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Most svnthetic polvmers usually have caused serious envi-
ronmental problems since their disposals are not easily
degraded 1n nature. The degradability problems of polymers
mayv be resolved by using biodegradable polvmers.! Ali-
phatic polvesters have been actively investigated since thev
seen to be one of the most promising degradable svnthetic
polvmers.- As a result, some polvesters synthesized from
diol and diacid, such as *Bionolle” (Showa), ‘Skv Green’ (SK
Chemicals), and “Eslon’ (Saehan). are commercially available.

Molecular weight of polvesters can be increased by emiploy-
ing proper catalysts and coupling reaction.’ The increased
molecular weight of polvesters usually leads to an increase
in the certain mechanical properties, but biodegradability of
the resulting polvmers decreases. One of the strategies for
enhancing biodegradability of the polvesters 1s incorporation
of hydrophilic polv(ethvlene glvcol) (PEG) segments into
the polvmer backbone. Kim synthesized polvurethane from
polvester polvol, ethvlene glvcol, and aromatic or aliphatic
diisocvanate, and reported that polvurethane prepared from
aliphatic diisocvanate shows higher degradation rate.* Poly-
esters prepared from succinic acid. 1.4-butanediol and PEG
were reported by Nagata ef a/* Polvesters containing PEG
segments. such as poly(ethvlene succinate)*’ and polv(ethyl-
ene terephthalate) copolvmers.® were also reported.

It is interesting to study biodegradable polvurethanes pre-
pared from biodegradable polymer polyols due to the typical
mechanical characteristics of polyurethanes. Especially. we
are interested in polyurethanes containing PEG since it has
been frequently used as comonomers in preparing bio-
degradable polvmers due to its biocompatibility and bio-
degradability. ™' However. such type biodegradable poly-
urethanes have not been reported vet in the literanure.

Recently. we synthesized gas-permeable polyurethanes from
polv(butylene succmate) polvol (PBS. number-average mole-
cular weight A7, 1.000). PEG (M ,, 200). and 4 4'-methylene-
bis(cyclohexyl isocyanate) (HisMDI).!- However. their hydro-
Ivtic degradation was not satisfactory due to a small hydro-
philic PEG segment. Thus. we attempted to synthesize new
polyurethanes from PBS (M ,, 1.470). PEG (3, 1.000). and
H,-MDI. As a first attempt. any chain extender was not used
for the synthesis with a hope that the resulting polymers may
have moderate molecular weights since the biodegradability
of polymers usually decreases with their molecular weights.
Actally. we obtained polyurethanes with small molecular
weights from the synthesis. but their characteristics may be

valuable for further research on the same or similar type
polyurethanes. This note describes briefly the synthesis and
some general properties of the polymers.

Experimental Section

Measurements. The chemical structures of the polymers
were confimmed by analyzing the FT-IR and '"H NMR spec-
tra obtamed from a JASCO FT-infrared spectrophotometer
and JEOL-IMN 400 (400 MHz) spectrometer. respectively.
The thermal transitions of the polymers were observed with
differential scammng calonimetry (DSC, DuPont 2000). The
average molecular weights of the polvmers were estunated
with gel permeation chromatography (Maxima 820) using
polystyrene solution in chloroform as the calibration stan-
dard. The tensile strength and elongation at break were mea-
sured with a UTM (LLOYD Co.) at a strain rate of 2.5 mny/
min. A wide angle X-ray diffraction was studied with a X-
ray diffactometer (Rigaku Co., Cu target) at 40 kV and 20
mA.

Synthesis. The synthetic route to the new polyurethanes 1s
shown n Scheme 1. PBS was prepared by emploving the
known procedure with some modifications. Briefly, a mix-
ture of 1.4-butanediol and succinic acid in a molar ratio of
1.2 : 1 was reacted n the presence of titanium(V) isopro-
poxide (0.02 wt%) at 180 °C for 2 h under a nitrogen atmo-
sphere. The mixture was further heated at 210-220°C for 3 h
under a vacuum for a deglycol reaction. The titrations for the
measurement of the hydroxy and acid numbers were con-
ducted on the basis of ASTM D 1937-63 and ASTM D
1980-67. respectively.

The PBS was dried at 70 °C and 30 torr for 24 h. and melt
at 130 °C in a reaction flask. followed by the addition of an
appropriate amount of PEG. Hi-MDI was added at 120-130
°C under a nitrogen atmosphere. The mixture was heated in
the presence of dibutyltin dilaurate (0.02 wt%) until the iso-
cyanate peak in the FT-IR spectrum disappeared. Molar
ratios of PBS/PEG/H;-MDI were 3/1/4, 2/1/3. and 1/1/2.
vielding the corresponding polymer PU-1. PU-2. and PU-3.
respectively.

Hydrolytic degradation. The film specimens (10 mm x 10
mm and about 30 fm in thickness) were placed in small bot-
tles containing 10 mL of a 3% NaOH aqueous solution. The
bottles were then incubated at 37 °C for 72 h. The films were
then washed with distilled water and dried in a vacuum oven
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Scheme 1. Schematic representation of a svnthetic route to new
polvurethanes.

at 60°C for 24 h. The % weight loss was calculated by sub-
tracting the film weight from the imtial weight, which was
then multiplied by 100.

Results and Discussion

The M, of PBS was calculated to be about 1.470. based
on the hvdroxy and acid values. The incorporation of PEG
and PBS into the polvurethane chain via urethane linkage
was confirmed from '"H NMR and FT-IR spectra. The FT-IR
spectrum of PU-2 shows the peaks of ester and urethane
bonds while the peaks of H-MDI disappeared almost com-
pletely as shown in Figure 1. The proton resonance peaks at
4.05,3.60. 2.58 ppm correspond to the protons of two meth-
vlene groups at l.4-position of |.4-butanediol umt. two
methylene groups of PEG umt, and methvlene groups of
succinic acid unit, respectively (Figure 2). The expected
ratio of the integrals for the NMR peaks at 4.05, 3.60. and
1.90-0.80 ppm (protons in the HixMDI unmit and in the two
internal methylene groups in the l.4-butanediol unit)) is
1:1.53:2.19. and the measured ratio 1s 1 : 1.53:2.13 for
PU-2. This result indicates that the molar composition ratios
of the polvmers determined by the 'H NMR peak areas are
in good agreement with the feed ratio of the comonomers
emploved for the polvmenization.

Notes

[
@ i | il
I/ j |
| |
s T T T e § -~
| ’r/* Vs “/\”Jrf Yy fu‘/\"\‘ﬂ i +]
! IR i b
T © TR ’
J
I I ;
M~ \ A I
e v Y |
E il /
(C) i ‘, \ i ‘i‘w ,ﬁ“‘
Pl ooyl
A ] I
% 1 RV
!
; )y
y ’

4000 3500 3000 2500 2000 1500 1000 5QQ

Wavenumber (cm™)
Figure 1. FT-IR spectra of (a) PBS, (b) H;;MDI, and (¢) PU-2.

Table 1 shows the average molecular weight. melting tran-
sition temperature (7,,), melting transition enthalpy (AH,,),
tensile strength, and e¢longation at break of the poly-
urethanes. The average molecular weights of the polvmers
are pretty low. This result may be explained by considering a
few factors. The measured hydroxy and acid values of PBS
were 76.3 and 6.1. respectively. indicating that the concen-
tration of undesirable carboxyl group i PBS is still appre-
ciable. Any chain extender was not employed in the synthesis.
and the polymers can be regarded as prepolymers whose
molecular weights are usually low. Thus, this result suggests
that a proper chain extender should be used in order to mod-
erately increase the molecular weight of this type poly-
urethanes.

The T, of PU-1, PU-2, and PU-3 are about 102. 98, and 94
°C, respectively, which are lower than that of PBS (109 °C)
as shown in Figure 3. The AH,, of the polvmers decreases pro-
gressively as the PBS content in the polvmers decreases. This
result suggests that the melting transition of the polvmers
may anise from the PBS segments and the crystallization of
the PBS segments can be lowered by the mcorporation them
nto the polyurethane backbones.*¥ A wide angle X-ray dif-
fraction experiment reveals that two peaks appear at 20 val-
ues of 19 and 23° for PBS, PU-1, PU-2, and PU-3. but
mtensities of the peaks for the three different polyurethanes
are lower and broader than those for PBS (Figure 4). The 20

Table 1. The number- and weight average molecular weight ( M,, M), melting transition temperature (7,), melting transition enthalpy
{(AH,,), PEG and PBS content {(w1%), tensile strength, and elongation at break of synthesized polymers. The DSC data were obtained from
the second heating scanned thermograms of samples which had been rapidly quenched with liquid nitrogen after melung. The heating scan

rate was 10 °C/mm

Molar ratio of - Y o PEG FBS Tensile strength  Elongation
PRSPEGH.MDI  Mr M. Tm(C) - A (ealig) 0y W% (kg/mm?)  at break (%)
PBS - 1,470 109 24.0 -
PUI 3/1/4 9,150 29,900 102 13.0 16.0 68.2 0.95 8
PU2 2/1/3 12,000 31,700 98 9.7 258 585 1.25 21
PU3 17122 8,140 23,000 94 7.3 394 44.6 0.75 4
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Figure 2. '"H NMR spectrum of PU-2 where the molar feed ratio
of PBS. PEG, and H;MDI 15 2/1/3.
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Figure 3. DSC thermograms of (a) PBS, (b) PU-1, (c) PU-2, and

(d) PU-3. All of the thermograms were obtained from the second
heating scans and the scan rate was 10 °C/mm.

values of PEG were somewhat different from those of PBS
and the polyvurethanes. This results confirms that the crvstallin-
ity and the melting transition of the polvmers arise from the
PBS segments.

Thin films (thickness, 50 um) of the polvurethanes were
easily prepared, while those of PBS could not be prepared
since the PBS was too brittle due to the low molecular
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Figure 4. X-rayv differaction pattem of (a) PBS, (b) PU-1, (c) PU-
2, and (d) PU-3.

weight. The tensile strength and elongation at break of PBS
with much higher molecular weight (3, 20.000, M
74.000) were reported to be 1.59 kg/mm- and 42%, respec-
tively.* On the other hand. those of PU-2 are 1.25 kg/mm”
and 21%, respectively. These values of PU-2 are somewhat
smaller than those of the such high molecular weight PBS,
but this result suggests that the mechanical properties of this
type polyurethanes can be enhanced and even much greater
than those of the conventional PBS by increasing the mole-
cular weight.

There are several possible approaches to assess the bio-
degradability of polymers.”? but the hyvdrolytic degradation
of the polymers n alkaline solutions was performed as the
initial test. The weight loss of the Eslon (M, 40,000. A
70,000), PU-1, PU-2. and PU-3 dunng the incubations in 3%
NaOH aqueous solutions at 37 °C for 72 h was estimated to
be 31, 70. 77. and 90%, respectively. Hydrolysis of polymers
n aqueous solutions is usually facilitated by the hydrophili-
city of the polymers because water can more efficiently pene-
trate into the polymers.'*’" This order of the hydrolytic
degradation rate of the polyurethanes 1s corresponding to the
order of the hydrophilicity of the polymers, confirming that
the degradation of the polvurethanes 1s affected by the
hydrophilic PEG content. The slower degradation rate of the
Eslon is presumably due to the high molecular weight and
high crystallmity as well as the absence of the hydrophilic
PEG segments.

In summary. polyurethanes were synthesized from two
different polvols of PBS and PEG in the absence of chain
extender. The 7,5 of the polvmers were lower than that of
PBS because the crystalline domains of PBS segments are
responsible for the melting transition and affected by the
polymer backbones. The polvurethanes showed some degree
of tensile strength and elongation even though their molecu-
lar weights are relatively small. They underwent very rapid
degradation in alkaline aqueous solutions. This result sug-
gests that the degradable polyurethanes with superior
mechanical properties can be prepared from polvols of PBS
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along with PEG as long as the molecular weight is increased
to some extent. Currently. we are attempting to svnthesize
this tvpe polvurethanes by emploving a chain extender in
order to increase their molecular weight, and the result will
be reported in the near future.
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