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Abstract A series of highly branched poly(urethane—imide) (HBPUI) were
synthesized via A, 4+ Bj approach using isophorone diisocyante (IPDI), polycar-
bonatediol (PCDL), 3,3,4,4'-Benzophen-onetetracarboxylic dianhydride (BTDA),
and poly(oxyalkylene) triamine (ATA) as materials. The structure of the products
was characterized by FT-IR and '*C-NMR. The molecular weights were charac-
terized by gel permeation chromatograph (GPC). The solution viscosity, thermal,
and mechanical properties were measured by rotational rheometer, differential
scanning calorimetry (DSC), thermal gravimetric analysis (TGA), tensile tests, and
dynamic mechanical analysis (DMA), respectively. The HBPUI showed lower
viscosity than that of linear poly(urethane—imide) (LPUI), nevertheless T, of
HBPUI was higher than that of LPUI. TGA indicated that the thermal degradation
of poly(urethane—imide) occurred above 300 °C, which was higher than conven-
tional polyurethane. The tensile strength of HBPUI was obviously improved by
increasing the content of BTDA and the molar ratio of [A,]/[B3]. The effects of the
content of BTDA and the molar ratio of [A,]/[Bs] on the storage modulus of the
polymers were also studied.
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Introduction

Polyurethane was one of the most important industrial materials due to its excellent
abrasion resistance and mechanical properties. It was widely utilized in the field of
coatings, adhesives, thermoplastic elastomers, and so forth [1, 2]. Unfortunately, the
conventional polyurethane was known to exhibit weak mechanical properties and
poor heat resistance. In general, its acceptable mechanical properties rapidly
vanished at 80-90 °C, and thermal degradation took place at about 200 °C [3], its
application had largely been limited [4]. How to improve the thermal stability and
mechanical properties was a challenge in the field of polyurethane. As we all know,
the thermal stability and mechanical properties of polyurethane were governed
mainly by the chemical structure of its backbone that consist of various hard
segments and soft segments. Therefore, extensive research efforts had been devoted
to modify its structure in the past few decades. An effective way was to copolymer-
ize with high performance polymers [5]. Until now, a series of copolymers had
been prepared, such as poly(urethane—urea), poly(urethane—epoxy), poly(urethane—
imide), and poly(urethane—diacetylene). Polyimide, which composed of imide
structure in the backbone and possessed remarkable thermal stability, high mechan-
ical strength, and good dielectric properties [6—8], would be the best candidate both
for copolymerization and polymer alloying. Various attempts had been made to
incorporate imide component as hard segment into polyurethane. Reaction of
Isocyanate-terminated polyurethane prepolymers with acid anhydrides was the most
commonly utilized method to gain poly(urethane—imide) [9, 10]. There were some
reports on the reaction of isocyanate-terminated polyurethane prepolymer with diols,
diacids [11-13], or diamines [14] containing in-built imide groups. Because of the
great reactivity of isocyanates, imidization took place in a single step at a lower
temperature, making the imide function introduced into the polyurethane backbone
conveniently [9]. Reaction of an amine-terminated polyurethane prepolymers with
acid anhydride was another modification method utilized by researchers [15, 16].
Some other modified methods to gain poly(urethane—-imide) were also reported
including the reaction of epoxy resins containing imide structure with blocked
polyurethane prepolymers [17] and the utilization of intermolecular Diels—
Alder reaction between 4-methyl-1,3-phenylenebis(2-furanylcarbamate) and various
bismaleimides [18, 19].

Poly(urethane—imide) obtained by the above methods, which were mostly linear,
exhibited better mechanical properties and improved thermal stability compared to
typical linear polyurethane. However, the properties could be further improved
through other ways. Chemical crosslinking was an effective way to modify poly-
urethane, which produced a three-dimensional network structure and reduced
macromolecular degradation to a negligible amount. Comparing with conventional
linear analogs, a small amount of hyperbranched architecture was sufficient for
manifold increase in chemical resistance, durability, and tensile strength [20].
Polymer systems with highly branched network had attracted a great deal of attention
in scientific and industrial areas due to their unique features and properties such as
three-dimensional architecture, unentangled structure, low melting viscosity, good
solubility, and large amounts of terminal functional groups [21]. Early efforts toward
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the preparation of irregularly branched and highly branched polymers focused on the
polymerization of AB,-type (x > 2) monomers [22, 23]. In order to generate such
highly branched structure, extensive synthetic strategies including high selective
reactivity [24] and nonisocyanate ways [25] had been described subsequently.
However, alternatives should be found to replace the classical synthesis of
hyperbranched polymers using more commercially available monomers. Similar
hyperbranched structure could be obtained by the A, plus B3 approach. This
methodology offered a facile route for gaining polymers with enhanced mechanical
and thermal properties because the length of the segments of the hyperbranched
polymers between the branching points were sufficient for entanglements. In
addition, the A, + B3 approach might be more important in industrial applica-
tions due to the commercial availability and symmetrical functionality [26, 27].
Recently, a novel alternative approach to functionally nonsymmetrical AB,-type
(x > 2) monomers which was called Couple-monomer methodology (CMM)
or A, 4+ bB, approach, had been reported by Yan [28, 29] and Bruchmann
[30].

Although many kinds of linear poly(urethane—imide) had been prepared, the
preparation of highly branched poly(urethane—imide) had not yet been reported.
Therefore, our study was attempted to prepare highly branched poly(urethane—imide)
via A, + B3 approach using an isocyanate-terminated prepolymer that incorporated
with imide component as an A, oligomeric monomer and triamine as a B; monomer.
The obtained highly branched poly(urethane—imide) films displayed superior tensile
properties and improved thermal properties in comparison with linear poly(urethane—
imide). The structure of the products was characterized by FT-IR and '>*C-NMR. The
molecular weights were characterized by gel permeation chromatograph (GPC). The
solution viscosity of highly branched poly(urethane—imide) was evaluated with
rotational theometer. The thermal properties, mechanical properties, and the storage
modulus were studied with differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), tensile tests, and dynamic mechanical analysis (DMA),
respectively.

Experiment
Materials

All the chemical reagents were analytical grade. Polycarbonatediols (PCDL,
Mn = 1,000, Asahikasei Chemicals Co., Japan) was degassed and dried under high
vacuum (20 Pa) at 100 °C for 2 h before used. Isophorone diisocyante (IPDI) was
obtained from Fluka, Germany. 3,3’,4,4’-Benzophenonetetracarboxylic dianhydride
was purchased from Alfa Aesar, USA. Trimethyllolprorane tris[poly(propylene
glycol) amine terminated] ether (ATA) was obtained from Aldrich, USA. The
catalyst dibutyltin dilaurate (DBTL, Tianjin Chemical Co., China) were used as
received. N,N’-dimethyl-formamide (DMF) was vacuum distilled and stored over
4 A molecular sieves.
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Synthesis of highly branched poly(urethane—imide)

All reactions were carried out in a four-necked, round-bottom flask equipped with a
magnetic stirrer, thermometer, condenser, addition funnel, and nitrogen inlet
system. The isocyanate end-capped polyurethane prepolymer was formed through
the reaction of PCDL (0.005 mol, 5 g), IPDI (0.008 mol, 1.7783 g) at 80 °C for
2-3 h with 50 ppm DBTL catalyst. The reaction was allowed to proceed till the
NCO content reached the theoretical value as determined by di-n-butylamine back-
titration (DBBT) method. Then, appropriate amount of BTDA/DMF solution was
added into the solution, the reaction temperature was maintained at 60 °C for 3 h,
and at 80 °C for 1 h. The total solid content of reaction mixture was fixed at
20 wt%. The obtained NCO-terminated poly(urethane—-imide) A, was cooled to
room temperature, and added dropwise into the B;/DMF solutions (20 wt%) with an
addition funnel. During the reactions, the [B] was always excess, and gelation was
not observed. The HBPUI films were obtained by casting the solutions on a
polytetrafluoroethylene (PTFE) plates and allowing them to dry at 50 °C for 2 days.
After demolding, the films were submitted to vacuum drying for 24 h.

A schematic representation of the synthesis route for HBPUI was shown in
Scheme 1. Different formulations and molecular weights of HBPUI were listed in
Table 1.

Measurements
FT-IR analysis
A Fourier transform infrared spectrometer (Spectrum One, Perkin-Elmer, USA) was

used to identify the structure. Solid samples were dissolved in tetrahydrofuran, and
were coated on KBr disks.
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Scheme 1 Synthesis route for the highly branched poly(urethane—imide)
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Table 1 Synthesis parameters and molecular weights of HBPUI

Sample nIPDI/(nPCDL The content [A2)/[Bs] Mn M., PDI
+ nBTDA) of BTDA (wt%)*
HBPUI-1 1.33 6 0.6 1,189 4,226 3.55
HBPUI-2 1.33 6 0.7 1,550 6,767 2.70
HBPUI-3 1.33 6 0.8 1,793 6,924 1.54
HBPUI-4 1.33 6 0.9 2,131 7,970 3.74
HBPUI-5 1.5 6 0.9 2,665 10,681 4.00
HBPUI-6 1.1 6 0.9 2,827 10,871 3.85

* The content of BTDA (wt%) = mBTDA/(mIPDI + mPCDL + mBTDA + mATA)

Gel permeation chromatography (GPC)
Gel permeation chromatography measurements were conducted on an Agilent 1100
liquid chromatography-mass spectrometry at 30 °C in THF with a flow rate of
1.0 ml/min using polystyrene standards.

NMR analysis

The ">C-NMR analysis was conducted on a Varian INOVA-600 spectrometer at
600 MHz. DMSO-d6 was used as solvent and tetramethylsilane as internal reference.

Viscosity measurements

Viscosity measurements were obtained at 25 °C with a rheometric scientifics
rotational rheometer (NXS-11A, Chengou Instrument factory, China).

DSC

DSC thermograms were obtained on a Perkin-Elmer DSC-7 differential scanning
calorimeter. Samples were placed in aluminum pans and measurements were
performed under nitrogen atmosphere by raising the temperature from —60 to
150 °C at a rate of 20 °C/min.

Thermogravimetric analysis (TGA)

TGA of the precipitated highly branched poly(urethane—imide) was performed
under nitrogen atmosphere from 30 to 600 °C at a heating rate of 10 °C/min using a
Perkin-Elmer TGA-7 thermogravimetric analyzer.

Tensile tests

The tensile tests were performed on an electronic universal testing machine

(Shenzhen Sans testing machine Co., Ltd., China) at 20 °C with a crosshead speed
of 25 mm/min.
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Dynamic mechanical analysis (DMA)

The modulus of HBPUI samples were measured using DMA Q800-0637 instrument
(TA instruments Inc., USA) in tensile mode at a frequency of 1 Hz and with a
heating rate 3 °C/min by scanning the films from —80 to 100 °C. Storage modulus
(E’) as a function of temperature was obtained.

Results and discussion
FT-IR spectra analysis

Figure 1 showed the FT-IR spectroscopic analysis of the polyurethane prepolymer
(a), NCO-terminated poly(urethane—imide) A, (b), and highly branched poly(ure-
thane—imide) (c). From the Fig. 1a, we could see that the band at 3,435 cm™ ! was
fairly broad, which was attributed to the stretching vibration of free and hydrogen-
bonded N-H groups. The absorption band appearing at approximately 1,700 cm™'
belonged to the functional groups of C=0 from urethane stretching vibrations. In the
curve b, the band appeared at 1,782 cm™' was assigned to the asymmetric stretching
vibration of C=0 of the imide groups, characteristic spectral absorbance at 1,385
and 1,244 cm™! were related to C-N stretching vibration, confirming that the
heterocyclic imide rings were successfully incorporated into the polyurethane
backbone. In the curve c, the absorption peak of NCO at 2,274 cm ™' disappeared,
indicating that the reaction between A, and B3 was complete. The absorption peak
at 1,782 cm ™! became weak in the curve c, but the peaks of 1,743 and 1,667 cm ™!
elongated and intensified. There were large amounts of hydrogen bonding inter-
actions among molecules, and so carbonyl bond length elongated and resulted in a
decrease in the bonding force constant as well as the bond order of C=0O bond.
As a consequence, the peak at 1,782 cm™' shifted to low stretching vibration
frequency [8].

Fig. 1 FT-IR spectra of a PU
prepolymer; b NCO-terminated
Ay; ¢ highly branched
poly(urethane—imide)

4000 3500 3000 2500 2000 1500 1000 500
ag cm'l

@ Springer



Polym. Bull. (2010) 64:877-890 883

i -
- 5 3 q2e8g
4 = G 4 48 RRA
b
b At b ] o ¢ ; o P
a ¢ e ¢ e e
S Dttt i,
e Chee "a,,\)\ o e L e f e & § o, N
h’\c/\;(\m\r (aﬁJ‘—\II b h“
I_é._\ X d, [VSO
X -~
L
t;ﬁ“b
NH .
™ g
; My i fee ¢ e 4 [
i e
X h_‘ru“ﬁ““rfu—rl'%”—l[—”%"_rﬁ g abee
] p b A
b [
1
¢
v,
€O urethane ;
g
COmide 7|7
h
——
' ) | e, }\ |
T T T T T T T T T T T T T % ‘ i
150 100 30 PP

Fig. 2 ">C-NMR spectrum of highly branched poly(urethane—imide)

3C-NMR analysis

NMR spectra were useful in polymer characterization and allowed us to have a deep
insight into the structure of the polymer chains. Figure 2 showed the '*C-NMR
spectrum of the poly(urethane—imide). The appearance of two peaks at 6162.157 and
0154.820 ppm were assigned to the carbonyl groups. The peak at 162.157 ppm was
attributed to the functional groups of C=0 from the imide groups, signifying that the
BTDA was successfully incorporated into the polyurethane backbone, which was
consistent with the FT-IR spectroscopic analysis formerly described for the
poly(urethane—imide). The other peak observed at a lower chemical shift was
attributed to the urethane carbonyl groups, indicating the formation of polyurethane in
the main chain.

Solution viscosity characteristics

The solution viscosities of the HBPUI and LPUI were measured in DMF solvent at
25 °C, and the results were presented in Fig. 3. It was a clear tendency that the
viscosities of the HBPUI and LPUI decreased as increasing the shear rate. When the
shear rate increased, the long polymer chains could array along with the shear
orientation more effectively, so an increasing shear rate could result in low
viscosity. It also could be observed that the HBPUI had lower viscosity compared
with linear poly(urethane—imide), which greatly confirmed the fact that three-
dimensional structure existed in the HBPUI could lead to the reduced viscosity.
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Fig. 3 Solution viscosities of 10.5
the HBPUI and LPUI variation
as a function of the shear rate —~ 10.0
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DSC analysis

It was well known that the glass-translation temperature (7,) of the polymers was
affected by a number of factors such as chain links, mobility, chain—chain
interaction, molecular structure, and nature of end groups. Figure 4 showed the DSC
curves of HBPUI and LPUI. The glass-translation temperature of HBPUI was
slightly higher than that of LPUI. This was due to the highly branched structure and
large amounts of urethane and urea linkage and NH; end groups existed in the
HBPUI, leading to the number of the hydrogen bonds was much higher than that of
LPUL Therefore, the T, increased. However, the T, did not change obviously. The
reason was that the T, of soft segment depended on the degree of phase mixing of
soft and hard segment. The HBPUI had long chain between the branching points,
and the chemical composites of the long chain were similar to the soft segment of
the LPUI.

Fig. 4 The DSC curves of 0.2
LPUI and HBPUI (nIPDI/
(nPCDL + nBTDA) = 1.33,
BTDA% = 6 wt%, 0.0 .
[A2J/INHz] = 0.3) —— [ma'c
» e _HBPUI
Z 021 e
S ey 1T
3 “Foag
= e LPUI
5 -04 e
jon)
-0.6
-0.8 T T T T r T
50 30 -10 10 30 S0 70 90
Temperature/°C
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Fig. 5 TG curves of HBPUI with variation in the content of BTDA (nIPDI/(nPCDL + nBTDA) = 1.33,
[A2)[Bs] = 0.9)

Thermogravimetric analysis

The thermal behavior of the resulting polymers was evaluated by TGA under nitrogen
atmosphere. Thermal properties data were summarized in Table 2 and the TG curves
were shown in Fig. 5. The degradation temperature was comparatively low in HBPUI
having less imide content. Therefore, an increase of imide content could increase
thermal stability of HBPUIL. As shown in Table 2, the thermal decomposition
temperature of HBPUI increased with the increase of the BTDA content. It was clearly
observed that the 10 wt% weight loss decomposition temperature of HBPUI films were
above 300 °C. In contrast, conventional, highly branched polyurethane decomposed ata
temperature of 228 °C, which was much lower than that of HBPUI The desirable
thermal stability of HBPUI was ascribed to the incorporation of imide rings in the
polymer backbones, revealing that this approach was very efficient to improve the
thermal stability of polyurethane. However, the main compositions of the HBPUI
backbones were still urethane and urea, which caused the main weight loss. Therefore,
with the increase of the content of BTDA, the thermal stability was improved slowly. In
our experiments, the content of the BTDA was not higher than 10 wt% because

Table 2 Temperature

. Sample The content Temperature at Temperature
f;siooi‘;“ﬁ;%‘i :ﬁfp}l’; b of BTDA 10%pweight at 50% weight
(wWt%) loss (°C) loss (°C)
HBPUI-a 0 228 330
HBPUI-b 2 306 347
HBPUI-c 6 308 351
HBPUI-d 10 310 359
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polyurethane was a two-phase polymer. If more BTDA were incorporated, it would
result in phase separation. The mechanical properties of the HBPUI would decrease.

Tensile properties

Tensile measurements were performed and the results were shown in Fig. 6 in the
form of stress—strain curves. In general, tensile strength increased and elongation at
break decreased with an increase in hard segment content of the polymer.
Additionally, it had been suggested that the segment of heterocyclic imide groups
also had great influence on the tensile strength and elongation at break in our
experiments. As seen from Fig. 6, all the HBPUI films with different content of
BTDA as hard segment showed high tensile strength and low elongation at break.
The tensile strength increased from 7.41 to 51.71 MPa but the elongation at break
decreased from 1,345 to 600% with the content of BTDA varied from 2 to 10 wt%.
This behavior might be due to the strong enhancement of intermolecular interactions
including the intermolecular force and hydrogen bonding with increasing hard
segment in the molecular chains. On the other hand, the segment of heterocyclic
imide groups in the polymer chains was extremely rigid, thus leading to large
improvement of the tensile strength. The flexibility and elasticity were provided by
the soft segment, when the soft segment in the molecular chains decreased, thereby
the elongation at break decreased.

Stress—strain curves for linear poly(urethane—imide) (LPUI) and highly branched
poly(urethane—imide) (HBPUI) were shown in Fig. 7. The tensile strength of LPUI
was 7.12 MPa, the elongation at break was 1,011%. In comparison with LPUI, all
the HBPUI showed stronger tensile strength but weaker elongation at break because
of the highly branched structure. With the increase of the molar ratio of [A,]/[Bs],
the degree of branching (DB) and molecular weights of HBPUI increased [31]. As
shown in Table 1, the molecular weights (M,,) of HBPUI increased from 4,226 to
7,970. The intermolecular interactions including the intermolecular force and
hydrogen bonding were enhanced because of the high molecular weight and large

Fig. 6 Stress—strain curves .
of HBPUI films with different 50 1 [A,VIB,]=0.9;
BTDA content b BTDA content
a, 10wt%;
404 C b, 8wt%;
© ¢, 6Wt%;
E 30 d, 4wt%;
= e, 2wt%.
w2
g d
St
& 201
10
e
0

0 200 400 600 800 1000 1200 1400
Strain/%
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Fig. 7 Stress—strain curves 60
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amounts of NH, end groups per macromolecule. Thus, tensile strength increased
and the elongation at break decreased. As could be seen from Fig. 7, when the molar
ratio of [A,)/[B3] increased from 0.8 to 0.9, the tensile strength of the HBPUI films
were in range of 45.7-53.3 MPa, but the elongation at break decreased from 959 to
909%.

DMA analysis

The mechanical properties of the traditional hyperbranched polymers were poor
because these polymers were lack of chain entanglement. The macrostructure of
hyperbranched polymers synthesized via A, + B3 approach was similar to traditional
hyperbranched polymers, but there were long chain between the branching points
which were long enough for entanglement in unit structure in these polymers.
Therefore, the resulting polymers showed superior mechanical properties. The
dynamic mechanical properties of HBPUI films as a function of temperature were
shown in Figs. 8 and 9. Figure 8 showed the storage modulus for different [A;]/[Bs]
ratio of HBPUIL. It was clear that, as expected, the storage modulus of HBPUI samples
were much higher than that of LPUI samples because of the highly branched structure.
The modulus of HBPUI increased with increasing the ratio of [A,]/[B5]. This behavior
might be associated with the hydrogen bond concentration and DB value in the
polymers. It was suggested that the DB increased with increasing the [A,]/[Bs] [31],
and large amounts of NH, end groups formed per macromolecule.

The influence of different BTDA content on the storage modulus of HBPUI films
was illustrated in Fig. 9. It could be found that only a small amount of BTDA could
improve the storage modulus. The results should be interpreted through the presence
of imide groups in the polymer chains. The rigidity of hard segment of material
could be largely improved resulting from the incorporation of BTDA that containing
extremely rigid heterocyclic units. We could see that the more BTDA content in the
HBPUI was, the higher storage modulus was. Therefore, increasing the amount of
BTDA in the HBPUI could lead to an enhancement of the storage modulus.
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Fig. 8 Dynamic mechanical analysis plots of HBPUI with different [A,]/[Bs] ratio and LPUI
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Fig. 9 Dynamic mechanical analysis plots of HBPUI with different BTDA content

Conclusion

A series of highly branched poly(urethane—-imide) (HBPUI) were successfully
synthesized via the reaction of isocyanate terminated polyurethane prepolymer
containing imide groups as an A, oligomeric monomer and triamine as a B; monomer.
As a result of introduction of imide component and highly branched structure, the
thermal properties and mechanical properties of HBPUI were improved remarkably.
The HBPUI showed lower viscosity than that of linear poly(urethane—imide) (LPUI),
nevertheless T, of HBPUI was higher than that of LPUI Introducing imide component
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into polyurethane was an effective way to improve the thermal degradation
temperature of polyurethane, which was 80 °C higher than the conventional, highly
branched polyurethane. The tensile strength of HBPUI was greatly affected by
increasing the content of BTDA and the molar ratio of [A,]/[B5], the maximum tensile
strength was up to 53.3 MPa when the content of BTDA was 6 wt% and the molar
ratio of [A,]/[B3] was 0.9. However, the results of elongation at break were opposite.
Simultaneously, the storage modulus was enhanced considerably by increasing the
content of BTDA and the molar ratio of [A,]/[Bs].
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