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Abstract

Three kinds of polyurethane—polyvinyl thermoplastic elastomers were synthesized by the combination of a two-step synthesis and chain
polymerization. Their structures were confirmed by FT-IR dHINMR, and their properties were also characterized. X-ray diffraction
studies showed semicrystalline patterns for this type of copolymers. Tensile properties indicated that the copolymers had smaller extensi-
bilities than typical polyurethanes. Thermogravimetric analysis curves displayed a better thermal stability for the copolymers due to their
longer hard segments and the 1,1,2,2-tetraphenyl-1,2-ethanediol component. Differential scanning calorimetry studies and dynamic mechan-
ical analysis revealed that this type of copolymers had microphase-separated structures and possessed elastomericcpzOperties.
Elsevier Science Ltd. All rights reserved.
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1. Introduction methacrylate prepared with the PU iniferter have been
reported [13,14]. However, much information about the
Synthesis of thermoplastic elastomers is one of the physical properties of this type of copolymers has not
prospective trends in macromolecular engineering. Elasto-been mentioned.
meric thermoplastic block copolymers are typically micro- On the basis of this approach, this article deals with the
phase-separation materials containing two types of possibility of the synthesis of a new type of thermoplastic
segments in their molecular architecture. Compositional elastomer using a free-radical initiator 1,1,2,2-tetraphenyl-
variables are known to affect the degree of phase segrega-,2-ethanediol (TPED) which contains a well-known inifer-
tion, phase mixing, and hard-segment domain organization,ter group (tetraphenylethane) to form a PU iniferter for the
and accordingly the polymer properties [1,2]. preparation of PU-polyvinyl block copolymers. Three
Thermoplastic polyurethanes (PUs) are a class of high kinds of monomers, i.e. acrylonitrile, methyl methacrylate,
performance materials for versatile end use. However, and styrene were used to form the polyvinyl segments. The
preparation of typical PUs usually consists of a two-step three kinds of PU—polyvinyl copolymers were then charac-
synthesis method [3,4] and the monomers used are oftenterized to determine their physical properties and
restricted to difunctional compounds. Transformation reac- morphology.
tions extend the range of possible monomer combinations in
block copolymers [5—-11]. This approach allows polymers
produced by one type of polymerization to be terminally 2. Experimental
functionalized by groups capable of initiating a different
mode of polymerization. 2.1. Materials
During the last decade, Ostu et al. had shown that the
iniferter method could be used in the preparation of block 44 -Methylene bis(4-phenylisocyanate) (MDI, Du Pont,
copolymers [12]. In this concept, iniferters were used to Inc.), methyl isobutyl ketone (MIBK, Hayashi Chemicals),
design the structure of polymer chain ends in radical poly- dimethyl formamide (DMF, Tokyo Chemicals), dimethyl

merization. Recently, polymethacrylic acid and polymethyl Sufloxide (DMSO, Nacalai Tesque, Inc.), styrene (St,
Tokyo Chemicals), methyl methacrylate (MMA, Tokyo

*Corresponding author. Fax: 886-7-3838-240. C_he_micals), acrylonitrile (AN, Janssen Chi_mica_) were
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Scheme 1.

(DBTDL, Tokyo Chemicals), N-methyl-2-pyrrolidone and stirred at 70—7& for 5 h. The viscous solution was
(NMP, Bona Pure Chem. Co.), benzophenone (Ferak poured into water to isolate the polymer. THF was used to
Berlin), isopropy! alcohol, chloroform, toluene, and tetra- extract homo-PAN and PU from the block copolymer.
hydrofuran (THF) from Tokyo Chemicals were used as Conversion was about 58% after extraction. For conveni-
received. Polytetramethylene ether glycol (PTMG, Du ence, this polymer was designated as PU-PAN. The PU-PS
Pont, Inc.) with molecular weight(M, = 1000 was and PU-PMMA copolymers were prepared in a similar
degassed under vacuum af65t 600 Pa (4.5 mmHg) for  manner. Their conversions were also around 60%.
3 htoremove any absorbed water. TPED was prepared from
benzophenone and 2-propanol using the known methods 4 characterization
[15].

_ o Infrared (IR) spectra of the thin polymer films were
2.2. Synthesis of the polyurethane macroinitiator obtained using a Bio-Rad FTS 165 Fourier transform infra-

Isocyanate terminated prepolymer was prepared by react-red (FT-IR) spectrometer. The spectra were obtained over
ing 0.02 mol of MDI and 0.01 mol of PTMG in 70 m DMF € fréquency range of 4000400 chat a resolution of

-1
at 80—85C for 2.5 h. This solution was then chain extended 4cm
with 0.01 mol of TPED (in 15 ml DMF) solution at room

The PU—polyvinyl block copolymers were dissolved in
temperature using DBTDL as a catalyst to obtain the PU deuterium DMF (d-DMF), and then characterized with
macroiniferter.

NMR using a Varian VXR 300S FT-NMR spectrometer.
Qualitative solubility was determined using 0.01 g of poly-
2.3. Synthesis of PU—polyvinyl block copolyurethanes mer in 2 ml of solvent. Inherent viscosity{,) measure-
ments were determined at a solution concentration of 0.5 g
To the above solution was added 0.1 mol of acrylonitrile polymer per 100ml of solvent at 30 using a
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Table 1
Properties of PU—polyvinyl copolymers
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Sample Ninn (dI/g)? Water content (%) My Mn M,/M,

PU-PAN 0.436 6.57 139 890 89 442 1.56
PU-PMMA 0.419 6.14 120 423 73 429 1.64
PU-PS 0.381 2.67 111 257 63 745 1.75

#Inherent viscosity at 3C in DMF.

Cannon-Fenske viscosimeter. The water uptakes of theheating rate was set at’G/min. The sample size was
copolymers were measured from a weight increase afterapproximately 6 10x 2 mnt.

immersing the specimens in deionized water for 48 h at
room temperature. Number avera@d,), weight average
(M,,) molecular weights and molecular weight distribution
(MWDs) (M,,/M,,) were determined by gel permeation chro-
matography (GPC) using Waters liquid chromatograph
equipped with a 410 RI detector and threeStyragel
columns.

Wide-angle X-ray diffractograms (WAXD) were
obtained on a Rigaku Geiger Flex D-Max lll, using Ni-
filtered Cuk, radiation (40 kV, 15 mA); the scanning rate
was 4/min. Measurements were performed with film speci-
mens of about 0.1 mm thickness.

3. Results and discussion
3.1. Polymer synthesis

A three-step solution polymerization method derived
from the conventional prepolymer technique was used for
the preparation of PU—polyvinyl block copolymers. Novel
polyurethane iniferter was synthesized by a step-type poly-
merization via the first two steps of this method. This inifer-
ter was used to polymerize vinyl monomers through free

Stress—strain data of urethane copolymers were obtainedradical mechanism. This macroiniferter yields three kinds

using a Universal Testing Machine (Shimadzu AGS-500A

of PU—polyvinyl multi-block copolymers in the presence of

Series) with a 10 kg load cell and film grips. The crosshead styrene, methyl methacrylate and acrylonitrile monomers as
speed was 50 mm/min. Measurements were made at roongiven in Scheme 1. If the reactions were ended in the first

temperature using ax 0.4 cnf dumbbell sample.
Thermogravimetric analysis (TGA) experiments of the

two steps, a typical PU elastomer with PTMG as the soft
segment and MDI-TPED as the hard segment was synthe-

urethane copolymers were carried out on films placed in a sized. However, if a vinyl monomer such as AN was added,

platinum sample pan using a TA Instruments SDT-2960
analyzer. Sample films ranging from 4-5mg were cut
into small pieces and loaded into the platinum pan and

the hard-segment component was changed. It has been indi-
cated that conversiomMl, and inherent viscosity increased
with increasing monomer concentrations at constant poly-

sealed in the sample chamber. The samples were heatednerization time and PU macroiniferter, while increased

from 50 to 700C under a nitrogen atmosphere and in static
air at the rate of 1/min.

Differential scanning calorimetry (DSC) thermograms
from —130 to 170C were obtained using a TA Instruments
DSC 2010 analyzer at a heating rate of@0nin under a dry
nitrogen purge. Dynamic mechanical analysis (DMA) was
performed on a TA Instruments DMA 2980 unit with an
operating temperature range from150 to 150C. The

Table 2

Solubility of PU—polyvinyl copolymer (a scale for the different degrees of
solubility is assigned as follows: 0, insoluble; 1, swell; 2, slightly soluble
when hot; 3, soluble when hot, precipitate when cold; 4, soluble hot; and 5,
soluble cold)

Polymer Solvent

DMF NMP DMSO CHCk MIBK THF Toluene

PU-PAN 5 5 4 2 1 1 0
PU-PMMA 5 5 3 0 1 1 1
PU-PS 5 5 0 0 0 1 1

polymerization time conversioMl,, and inherent viscosity
also increased [16]. Hence, molecular weights of polymers
increase with increasing monomer concentrations at
constant polymerization time. Since the hard-segment
length was controlled by the ratio of vinyl monomers
added, the effect of vinyl monomers was manifested by a
vinyl monomer/PTMG mole ratio of 10/1 during the
synthesis.

An interesting phenomenon had been observed when the
step/chain transformation polymerization occurred. The
reactions of PU iniferters were light yellow originally.
Upon addition of vinyl monomers, the reactions turned
clear, indicating the formation of polymer radicals.

The inherent viscosity, water uptake, and GPC results of
the synthesized elastomers are shown in Table 1. In compar-
ison with the water uptake (ca. 2%) of typical PUs, the
higher water uptakes for PU-PAN and PU-PMMA suggest
that longer and more polar hard segments increase the
hydrophilic character of elastomers.

Qualitative solubility of PU-polyvinyl polymers in
various solvents is shown in Table 2. These samples are
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Fig. 1. IR spectra of PU—polyvinyl copolymers.

soluble in aprotic polar solvents such as DMF and NMP, and 1731 cm %, indicating the PMMA segment being incorpo-
insoluble in common organic solvents. rated into the copolymer.

3.3.'H NMR Analysis
3.2. IR characterization
Fig. 2 shows the'H FT-NMR spectrum of PU-PAN

IR spectra of three kinds of PU—polyvinyl polymers are block copolymer. The peaks at about 8.55 and 9.38 ppm
illustrated in Fig. 1. Itis noted that the incorporation of PAN are due to the N-H protons of urethane linkages. The
into the urethane copolymer was evidenced by the appear-peak corresponding to aromatic protons from TPED and
ance of the —&N absorption band at 2244 crth The other MDI units are observed between 7 and 7.5 ppm. The alipha-
absorption bands show the characteristic absorptions oftic protons of PTMG unit existing in the —OGEBH,, —-O-
typical PUs. The major NH band appears at 3300cm  CH, appear at about 1.59 and 3.39 ppm, respectively,
and is attributed to the N—H band which is hydrogen whereas the —O-CHadjacent to urethane groups are
bonded. The carbonyl absorptions in the urethane groupsobserved around 4.08—4.13 ppm. The presence of resonance
split into two peaks at 1732 and 1712 chwhich can be peaks around 2.23 ppm is attributed te=G—CH-. The
assigned to free and hydrogen bonded urethane carbonykesult confirms that the PAN block is incorporated in
groups. In the PU-PS copolymer, the most dramatic differ- between PU block as given in Scheme 1. Next, the spectrum
ence with the spectrum mentioned above is the appearancef PU-PS is characterized by the increase of the resonance
of the band around 3030-3080 chrwhich is assigned to  peak around 7.08—7.18 ppm. The structure of PU-PMMA
the C—H stretch of aromatic ring. Other key features such asis evident by the presence of the resonance peak at 3.63 ppm
the absorption bands at 730—-770 ¢nand 698 cm* also representing —COOGCH
show characteristic absorptions of typical aromatic rings
with five adjacent free hydrogen atoms. Nonetheless, the3 4. GpcC Analysis
absorption bands in the IR spectra of PU-PAN and PU-
PMMA in this region look similar yet the two copolymers GPC results show that the PU macroiniferter initiates
do not have absorption bands at 730-770tnand monomers polymerization. Preliminary experiments have
698 cm L. This spectrum proves clearly that PU-PS has shown that in this system both conversion afgdincrease
been successfully synthesized. Subsequently, as comparedith increasing polymerization time. Furthermore, the GPC
to PU-PS and PU—PAN, the IR spectrum of PU-PMMA traces for all of PU—polyvinyl block copolyurethanes show
clearly shows the increase of carbonyl absorption in anincrease in molecular weights, when compared to the PU
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Fig. 2. ™H NMR spectra of PU—polyvinyl copolymers.

iniferter. The above results indicate that a step/chain trans-somewhat similar contrast. The X-ray patterns for these

formation polymerization reaction has occurred.

3.5. Wide-angle X-ray diffraction WAXD

Fig. 3 represents the WAXD curves of PU-polyvinyl
copolymers. For the PU-PAN copolymer, the curve
shows a small peak at62=8.2° and a broad band
split into a triplet at 2= 17.0, 19.2 and 20.4 respec-
tively. The curves for PU-PMMA and PU-PS show a

samples indicate that the samples are semicrystalline
materials. Since a broader peak indicates a lower crys-
tallinity, the crystallinity of these materials can be
ranked in the following order: PU-PSPU-
PAN < PU-PMMA as seen in Fig. 3. This may be
due to the more hydrogen bondings of urethane carbo-
nyls increase the crystallinity of the copolymer. This
result is also confirmed by the tensile strength
measurements, which will be discussed later.
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Fig. 3. X-ray diffractograms of PU—polyvinyl copolymers.

3.6. Tensile properties tensile strength for PU-PMMA and PU—-PAN may be
attributed to the higher degrees of hydrogen bonding of
urethane carbonyls in both samples as seen in the IR spectra
of the samples. Conversely, a lower crystallinity for PU-PS
may increase the extensibility of the copolymer.

The stress—strain curves for PU—polyvinyl copolymers
are shown in Fig. 4. As compared to the hard segments of
typical PUs, polyvinyl hard segments are more rigid and
longer (due to the higher synthetic mole ratio). Hence, the 3.7, Thermal analysis
new thermoplastic elastomers are more brittle and exhibit
smaller extensibility than typical PUs. In contrast, higher  The thermal stability for PU—polyvinyl materials in
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Fig. 4. Stress—strain curves for PU—polyvinyl copolymers.
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Fig. 5. TGA curves of PU—polyvinyl copolymers under a nitrogen atmosphere.

nitrogen is illustrated in Fig. 5. As seen in the figure, the degradation of a typical polyurethane PTMG-PU (MDI
TGA curves display a two-step mechanism for the degrada- reacted with PTMGM, = 1000 and then chain extended
tion, which is quite different with the one-step degradation with ethylene diamine), it is worth noting thdg, (the
mechanism of typical PUs. In comparison with the one stage temperature at which 50% weight loss has occurred) can
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Fig. 6. TGA curves of PU—polyvinyl copolymers in static air.
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Table 3 Further, Tsq is also increasing in the order: PTMG-
Characteristic temperatures on TGA curves PU< PU-PS< PU-PMMA < PU-PAN as seen in the
Sample Degradation in nitrogen Degradation in air figure. The results are shown in Table 3. In the second
stage, the degradation is caused by the soft segments as
Tio% Tso% Tao% Tso% stated before, while in the third stage it is probably due to
PU—PAN 328.6 425.0 3172 425.0 fthe oxidation reactions of the MDI anq TPED components
PU-PMMA  328.6 4125 3950 410.7 in the hard segments. Hence, the third stage degradation
PU-PS 321.4 413.8 316.1 405.8 occurs and the rate of weight loss is reduced. The mechan-
PTMG-PU  326.8 395.6 321.4 401.8 isms of the degradation reactions are beyond the scope of
this paper.
be ranked in the following order: PTMG-PYpPU-  3.8. Differential scanning calorimetry

PS= PU-PMMA < PU-PAN according to their different -
. : o The DSC curves are shown in Fig. 7 for the as-cast mate-
hard-segment components. Since it has been indicated that. : L
s : : . rials. It is apparently seen that two distirigs are presented
the initial degradation occurs in the hard segments [17], this. "~ "
) C in this picture for the three copolymers, the low temperature
may imply that the hard segment which is composed of :
X ) . . one represents the soft-segm&pand the high temperature
TPED with a polyvinyl segment has a different degradation o
) . . L . one denotes the hard-segmdit It testifies that they are
mechanism with that of typical PUs. The initial degradation . : .
. h . microphase-separated thermoplastic elastomer materials.
may arise from the polyvinyl segments while the degrada-
tion in the later stage may arise due to the TPED segments.3 g pynamic mechanical analysis
In comparison with the curves under a nitrogen stream,
the TGA curves for the three copolymers show a quite  The dynamic mechanical properties of the PU—polyvinyl
different behavior in air. Fig. 6 clearly shows three stages copolymers are shown in Figs. 8—10. The storage modulus
of degradation for all of the samples and the temperatures of(E’) and dissipation factor (tad) of all of the three copo-
10% weight loss are lower than those of the same sampleslymers are generally characteristic of a system where a two-
degraded in nitrogen. This may be attributed to the fact that phase morphology is observed. Two transition temperatures
oxidation reactions occur in the soft and hard segments.are observed from th&’ curves. The low temperature

-53.98°C

59.2°c PU-PMMA

Endo ¢ Heat flow (w/g) — Exo

Temperature (°C)

Fig. 7. DSC curves of PU—polyvinyl copolymers.
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Fig. 8. Storage modulu£(), loss modulusE”), and tans curve for PU-PAN copolymer.

transition is related to th&, of the soft-segment phase, while degrees of phase separation of the three copolymers look
the high temperature transition correlates with Thef the similar because theifgs are almost equal. These results are
hard-segment domains. It was reported that the soft-segmentonsistent with the DSC Data. On the other handBhaata

Ty in the two-phase system is a sensitive index of phase also provide information on the mechanical behavior of the
separation. As the degree of phase separation decrease®U—polyvinyl copolymers. As seen from these figures, PU—
the T, of the soft-segment phase increases. Hence, thePS is a softer material than PU-PMMA or PU-PAN.

10000 C 10000
b ~ [
] i\
E 5544°C |\
I\
! [
| \
[
1000 4 ] \\ 0.3+ 1000
= ] \ F =
A ) \ B
= 1 >
< ] =
w n
= 4 =2
= =
: | :
100 4 | 24
S e : o2y 3
qb)l) ] ‘, ) 62.31°C §
£ ] I \ =
8 | ’\ \ -
) ] i . \ !
— i AN i
| N
10 ! \. “~ 0.1+ 10
] \ \\\
/' Ny \\\‘ ——————————
/I \_\
Tan § /\_..,/ —— — I
1 T T Y v T T T r 1
-150 100 50 0 50 100 150

Temperature (°C)

Fig. 9. Storage modulu£(), loss modulusE”), and tand curve for PU-PMMA copolymer.



5228 T.-L. Wang, F.-J. Huang / Polymer 41 (2000) 5219-5228

10000 3 10000
S4.16°C /N
E' / \
1000 \ - 1000
\ ¥ —_
= 0.6 =
a B
= =
o =
w
= 100+ \ L 100 =
= \ =
< E"— | \ =
S ! \ EO
| \ 0.44
% ! 98.44°C @
o0 ! 1=
< ! -
= I
S 104 | . F10
— ' <
T | A |
] \ \ —
— ! '\-\Q\ 0.2-
I
14 ) o E1
" N\, \\\-\ —_— \'_\\
/ \\\\\‘ \A\ -
/ e ———
Tan§ ______ _/ _——
0.1 T T T -+ - v T T T 0.1
-100 -50 0 50 100 150

Temperature (°C )

Fig. 10. Storage modulu€{), loss modulusg”), and tans curve for PU-PS copolymer.

4. Conclusions References
Three kinds of PU—polyvinyl thermoplastic elastomers [1] Paik Sung CS, Schneider NS. In: Klempner D, Frisch KC, editors.
were synthesized from a PU iniferter. The TPED component Polymer alloys, New York: Plenum Press, 1977. p. 251.
[2] Van Bogart JWC, Lilaonitkul A, Cooper SL. Adv Chem Ser

and the polyvinyl segments were incorporated in following 1979'176-3
stages and formed the hard segments of the copolymers. 3] Lyma’n DJ. Rev Macromol Chem 1966:1:191.

These samples are semicrystalline materials due to the [4] David DJ, Staley HB. Analytical chemistry of the polyurethanes. New
reason that their longer hard segments increase the crystal-  York: Wiley, 1969 chap. 6.
[5] Yagci Y. Polym Commun 1989;30:722.

linity of the copolymers. Further, the TPED component and (6] Hival G Tastiormi 11 Yagel v. Pol 1990:311803
; : ; _ izal G, Tasdemir H, Yagci Y. Polymer ;31: .

polyvmyl segments of the_three copolymers _result .In differ [7] YagciY, Menceloglu YZ, Baysal BM, Gungor A. Polym Bull (Berlin)

ent degradation mechanisms compared with typical PUs. 1989:21:259.

DSC and DMA studies indicate that these samples are [g] vagci Y, Tunca U, Bicak N. J Polym Sci, Polym Lett Ed 1986;24:49.

microphase-separated materials and exhibit elastomeric [9] YagciY, Tunca U, Bicak N. J Polym Sci, Polym Lett Ed 1986;24:491.
[10] Tunca U, Yagci Y. J Polym Sci, Polym Chem Ed 1990;28:1721.

Denizligil S, Yagci Y. Polym Bull (Berlin) 1989;22:547.
Otsu T, Matsunaga T, Kuriyama A, Yoshioka M. Eur Polym J
1989;25:643.
[13] Tharanikkarasu K, Raddhakrishnan G. Polym Bull 1996;711:711.
[14] Tharanikkarasu K, Raddhakrishnan G. J Macromol Sci, Pure Appl
Acknowledgements Chem 1996;A33(4):417.
[15] Vogel Al. Vogel's textbook of practical organic chemistry, 4th Edn.
" London: ELBS/Longman, 1987. p. 359.
We gratefully acknowledge the support of the National [16] Tharanikkarasu K, Raddhakrishnan G.

Science Council of Republic of China with Grant NSC 88- 1994:30(12):1351.
2216-E-151-002. [17] Ferguson J, Petrovic Z. Eur Polym J 1976;12:177.

ties.
properties o
[12]

Eur Polym J



