1 1 1 1 1 1
=50 0 50 100 150 200
T,°C

Fig. 2. DSC thermograms of (/) the first and (2) the second scanning of polymer 2a.

BC NMR (DMSO-dg): 8 173.1, 165.8, 153.9, 153.6,
137.6, 132.5, 132.2, 131.4, 131.1, 130.4, 127.7, 118.7,
68.7, 63.5, 35.5, 24.3, 17.3 ppm.

RESULTS AND DISCUSSION

The synthesis of PUI consists of two stages that are
conducted in one reaction pot without separation of
intermediate products. The first stage is the synthesis
of a macromonomer—dianhydride containing ure-
thane and imide groups. The macromonomer synthe-
sis begins with the termination of diol by diisocyanate
accompanied by the formation of urethane groups.
The doubled amount of the dianhydride is introduced
in the obtained macrodiisocyanate. This leads to the
formation of imide cycles and evolution of carbon
dioxide. The second stage; that is, polycondensation
of the macromonomer containing terminal anhydride

POLYMER SCIENCE, SERIESA  Vol. 61
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groups with diamine, occurs at room temperature in
MP solution and yields poly(amic acid), which is fur-
ther thermally imidized in solution to form the target
PUI polymers.

The structure of the synthesized polymers was
investigated by IR and NMR spectroscopy. The IR
spectrum of the polymer obtained with the use of
dianhydride 1 and p-phenylenediamine a contains
characteristic absorption bands of cyclic imides at
1776 cm~! (C=0 symmetric stretching vibrations),
1373 ecm~! (C—N stretching vibrations), and 725 cm™!
(bending vibrations of imide cycles). The band in the
range from 3300 to 3500 cm~! is assigned to vibrations
of urethane NH groups [18—20]. Absorption at
2800 cm™! is related to CH vibrations in soft ether seg-
ments. In addition, a complex band at 1630—1770 cm™!
(C=0 stretching vibrations of ester groups and ure-
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Fig. 3. TGA curves for polymers (/) 1a and (2) 2a.

thane groups and asymmetric C=O0O vibrations of
imide cycles) is present in the spectrum. The band at
1123 cm~! corresponds to vibrations of C—O—C bonds
in ether groups in the soft segment [20].

The 'H and ®C NMR spectra of polymer 1a show
signals at 9.92 and 9.13 (NH urethane) and 2.09 ppm
(CH;) and the signal at about 166 ppm (C=0 imide
cycles) and signals at 153.6 and 153.9 ppm (C=0 ure-
thane) characteristic of hard segments of PUIs
[21, 22]. In the '"H NMR spectrum, broad intense sig-
nals at about 4.11, 3.60, 2.31, and 1.54 ppm (protons of
CH, groups) and a signal at 173.1 ppm characteristic of
ester groups C=O0 are attributed to the soft polyether
segment.

The thermomechanical characteristics of the poly-
mers were determined by two independent methods,
i.e., DMA and DSC (Table 1). It is seen that the glass-
transition temperatures increase with increasing con-
tent of hard segments. This trend is observed for tem-
peratures determined from the maxima of both loss
modulus and mechanical loss tangent. With increasing
temperature, the synthesized polymers undergo tran-
sitions to the rubbery state (the storage modulus
becomes temperature-independent). Figure 1 presents
the data on the thermomechanical analysis of film
samples of polymers 1a and 2a. It is seen that the stor-
age modulus reaches a plateau at about 50°C continu-
ing until either sample disruption at about 170°C
(polymers 1) or melting at about 250°C (polymers 2).
A lower heat resistance of PUIs obtained with the use
of pyromellitic dianhydride is probably associated with
the size of hard segments insufficient to form a strong
network of physical crosslinks [23].

The glass-transition temperatures 7,, melting tem-
peratures T,,, and melting enthalpies AH for the block
copolymers are summarized in Table 1. Figure 2 shows

POLYMER SCIENCE, SERIES A Vol. 61
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Fig. 4. Stress—strain curves for the films of polymers
(1) 1a, (2) 1e, (3) 2a, and (4) 2e.

the DSC curves obtained block copolymer 2a as an
example. The DSC curves exhibit melting transitions
(the first scan) and vitrification transitions (the sec-
ond scan). With regard to the segmented block copo-
lymers obtained in the present work, the DSC method
characterizes the processes of glass transition and
melting of the microcrystalline phase formed by ali-
phatic polyether blocks, i.e., poly(ethylene glycol adi-
pate) blocks. As follows from these data, an increase in
the content of hard segments gives rise to a growth of
the glass-transition temperature and decline in the
melting temperature and enthalpy (i.e., decrease in
the degree of crystallinity). Obviously, the lengthening
of hard segments leads to the mixing of soft and hard
segments; as a result, amorphization of the microcrys-
talline phase takes place.

The thermal stability of the block copolymers was
estimated by the thermal stability index Ts, i.e., tem-
perature corresponding to the 5% weight loss of the
sample under TGA testing conditions (inert atmosphere)
(Table 1, Fig. 3). In general, the values of thermal stabil -
ity indices are close to those for poly(alkylene adipates)
[24]. This fact provides evidence that the thermal sta-
bility of the samples is limited by the polyether com-
ponent of the polymers.

The obtained polymers possess good film-forming
properties. Figure 4 presents the stress—strain curves
for the film samples. It is seen that their deformation is
of elastic character; the elongation at break amounts to
800—2100%. The storage modulus £, the tensile
strength G,, and the relative elongation at break g, of
the film samples are listed in Table 2, and the depen-
dences of the indicated parameters on the hard seg-
ment content in the synthesized PUI are presented in
Fig. 5. A change in the tendency toward increase in
tensile strength with the growing content of hard
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Table 2. Mechanical characteristics of polyurethaneimide films

147

PUI

Hard segment content,
wt %

E, MPa

Gy, MPa &y, %

la
1b
1c
1d
le
1f
2a
2b
2c
2d
2e
2f

23.7
23.7
25.8
27.8
27.8
29.7
355
355
37.0
38.4
38.4
39.7

39+0.6
4.7+1.0
5.8+0.1
12.6 £2.1
8.8£0.9
72+ 14
41+04
6.8+0,7
59104
6.5+t 14
9.0t 1.1
7.5£0.8

13.6 £ 1.3
154+1.2
12.0£0.2
20.6 £ 0.8
139£1.2
173+ 1.5
272+ 15
371+ 1.2
229137
21.2+0.7
351+24
173t 1.6

1289 + 105
1580 £ 168
1499 + 87
1429 + 97
2126 + 133
1536 + 116
900 £ 41
952 + 105
829 £+ 61
937 £ 126
1235 £ 50
747 £ 112

blocks to the opposite one on going from polymers 1 to
polymers 2 is obviously related to a quantitative
change in the morphology of the polymer system
caused by the merging of individual domains to the
extended phase of hard segments [23]. In general, for
the PUI films on going from dianhydride 1 to dianhy-
dride 2, i.e., with an increase in the content of the hard
segment, the elongation at break and the storage mod-
ulus decrease, while the tensile strength increases.
These facts are consistent with a decrease in the degree
of crystallinity due to the lengthening of hard seg-
ments. The improvement of all mechanical character-
istics on going from PUIs based on para-substituted
diamines to meta-substituted ones is probably caused
by the enhanced conformational mobility of the meta
derivatives.

CONCLUSIONS

In this work, novel PUIs based on poly(ethylene
glycol adipate) (M, = 2.5 % 10% terminated with
2,4-toluene diisocyanate, two aromatic dianhydrides,
and six aromatic diamines have been synthesized.
The effects of hard segment length and substituent
position in the diamine chain extender on the mechan-
ical properties of the synthesized products are investi-
gated.

It is shown that, with increasing content of hard
segments, the glass-transition temperature increases,
while the melting temperature and enthalpy decrease;
the thermal stability of PUI is preserved at a level of
335—360°C. The synthesized polymers form elastic
films with an elongation at break of 800—2100%.
|During deformation, the films behave as typical elas-
tomers; their extension occurs through rubbery defor-
mation, which is almost completely recoverable
immediately after unloading.

2019
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Fig. 5. Plots of (a) the elongation at break €, and (b) (7, 2)
the storage modulus and (3, 4) the tensile strength G, vs.
the content of hard segments (HS) for the film samples of
PUlIsbased on (7, 3) para-substituted and (2, 4) meta-sub-
stituted diamines.
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PUIs obtained in this study using the four-ring
dianhydride and meta-substituted diamines which
undergo transitions to the plastic state and possess the
best mechanical characteristics are of special interest
as thermoplastic elastomers.
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