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ABSTRACT

Polyurethane has been considered as one of the most versatile polymers with a wide range of appli-
cations such as elastomers, thermoplastic polymers, foams, and smart coatings by simply combin-
ing various polyols and polyisocyanates. In our recent work, polycaprolactone-based polyurethane
(PCL-based PU) was, for the first time, crosslinked by half-methylated polyrotaxanes (PRXs) with fill-
ing ratios of 37 and 79 %. Besides examining crosslinking extents of PUs through gel fraction and
swelling degree, other analyses of PUs were also measured such as differential scanning calorime-
try (DSCQ), thermal gravimetric analysis (TGA), dynamic mechanical thermal analysis (DMTA), and
hydrolytic tests to evaluate general properties of PUs. The results show that PClL-based PU-PRX acts
as an elastic material with low elastic modulus, very high tensile strength, and elongation at break
(~ 1200%). The hydrolytic degradation was also achieved when the weight of samples reduced by
21.6 % after 28 days, and the deformation of three-dimensional crosslinking network was shown via
the sharp reduction of elongation at break and the stress at break. These results demonstrated that
PCL-based PU-PRX is a potential candidate to be used in alkaline and/or acid environment such as
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human's body, and also used externally to protect our environment and ecological system.
Key words: Hydrolytic polymer, polycaprolactone, polyrotaxane, polyurethane

INTRODUCTION

POLYURETHANE (PU) is prominent as one of the
versatile materials formed by combining a variety of
polyols and polyisocyanates. Therefore, a wide range
of PUs can be produced to satisfy the modern human’s
goal such as flexible or rigid PU foam, water-borne

1.2 Based on

PU, thermoplastic PU, and elastomers
required products, PUs can be tailored by chang-
ing soft segment and hard segment to achieve de-
sired properties such as elasticity, resiliency, flexi-
bility, tensile strength, efc., which has been attract-
ing much attention from scientists and researchers
all around the world . In addition to the original
materials, a cross-linking agent also plays a crucial
role in determining the ultimate characteristics of PUs
and becomes indispensable to produce advanced and
smart polymers such as shape-memory PU>%, self-
healing PU”8, bio-PU and flame retardant PU%0,
etc. Among various cross-linking agents, polyrotax-
ane (PRX) is a potential candidate that can enable
PU to be highly strong and stretchable under elon-
gation and compression by its special structure !">!2,
In a PRX molecule, a ring molecule is interlocked by
an axle molecule and freely slides along the axle with
bulky terminal cap groups as switches that makes PRX

act as shuttles. PRX is usually made of poly(ethylene
glycol) (PEG) and cyclodextrin (CD) molecules, en-
abling PRX to become extraordinarily biocompati-
ble and biodegradable to be applied in biotechnology
and medical materials such as drug and gene delivery,
scaffold, and tissue engineering ! =14,

With these aforementioned advantages, several pa-
pers were carried out to combine the properties of
PUs and PRXs, mainly through crosslinking net-
work 1°=17, Expectedly, based on the uniqueness
and specialty of PRX, in this 3D network, PU long
chains can be movable alongside PEG axle of PRX
molecules as a result of “shuttle property” and there-
fore enhance tensile strength and elasticity. For
instance, Murakami et al. proved that PU based
on poly(tetramethylene glycol) 2000 (PTMG2000)
and PRX4000 could be achieved the highest elonga-
tion at break of 1080% compared to PRX1500 and
PRX6000!7. It was also demonstrated that no sig-
nificant difference in elongation of PTMG-based PU
crosslinked by PRX4000 and PRX6000 when using
NCO index of 1.0 while NCO index of 2.0 apparently
affected elongation at break of PUs'®. However, to
the best of our knowledge, other materials were not
used to examine the extraordinary properties of PU-
PRX, and the bio-properties of PRX has been wasteful
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in PU applications because there was no investigation
on it. Furthermore, the environmental friendliness is
currently attracting great attention to ease the burden
on the natural world, leading to an upward trend to
use biodegradable and ecologically friendly materials
nowadays.

Herein, this study aimed to synthesize a novel bio-
material by introducing polycaprolactone (PCL) into
PU as a “soft segment”, which directly determines the
degradable property of PU, and then crosslinked by
PRXs to generate a 3D network. Its hydrolytic degrad-
ability along with the mechanical and thermal proper-
ties were thoroughly analyzed to ensure the character-
istics of this potential PU-PRX but be easily degraded
in the environment.

EXPERIMENTAL METHODS

Materials

Polyethylene glycol 4000 (PEG4000, M, = ca. 3,500)
and polycaprolactone diol 2000 (PCL, M, = ca. 2,000)
were purchased from Nacalai, Japan and carefully
dried before use. 4,4-Diphenylmethanediisocyanate
(MDI) was supplied by Mitsui Chemical, Japan and
directly used. Half-methylated PRXs (PRX-Me) were
prepared following previous report ' using PEG4000
interlocked with 15 and 31 a-CD molecules con-
firmed by 'H NMR measurement (corresponding to
the filling ratios of 37 and 79%).

Synthesis of polyurethanes

First, 0.5974 g (0.3 mmol) of PCL was added into a
three-necked flask, which was placed in an oil bath
at 90 °C for 4 h under N; atmosphere. PCL gradu-
ally melted, and a viscous and transparent liquid was
formed. After 4-hour purging process, 0.2261 g (0.9
mmol) of MDI was put into the flask with the mag-
netic stirrer for 2 h. Then, 5 mL of dry DMF was intro-
duced into the reaction system, which was continued
stirring for 10 minutes to dissolve the formed PU.
The PRX solution was prepared in advance by mix-
ing PRX-Me into 5 mL of dry DMF until PRX-Me
was completely dissolved with the NCO index of 1.5.
Then, PRX solution was added dropwise into the flask.
The viscosity of the mixture was gradually increasing.
The reaction was kept in 48 hours (as scheme in Fig-
ure 1). The final product was moved to a petri dish
and dried in the oven at 60 °C for 24 h to remove the
excess solvent. Lately, the created film was post-cured
by compression under the pressure of 20 MPa at 95 °C
for 24 h to get a perfect crosslinked film for the next
analyses.

PUs crosslinked by PRXs with filling ratios of 37 and
79% are abbreviated as PU(37) and PU(79), and PU
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without crosslinking with M,, of ~ 260,000 is called
PU(0).

Characterizations

Gel fraction and swelling degree were calculated by
the equations as follows:

Gel fraction (%) = Wg/Wq x 100 (1) ;

Swelling degree = W/W, (2)

in which Wy is the original weight, W, is the weight
of dried sample after swelling to an equilibrium state
in DMSO or toluene at 30 °C, Wy is the weight of
dried sample after swelling to an equilibrium state in
toluene at 30 °C'7. Differential scanning calorime-
try (DSC) was measured by DSC-60 (Shimadzu Cor-
poration), TA-60WS (Shimadzu Corporation) from
-100 + 150 °C, heating rate of 10 °C min~! in alu-
minum cell under N, atmosphere. Dynamic me-
chanical thermal analysis (DMTA) was performed by
DMS6100 - EXSTAR6000 from -100 <+ 100 °C, heat-
ing rate of 2 °C min~!, distortion of 0.05%, frequency
of 10 Hz, width of sample of 5 mm and initial length
of 5mm. ORIENTEC RTE-1210 was used to test ten-
sile strength. Thermal gravimetric analysis (TGA-50
device) at N, atmosphere in aluminum cell, temper-
ature range from 25 < 600 °C and heating rate of 10
°C min~!. Hydrolytic property was performed in 1
M NaOH at 30 °C for predetermined times. After hy-
drolysis, the films were washed with milli-Q water at
room temperature 3 times, followed by drying at 60
°C for 24 hours under vacuum. The content of ex-
tractable product was determined from the change in
the weight of the polymer films before (M) and after
hydrolysis (M):

%Extractable products = 100 x (Mo - M)/My (3)
After washing out the extractable products, the resid-

ual film was used for gel content determination '°.

RESULTS AND DISCUSSION

Gel fraction and swelling test

Gel fractions and degrees of swelling of PUs were
summarized in Table 1. Gel fraction is a parame-
ter to confirm the crosslinking network that is cal-
culated by the weight of dry gel component dividing
the original weight of the crosslinked sample. When
measuring gel fraction in DMSO, the uncross-linked
prepolymer chains and imperfectly crosslinked PU
will be dissolved and removed from the general net-
work, leaving only the gel components while toluene
can just dissolve and remove prepolymer chains (illus-
trated in Figure 2). Swelling degree is the extent that
polymer can absorb solvent calculated by dividing the
weight of swollen polymer to the weight of the origi-
nal crosslinked sample. These two parameters are to
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Figure 1: Reaction scheme of PU crosslinked by PRX
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Figure 2: lllustration of gel fraction testing process
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Table 1: GEL FRACTION AND SWELLING DEGREE RESULTS

Gel fraction (%) Swelling Degree

DMSO Toluene Toluene
PU(37) 62.33 = 1.01 94.88 &= 1.52 1.61 = 0.05
PU(79) 69.30 = 1.84 96.44 £ 1.05 1.21 £ 0.02

compare the crosslinking extent of PUs. As a result,
all the PUs left their gel components in DMSO, prov-
ing a perfectly crosslinked network of PUs. The gel
fraction of PU(37) is lower than that of PU(79) (62.33
and 69.3%, respectively) while the swelling degree of
PU(37) is higher than PU(79). This implies that the
crosslinking density of PU(79) is higher than PU(37)
thereby deterring solvent from penetrating into PU-
PRX?. Moreover, this high density of crosslinks in
PU-PRX may cause insufficient space for the o-CDs
to slide along the axle molecules, thereby leading to
the low swelling degree 7.

DSC

X — PU(0)
- - PU(37)
- - -PU(79)

o

=S

=

o

[T

=

P % e

+ Wl sy

100

Temperature (°C)

-100 -50 0 50 150

Figure 3: DSC results of PUs

The thermal properties of PCL-based PUs were de-
termined by DSC results (Figure 3). These results
are the second circle of the measurement instead of
the first circle to reduce thermal history and obtain
the obvious peaks. The first step transition is as-
signed to the glass temperature of the soft segment.
The next exothermal large peak is attributed to the
reorganized-crystallization temperature of the soft
segment while the endothermal peak is allocated to
the melting point of the soft segment. These tempera-
tures of glass transition (T), reorganized crystalliza-
tion (T), and melting (T',) of PUs were summarized
in Table 2.
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It is well-known that T is basically affected by chain
flexibility, intermolecular interaction, and crosslink-
ing of polymer. T, of PCL is nearly -60 °C while
the melting point is quite low, 60 °C>!. However, af-
ter being polymerized with MDI as a hard segment,
the polymer chain was stiffened that made T, in-
crease slightly to -55 °C. This value of Ty is equally
similar to PCL-based PU in another research??.
The reorganized-crystallization process took place at
around 5 °C which arranged the amorphous structure
to the crystallized structure. Finally, the melting pro-
cess of these crystals took place at nearly 30 °C, which
was also confirmed in another research >

Regarding the crosslinking ones, the values of T, Tk,
and Ty, are somewhat equal. The T, increased mod-
erately to around -50 °C. This is because the poly-
mer chains were crosslinked with one another that
limited their chain flexibility, therefore increased the
T of both PU(79) and PU(37) as literature. Com-
pared to PTMG-based PU-PRX with similar synthe-
sis conditions, T, is much lower (-82 °C)'® due to
the high flexibility of PTMG. The analogous com-
parison of T, between PCL-based and PTMG-based
PUs was also verified by Yang et al. (2005)%*. T,
of those crosslinked PUs are relatively higher than
that of PU(0) mainly because of the limitation of the
crosslinking bridges. Finally, the T,, values are greatly
affected after crosslinking, related to crystalline re-
gions. For the PU(79) that was assumed to be the
best crosslinking sample with the highest crosslink-
ing density among the three PUs, its T}, increased to
57.4 °C, which is much higher than that of PU(0).
It can be explained that after crosslinking, the poly-
mer chains were connected to one another by the PRX
crosslinker, thereby destroying the crystalline regions
in polymer matrix and also hindering melting abil-
ity of PUs. However, if the temperature was provided
high enough, the remaining crystalline regions could
be melted, demonstrated through a very small en-
dothermal peak with low enthalpy. Similarly, PU(37)
with the lower filling ratio of PRX has a lower T},
compared to PU(79), achieving at 50 °C.
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Table 2: VALUES OF T, T¢, AND T, BASED ON DSC RESULTS

Ty T, Tn
PU(0) -55.24 5.32 29.42
PU(37) -50.03 8.53 49.80
PU(79) -49.89 8.24 57.40
DMTA To evaluate thermal decomposition of the PUs, TGA

Figure 4 shows the temperature dependence of the
elastic modulus (E’), and loss tangent (tanD) of the
PUs. E’ curve represents the elastic modulus or ten-
sile modulus of materials that is used to measure the
stiffness of an elastic material and to characterize ma-
terials. In Figure 4, PU(0) has the highest modulus,
followed by PU(37) and PU(79). Considering these
samples at room temperature, PU(0) acts as a plas-
tic material with high stiffness whereas PU(37) and
PU(79) are more flexible and act as rubber. Moreover,
all of the PCL-based PU gave a peak at around -35
°C in the tanD curves, attributable to an o relaxation
corresponding to the glass transition of the soft seg-
ment. Among them, PU(79) showed the peak at the
highest temperature of -26 °C, indicating the highest
crosslinking density as well as lower flexibility com-
pared to the two others. This result once again con-
firmed the thermal and elastic properties of PUs.

TGA

3.0
2.5
2.0 4

1.5
1.0 4
0.5

Elastic Modulus (GPa)

0.0 4

0.3

0.2 4

tanD

0.1+

e =

0.0 T T T
-100 -50 0 50 100

Temperature (°C)

Figure 4: DMTA results of PUs including storage
modulus (E’) and tanD of PUs

measurements were carried out. In Figure 5, it can
clearly be observed that there is only one decomposi-
tion stage in PU(0) sample while there are two stages
in the crosslinked ones. This demonstrates the ex-
istence of PRX in the crosslinked samples. The on-
set temperatures of the 3 samples are quite similar at
around 356 - 361 °C. This first stage of decomposi-
tion process is attributable to the degradation of PCL-
PU chains because it appears similarly in the three of
them. The next stage is mainly due to the difference
in PRX molecules. The onset point of PU(79) is quite
earlier than PU(37) but the weight loss of this stage of
PU(79) is higher than that of PU(37). This illustrates
the higher content of PRX in the PU(79), verifying the
higher density of crosslinking bridges in polymer net-
work. Finally, the total weight loss is in an explainable
order: PU(0) > PU(37) > PU(79). PU(79) is the most
thermally durable samples.

Tensile strength test

Figure 6 shows the stress-strain curves of the PUs.
Magnitudes of Young’s Modulus, tensile strength, and
strain at break of the PUs were summarized in Ta-
ble 3. The Young’s moduli are the confirmation of
DTMA results when these samples were measured
at room temperature (around 5 + 10 °C) with the
order: PU(0) > PU(37) > PU(79).
above, PU(0) behaved as a plastic material with high

As mentioned

stiffness but was easy to break with the elongation
of 375%. After being crosslinked with PRX(37), the
Young’s modulus was decreasing to 9.88 MPa, which
is as low as a third of PU(0) whereas the strain at
break increased 2.5 times, reaching at 929.5%. Re-
garding the best sample in this research, PU(79) pos-
sesses the lowest elastic modulus (3.17 MPa) while
the strain at break achieved 1166.5% which is a 3-
time enhancement compared to that of PU(0), prov-
ing the extraordinary mechanical property of PUs
with the presence of PRX crosslinkers. The average
stress to break the crosslinked samples is around 30
MPa that is nearly 5 times to break the no-crosslinking
sample. In comparison with previous research using
PTMG2000 under similar conditions to synthesize
PU-PRXs, Young’s modulus reached 7.5 MPa, tensile
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strength was 14.0 MPa, and the elongation at break
was 1080 % '7, which is all lower than the result of
our recent work. Furthermore, it is obvious that our
new material PCL-PU(79) is not easy to break with
low stress, and strain probability is relatively higher
than the crosslinked PTMG-PU. Mechanically, the
crosslinked PCL-PU is preferably durable than the
crosslinked PTMG-PU to be used in reality.

0 4
—~-20
s
72} st
§ -40 15t stage
5
8 07— puo)
- = PU(37)
-801|- - -PU(79)
0 150 300 450 600
Temperature (°C)
Figure 5: TGA curves of PUs
Hydrolytic property
Weight loss

To easily evaluate the outstanding degradability of
PCL, we also tested the hydrolytic property of PTMG-
based PU under the completely same synthesis condi-
tions, called PU’(0). The hydrolysis results of PUs can
clearly be seen in Figure 7. The weight of PU(0) de-
creased slightly by 2.08 % after the first 7 days, then
stayed unchanged in the next 7 days, decreased by
3.13 % after 21 days, and finally reduced totally by
4.77 % after 28 days. Simultaneously, the change of
PU’(0) was insignificant (decreased by 0.22, 0.23, 0.9,
and 0.92 % after 7 days, 14 days, 21 days, and 28
days, respectively). As well-known, PCL-PU itself is
degradable in water mainly due to the presence of es-
ter groups in the PCL soft segments which is suscep-
tible to hydrolysis, and this degradation reaction is
catalyzed by alkaline environment. The fast degrada-
tion rate in the first week is attributable to the attack
of NaOH to the ester groups in the solution. How-
ever, in the second week, it maintained the weight
probably because after degradation of ester groups,
the carboxylic acid groups would be formed, and then
neutralized by NaOH in the solution. Therefore, the
concentration of OH™ was decreased gradually that
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slowed down the degradation rate of PCL-PU. This
phenomenon did not appear in PTMG-PU sample
which was stable during the first two weeks.

35
30 L
PU(37) .- &
= 25+ A S
o I K
= 204 A
#15PUO) 7 Sy
— &
3 10 ' PU(79)
5 1 - ““““H.‘
0 3 i T T T T T
0 2 4 6 8 10 12
Strain

Figure 6: Tensile strength of PUs

Comparing PU(0) and PU(79), the fast and dramatic
loss of weight was observed. It is relatively paradoxical
that the crosslinking PU was more degraded than the
no-crosslinking one while the thermal and mechani-
cal properties of PCL-PU(79) were outstanding com-
pared to PCL-PU. However, it was also demonstrated
in the previous research that PCL-PU after slightly
crosslinking is more degradable?”, and crosslinking
is one way to increase the degradation rate’. In
other words, PCL-PU possesses a high degree of crys-
tallinity that limits hydration through the ordered
packing of polymer chains. Therefore, any action re-
ducing crystallinity such as crosslinking will acceler-
ate hydrolytic degradation. As a result, the weight of
PU(79) first reduced by 17% in the first 7 days, then
almost unchanged in the next 7 days. After 21 days,
it fell by 19.2% and finally 21.57% after 28 days. The
trend of the weight loss of PU(79) is similar to PU(0)
as the reason mentioned above.

Tensile strength reduction

As can be seen in the tensile strength results of PUs
(Figure 8), the tensile curves changed significantly af-
ter degradation. For PU(0), not only did the elas-
tic modulus decrease dramatically, but the values of
stress also fell obviously after 14 days and 28 days as
the 14-day curve is underlying the 0-day curve but on
top of the 28-day curve. Meanwhile, PU(0) shows
a main change in elongation (decreased from 12.3
to 10.2, 9.88, and 9.07 after 7, 14, and 28 days). It
is supposed that morphological changes linked with
the crystalline and amorphous zones of PCL could be
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Table 3: YOUNG’S MODULUS, TENSILE STRENGTH AND STRAIN AT BREAK OF PUs BASED ON THE

STRESS-STRAIN CURVES

Sample name Young’s Modulus (MPa) Tensile Strength (Mpa) Strain at break
PU(0) 82.70 7.29 3.754
PU(37) 9.88 31.7 9.295
PU(79) 3.17 29.18 11.665
o1,
— \\ o -e - -. =
X 64 Te
[72] A v
2 . —=— PU'(0)
2107 -e PU(0)
= 4
= --A - PU(79)
.a _15 a 1
= A- - A
-20 1 e
‘A
0 6 10 16 20 26 30 0 T T T
Ti d 0 1 2 3 4
Ime (days
{days) Strain
Figure 7: Weight loss after hydrolysis testing in TM 12 PU'(0)

NaOH

headed onto these results. The first zone to be at-
tacked by the hydrolytic degradation should be the
amorphous one since it has lower density and H,O
molecules could easily penetrate into it. Therefore,
this region of PCL was quickly degraded after the first
14 days (weight loss decreased significantly by 2.8%),
and mainly the crystalline region was left. That would
explain the rapid increase in stress, and the elongation
at break presented a bit higher value due to entan-
glements in the amorphous zones which has higher
strain levels than the ordered crystalline chains. Af-
ter 28-day exposure, hydrolytic degradation would
be reaching the crys-talline phases, and significantly
falling down on mechanical properties is observed asa
consequence of hydrolytic degradation progress, pos-
sibly leading to a macromolecular breakdown?’. On
the other hand, PU(79) shows no change in curve
shape but elongation at break and tensile strength re-
duced greatly after degradation. After 7 days, elonga-
tion at break dramatically dropped from 11.7 to 10.0,
and continued to reduce to nearly 8.3 after 14 and 28
days. This proved the potential hydrolytic degradabil-
ity of PU-PRX crosslinking network in alkaline envi-
ronment.

Stress (MPa)

0 L T x T ¥ T T T ' T ] T
0 2 4 6 8 10 12
Strain
PU(79)
30
0 days
251 7 days
& 20 -'
§,15 i
- S 6 a
% 10 14 days
54 i
20 days
04

Strain

Figure 8: Tensile strength after hydrolysis testing in
1M NaOH solution
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CONCLUSION

The PCL-PU crosslinked by PRX was successfully
synthesized with the analysis of its thermal, mechani-
cal, and hydrolytic properties. PRX crosslinkers en-
abled PUs to behave as a rubber material at room
temperature with low elastic modulus (3.17 MPa) and
desirable elongation at break (1167%), correspond-
ing to a 26.6-time decrease in modulus and a 3-
time improvement in elongation at break compared
to PU without crosslinking. The filling ratios of PRX
crosslinkers greatly affect the crosslinking density of
PUs and therefore affect the mechanical properties of
PUs due to the “shuttle properties” of PRX. The hy-
drolytic degradability of PU(79) was achieved when
after 28 days, the weight decreased 21.6%, and the de-
formation of 3D crosslinking network was shown via
the reduce of 1.5 times elongation at break with the
stress as low as 2.5 times of the original one. PCL-
based PU-PRX is a potential polymer with the ideal
durability and flexibility to be utilized in reality but
ecological friendliness due to the possession of hy-
drolytic degradability.
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Téng hop Polyurethane trén co sé Polycaprolactone va
Polyrotaxanes véi cac tinh chat co hoc va thuy phan ndi bat

Chau Ngoc Mai'?3*, Nguyén Thuy An3, Bui Van Tién#, La Thi Thai Ha3, Murakami Hiroto?

TOM TAT

Polyurethane (PU) la mét loai polyme linh hoat nhéat vaéi pham vi Uing dung rat rong nhu cao su,
polyme nhiét déo, x6p, son thodng minh bang cach két hop cac loai polyol va polyisocyanate khac
nhau. Trong nghién ctiu nay, PU trén ca s& polycaprolactone (PCL-PU) lan dau tién dugc néi mang
bang polyrotaxane da methylate hod maét nira nhém chiic -OH véi s6 vong ae-cyclodextrin la 15
va 31 (tuong Ung véi chi sé xd vong 37 va 79%). Bén canh viéc xac dinh muc dé néi mang clia PU
thdng qua chisé phan gel va do truang, nhimng phan tich khac cing dugc thuc hién nhu phan tich
nhiét quét vi sai (DSC), phan tich nhiét luong (TGA), phan tich co nhiét dong hoc (DMTA) va thir
nghiém thuy phan dé danh gia tinh chat chung ctia PU. Két qua cho thdy PCL-PU hoat déng nhu
vat liéu cao su véi modul dan héi thap, do bén kéo va dé gian dai rat cao (dat 1200 %). Kha nang
thuy phan clng dat dugc trong moi trusng kiém NaOH 1 M khi khéi lugng mau phan tich giam
21.6% sau 28 ngay va sy pha huy clia mang lusi khong gian ba chiéu dugc biéu hién thong qua su
gidm di dang ké ctia do gian dai va tng sudt dut. Do do, PCL-PU n&i mang bang PRX la mét tng
vién tiém nang dé st dung trong moi trudng axit hodc bazo nhu co thé con ngudi, hodc st dung
trong cac Ung dung bén ngoai dé gop phan bao vé moéi trudng va hé sinh thai.

Tu khoa: Polyurethane, polycaprolactone, polyrotaxane, polyme thuy phan
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