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ABSTRACT: In this work, we for the first time pre-
pared a series of novel highly branched block copoly
(urethane-imide)s (CoPUls) successfully by the condensa-
tion polymerization of star-like prepolymers and dianhy-
drides, (including pyromellitic dianhydride (PMDA),
3,3 4,4'-benzophenonetetracarboxylic ~ dianhydride, and
4,4'-oxydiphthalic anhydride) and the star-like prepoly-
mers were synthesized from pentaerythritol (PAT) and
toluene-2,4-diisocyanate (TDI) or isophorone diisocyanate.
Our results revealed that it took about 40 min to com-
plete the prepolymerization of PAT and TDI at 40°C. In
addition, the imidization of the prepolymer and PMDA
was successfully carried out at 120°C for 2 h. The X-ray
diffractometer patterns exhibited that the resulting
CoPUIs presented heterogenous structure with the d-spac-

ing around 0.40 nm. Differential scanning calorimeter
curves showed that the T, of these CoPUls ranged from
214 to 229°C in N, atmosphere Thermogravimetric ana-
lyzer curves indicated that these synthesized CoPUIs had
obviously two steps of weight loss in N, atmosphere due
to the used monomers which decomposed at 230-235°C
and 602-644°C, respectively. The solubility testing results
showed that the highly branched block CoPUls had de-
sirable solubility in several strong polar aprotic solvents
and exhibited a strong resistance to dilute acid corrosion.
© 2010 Wiley Periodicals, Inc. J] Appl Polym Sci 118: 99-104,
2010
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INTRODUCTION

In recent years, aromatic polyimides have attracted
an increasing attention of many investigators due to
their excellent heat resistance, superior mechanical
properties, and electrical and durable performance.
They are widely used in aerospace industry, elec-
tronic and electric industry, machinery industry,
chemical industry, and national defense military
industry.'” However, the major limitations of aro-
matic polyimides for the versatile applications are
their high melting points and insolubility in organic
solvents.* To improve their poor fusibility and solu-
bility without sacrificing other performances, various
approaches have been used. One of the acceptable
methods to improve the processability of polyimides
is the chemical modification of their structure by
blending or copolymerization with urea,” amide,’
sulfone,” ether,® aromatic heterocyclic linkages,9 and
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metal ions.'” By introducing some flexible groups
such as urethane groups, it can endow the poly-
mides with remarkable abrasion resistance, elasto-
mers, and plastics performances. Various attempts to
incorporate urethane groups into polyimides have
been made. The reaction of —NCO terminated PU
prepolymer with acid dianhydride is one of the
methods most often used to introduce urethane
function into PI backbone.''™"® Most poly(urethane-
imide) block copolymers obtained by this method
are linear, resulting in poor solvent resistance to or-
dinary organic solvents.

However, to the best of our knowledge, few studies
are reported on the block copoly(urethane-imide)s
(CoPUlIs) with highly branched structure. In this arti-
cle, we for the first synthesized a series of novel highly
branched block CoPUls from Pentaerythritol (PAT),
various diisocyanates and dianhydrides by two-step
methods. Thus, obtained copolymers exhibits some
unique properties, such as no chain entanglement,
less or no crystallization, high solubility, low solution,
and melt viscosity due to its highly branched
molecular structure.'* We discussed the optimized
parameters required for the prepolymerization and
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imidization based on PAT, toluene-2,4-diisocyanate
(TDI), and pyromellitic dianhydride (PMDA). Fur-
thermore, the chemical structure and some general
physical properties of the obtained block CoPUls
with highly branched structure were studied by FTIR,
'"H-NMR, X-ray diffractometer (XRD), Differential
scanning calorimeter (DSC), thermogravimetric analyzer
(TGA), and solubility testing.

EXPERIMENTAL PROCEDURE
Materials

PAT, PMDA, 3,3 4,4-Benzophenonetetracarboxylic
dianhydride (BTDA), and 4,4-oxydiphthalic anhy-
dride (ODPA) were obtained commercially from
Sigma-Aldrich (USA), Sinopharm Chemical Reagent
(Shanghai, China), Alfa Aesar (USA), and Shanghai
Research Institute of synthetic resins (Shanghai,
China), respectively, and dried under vacuum after
purified. TDI and isophorone diisocyanate (IPDI)
were purchased from TianjingYuanli Chemical
(Tianjing, China) and Fluka (Germany). They were
used as received. N,N-Dimethylformamide (DMF)
was refluxed in the presence of calcium hydride,
distilled under reduced pressure, and dehydrated
with 4 A molecular sieves before use.

Measurements

The —NCO content in PU prepolymer was deter-
mined by di-n-butylamine back-titration method.'®
Conversion of —NCO was calculated by 100(1-C/
Cp), where Cy (wt %), the initial content of —NCO in
the reaction mixture, is 7.35%, and C (wt %) is the
content of —NCO at a certain time determined. FTIR
spectra were performed on KBr pellets with a Per-
kin-Elmer (USA) Spectrum One FTIR spectrometer.
"H-NMR spectrum was characterized on a Varian
Residuey spectrometer at 600 MHz (USA) with tetra-
methylsilane as reference and DMSO-d, as solvent.
XRD patterns were recorded on a Rigaku D-Max
HIC (Japan) X-ray diffractometer with pattern from
2° to 60° (20) using Cu K, radiation. DSC and TGA
curves were obtained respectively by a TA Instru-
ments (USA) Q-100 DSC and a Perkin—Elmer (USA)
DETLASERIES TGA?7 thermogravimetric analyzer
with a same heating rate of 20°C/min in N, atmos-
phere. Solubility of CoPUls was measured in the
relevant solvents at 2.5% (w/v) at both room
temperature and an elevated temperature.

Synthesis of highly branched block CoPUlIs

A diisocyanate (10 mmol) was dissolved in DMF (5
mL) in a thoroughly dried 100-mL four-neck flask in
N, with continous magnetic stirring. A solution of
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PAT (2.5 mmol) in DMF (10 mL) was added drop-
wise into this solution at 40°C with a duration of
0.5 h. After the reaction was conducted for 10 min, a
solution of dianhydride (5 mmol) in DMF (10 mL)
was droped into it in 0.5 h. It was maintained at
80°C for 1.5 h and 120°C for 2 h after further con-
duced for 0.5 h at 40°C, respectively. After removing
most of the solvent under reduced pressure, the
highly viscous solution was cast onto a glass plate
and dried at 80°C until the residual solvent evapo-
rated completely. (Except CoPUlypp, which was con-
ducted as reported in the following article).

RESULTS AND DISCUSSION
Synthesis of highly branched block CoPUlIs

The synthesis of highly branched block CoPUls
includes two steps, as illustrated in Scheme 1. The
first step is the synthesis of the —NCO terminated
star-like PU prepolymer with PAT and excess
toluene-2,4-diisocyanate (2,4-TDI) or IPDI. The
following step is the imidization of the prepolymer
and PMDA, BTDA, or ODPA. The yields of
these highly branched block CoPUIs were listed in
Table L

For CoPUlypp, the effect of reaction time on the
conversion of —NCO in the first step was shown in
Figure 1. The conversion of —NCO increased rapidly
until the addition of PAT completed. During the
course, PAT reacted with excess highly active TDI to
form a star-like PU prepolymer with —NCO termi-
nated, and then the reaction became gently with
around 50% conversion of —NCO. As a result, the
optimal reaction time of prepolymerization at 40°C
should be about 40 min.

Gelation would be observed immediately when
the temperature was increased to 120°C in the sec-
ond step of highly branched CoPUlrpp. Therefore, a
film was prepared at 80°C in an air oven for 24 h
and 120°C for 2 h after the reaction solution
concentrated.

The reaction of —NCO of the prepolymer and
PMDA in the second step of CoPUlrpp was investi-
gated by FTIR spectra at 80 and 120°C, respectively.
It can be found that the bands around 1785 (C=0
asymmetrical stretching), 1724 (C=O symmetrical
stretching), 1380 (C—N stretching) and 725 cm ™!
(C=0 bending) were the characteristic absorption
bands of imide groups in highly branched CoP-
Ulrpp.'® In addition, the bands around 3350 and
1538 cm ™' were attributed to the association stretch-
ing and variable-angle stretching of the N—H of ure-
thane groups. However, the band at 2265 cm™' of
CoPUlypp at 80°C was the characteristic absorption
band of free —NCO, which indicated that the —NCO
of star-like PU prepolymer did not react with
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Scheme 1 Synthesis of novel highly branched block CoPUlIs. [Color figure can be viewed in the online issue, which is

available at www.interscience.wiley.com.]

anhydride groups of PMDA completely at 80°C for
1.5 h. While such characteristic absorption band of
—NCO of CoPUlrpp at 120°C disappeared, it con-
firmed that the imidization in the second step was
completely carried out after 120°C for 2 h. In addi-
tion, it also demonstrated that the imidization pro-
cess was a two-step reaction, including the forma-
tion of a sevenmembered ring intermediate from the
reaction of isocyanate with anhydride at a lower
temperature (80°C), and an imide ring structure
with the release of CO, at a higher temperature
(120°C).7

No gelations appeared when the highly branched

CoPUlpo were conducted at 120°C in the second
step. It possibly ascribes to the better chain flexibility
of BTDA residue and ODPA residue than the
PMDA residue, and the same as IPDI residue and
TDI residue.

The structure of the other highly branched block
CoPUIs were characterized by FTIR spectra. It can
be found that the characteristic absorption bands
based on the urethane groups and imide groups can
be observed. Furthermore, the FTIR spectra of CoP-
Ulrpp, CoPUlrpp, and CoPUlrpo has weak absorp-
tion bands at 2960 and 1380 cm ™' belonging to the
methyl groups in TDI residues. While the FTIR spec-

CoPUlrpg, CoPUlrpo, CoPUlpp, CoPUlpg, and tra of CoPUlpp, CoPUlpp, and CoPUlpo presented
TABLE I
Yields and Thermal Properties of Novel Highly Branched Block CoPUlIs
Sample Diisocyanate-pentaerythritol-dianhydride Yield (%) T,” (°C) Td,lb °C) Td,2b °C)
CoPUltpp TDI-PAT-PMDA 87.8 229 231 632
CoPUlpp IPDI-PAT-PMDA 88.6 216 230 644
CoPUlrpp TDI-PAT-BTDA 89.2 - 234 610
CoPUlpg IPDI-PAT-BTDA 88.9 - 232 616
CoPUltpo TDI-PAT-ODPA 90.5 221 235 602
CoPUlpo IPDI-PAT-ODPA 89.7 214 233 605

T measured by DSC at a heating rate of 20°C/min in N, atmosphere.
le and T, ,, the first and the second decomposition temperature measured by TGA at a heating rate of 20°C/min in

N, atmosphere.
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Figure 1 Effect of reaction time on conversion of —NCO
in prepolymerization of highly branched CoPUlypp.

strong absorption bands of methyl groups in the
same range and methylene groups at 1460 cm ™' due
to the IPDI residues.

The '"H-NMR spectrum of highly branched CoP-
Ulrpp could not be characterized for its insolubility
in DMSO-ds. As a result, the soluble CoPUlpp was
characterized on a Varian Residuey spectrometer at
600 MHz with tetramethylsilane as reference. The
multisplit peaks ranging from 8.2 to 8.7 were
assigned to protons of PMDA residues, while the
multiple overlapped peaks in the range of 4.3-3.8
were attributed to protons of PAT residues, and the
peaks in the range of 2.0—0.9 ascribed to protons of
IPDI residues. The broad peaks at 7.0 and 5.5 corre-
sponded to the protons of urethane groups and free
hydroxyl groups in PAT residues, respectively. The
multiple peaks ranging from 29 to 2.7 were
assigned to protons of methylene bonded with ure-
thane groups and methine bonded with imide
groups in IPDI residues. The further structural veri-
fication, such as 13C-NMR spectra, was not provided
here to calculate the degree of branching values of
these highly branched block CoPUls. Because it was
difficult to verify the highly branched structure of
the block CoPUls which was induced by the reac-
tion of various diisocyanates and PAT via A;+B,
approach. In this work, the reaction degree of the
hydroxyl groups of PAT and the —NCO of IPDI in
the fist step was investigated by evaluating the inte-
gration of the peaks for free hydroxyl groups in
PAT residues and methine in PMDA residues
(—NCO of PU prepolymers were supposed to react
completely with anhydrides in the second step). As
a result, it confirmed that about 70% of the hydroxyl
groups of PAT reacted with the —NCO of IPDI in
the fist step.
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X-ray diffraction of highly branched block CoPUlIs

The crystallinity of the resulting highly branched
block CoPUls was examined by a Rigaku D-Max
HIC X-ray diffractometer with pattern from 2° to 60°
(20) using Cu K, radiation. In general the diffraction
patterns of CoPUlypp, CoPUlpp, CoPUlrpo, and
CoPUljpo expressed a set of wider diffraction peaks
with a single sharp peaks around 22°. It confirmed
that the obtained four kinds of CoPUlIs mainly had
amorphous aggregation structure with a small
degree of crystallinity. The heterogenous morphol-
ogy most likely relate to the highly branched struc-
ture and rigidity of aromatic units, whereas the
strong chain-to-chain interactions, such as hydrogen
bond, leads to a crystalline morphology. Moreover,
according to XRD patterns, we could also find 20 of
the diffraction maximum, as listed in Table II, and
the d-spacing value was calculated with Bragg’s
equation,17 which can be expressed as follows:

n-A=2d-sin®, n=1,2,...... (1)

where A is the X-ray wavelength = 0.154 nm, 0 is
the Bragg angle (°), and d is the d-spacing of the
polymer molecules (nm). By calculation, the data of
d-spacing value were listed in Table IL

The XRD patterns of the other two highly
branched block CoPUls, CoPUltpg, and CoPUlpg,
were not shown here. However, we can conclude
that their XRD patterns were similar with the XRD
patterns of the four highly branched block CoPUls
mentioned above for their analogous monomers’
structure and rigidity.

Thermal properties of highly branched
block CoPUls

Thermal properties of highly branched block CoPUlIs
were determined by DSC and TGA in N, atmos-
phere, and the measured results were summarized
in Table I. The data of thermal behaviors showed
that all the four highly branched block CoPUls dis-
played a glass transition temperatures (T,) ranging
from 214 to 229°C, which depended on the chemical
structure of diisocyanates and aromatic dianhy-
drides used in the reaction. Highly branched
CoPUlpp and CoPUlpp exhibited higher T, than
highly branched CoPUlrpo and CoPUlpo because of

TABLE II
The Data of XRD Patterns of Highly
Branched Block CoPUls

Samp les COPUITPP COPUIIPP COPUITPO COPUIIPO
20, ) 22.80 21.71 22.55 22.00
d (nm) 0.3896 0.4089 0.3938 0.4035
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Figure 2 TGA curves of the highly branched block
CoPUlIs in N, atmosphere.

the effect of the rigidity of diisocyanates among aro-
matic TDI and aliphatic IPDI. While highly branched
CoPUlpp and CoPUlrpo exhibited higher T, than
highly branched CoPUlpp and CoPUlpo due to the
difference of rigidity of aromatic dianhydrides among
PMDA and ODPA. According to XRD patterns, the
resulting highly branched block CoPUls might pos-
sess a slight degree of ordering because of the defini-
tive crystalline patterns. However, there were no crys-
talline melting transitions detected by DSC curves.
This probably indicated either that the melting point
(Ty,) values of the resulting polymers were higher
than the measurement range used in the DSC experi-
ments, or that the polymers are predominately amor-
phous with only a low degree of molecular ordering.

As shown in Figure 2, the six obtained highly
branched block CoPUIs showed two steps of weight
loss, respectively. The temperatures of the first
weight loss (T1), which were usually considered as
the decomposition of urethane groups and PAT resi-
dues in the polymer backbones, were between 230
and 235°C. The temperatures of the second weight
loss (T,,) ranging from 602 to 644°C corresponded
to the decomposition of imide groups and aromatic
residues in the polymer backbones. However, CoP-
Ulpp, CoPUlpp, and CoPUlpo exhibited a weight
loss immediately followed by the weight loss of ure-
thane groups and PAT residues around 400°C due
to the decomposition of aliphatic IPDI residues,
while CoPUlypp, CoPUlIrpg, and CoPUlrpo did not
show obvious weight loss in this temperature range.
Furthermore, the residual weight retentions of CoP-
UITPP/ COPUITPB, and COPUITPO at 700°C in N2
atmosphere ranging from 27 to 36% were higher
than those of CoPUlwpp, CoPUlpg, and CoPUlpo,
which were in the range of 9-11 %. It was most
likely attributed to the chemical structure of diiso-
cyanates and aromatic dianhydrides.
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Solubility of highly branched block CoPUlIs

The solubilities of these highly branched block
CoPUIs were determined in some common organic
solvents and inorganic acid solutions at 2.5% (w/v) at
room temperature or an elevated temperature. The
results showed that all of these highly branched block
CoPUls could be more or less soluble in DMSO and
NMP at room temperature, and soluble in DMAc and
DMF upon heating. These highly branched block
COPUIS, COPUITP(), COPUIIPB, and COPUIIPO with
flexible residues could be partially soluble in less po-
lar aprotic solvent such as THF. The resulting highly
branched block CoPUls exhibited good solubility
than the analogous polyimides,'® which were nearly
insoluble in any organic solvents. It was most likely
due to the flexible urethane group which decreases
the interaction of polymer chains. Moreover, the good
solubility of block CoPUlIs also more or less related to
the highly branched structure."’ However, none of
them could dissolve in the little polar aprotic sol-
vents, such as xylene, acetone, methanol, etc. Further-
more, all of them could resist the corrosion of dilute
acid solution, such as 10 wt % hydrochloric acid and
10 wt % sulfuric acid. The good solubility of these
block CoPUlIs in several strong polar aprotic solvents
was useful for the processing and molding.

CONCLUSIONS

In this study, novel highly branched block CoPUls
based on PAT and various diisocyanates and dia-
nhydrides were successfully synthesized and charac-
terized for the first time. The resulting highly
branched block CoPUls presented heterogenous
morphology with the d-spacing values ranging from
0.3896 to 0.4089 nm. The obtained polymers exhib-
ited T, in the range of 214-229°C caused by the
effect of chemical structure of diisocyanates and aro-
matic dianhydrides used in the polymerization. Our
results revealed that these polymers exhibited obvi-
ously two steps weight loss with T,;; around 230°C
and T,, around 620°C in N, atmosphere, and that
the highly banched block CoPUls showed definite
solubility in various polar aprotic solvents and a
strong resistance to dilute acid corrosion.
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