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ABSTRACT:
ethyleneoxide) (EO-PO-EO) triblock copolymer with diisocyanate and a low molecular weight triol as a crosslinking

Crosslinked polyurethanes (CPUs) were synthesized by reaction of (ethylene oxide-propyleneoxide-

agent. The short diol was used as a chain extender. The effect of some factors such as the nature and content of
PAOs, short diol chain extender and triol crosslinking agent on the phase separation of CPUs was studied by infrared
spectroscopy (IR) and differential scanning calorimetry (DSC). The presence of amine group-containing compounds
favors the phase separation of CPUs. The swelling behavior of CPUs in the different media such as aqueous solution and
ethanol (EtOH)—water mixture has been investigated. The CPUs show the negatively thermosensitive swelling behavior.
The collapsing swelling process in response to the change in environmental temperature was observed in CPUs prepared
from EO-PO-EO triblock copolymer having a commercial code L92. In a EtOH-water mixture, CPUs reached the
maximum swelling degree at the ratio EtOH/water = 80/20 at the whole range of the environmental temperature due to

the coupling effect.
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Interest in polyurethane (PU) generally for the in-
dustry and in particular for the biomedical application
stems largely from their properties such as the excellent
mechanical properties, resistance to biodegradation and
favorable biocompatibility."? Segmented thermoplas-
tic PU has been extensively studied. However, the in-
vestigation on crosslinked PU (CPU) has been still lim-
ited. (Ethylene oxide-propyleneoxide-ethyleneoxide)
triblock copolymers (EO-PO-EO copolymers) prove
to be useful polymer because of their anomalous
solubility pattern, low toxicity, nonirritating nature
and biocompatibility.} The hydrophilicity of hydro-
gels prepared from EO-PO-EO copolymer is eas-
ily varied by using different content ratio of EO
unit over PO unit. CPU has been prepared by
crosslinking reaction of macrodiol with diisocyanate
(4,4’ -dicyclohexylmethanediisocyanate) in presence of
a small amount of 1,2,6-hexanetriol (HXT) or tri-
ethanolamine (TEA) as a crosslinking agent. The
various content and type of short diol such as 1,4-
butanediol (BD) or N-methyldiethanolamine (MDEA)
were used as a chain extender.

The aim of this article is to investigate the
composition-morphology relationship of CPUs and the
swelling behavior of CPUs in different media. The
swelling kinetic of CPUs in aqueous solutions can be
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studied by two experimental techniques. Firstly, the
mass change is followed by weight gain measurement.
Secondly, the time-dependent concentration profile of
the increased solvent is followed by magnetic reso-
nance imaging (MRI). MRI has been demonstrated as
a powerful alternative technique.*> When the diffusion
of liquid into CPUs is followed by MRI, the time de-
pendence of the distance diffused can be expressed as
below:

log (distance) ~ n X log (time) (1)

The value n, sometime it is called as a monitoring in-
dex, defines four possible situations and characterizes
the type of transport as below:

i) For a perfectly Fickian process, where the rate of dif-
fusion of liquid is much less than that of the polymer
segmental relaxation rates, n = 0.5 (Fickian or transport
case I).

ii) When the penetrant velocity is far greater than the
chain stretching rate. The rate of swelling is zero-order
kinetic and n = 1 (transport of case II).

iii) When the rate of diffusion and segmental relaxation
are comparable, the value of n falls between 0.5 and 1
(the abnormal transport).

iv) When n > 1: the process is called as a transport of
super case II.
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Table I. Characteristics of macrodiols
Macrodiolss L92 P84 P75 PEG 400 PEG 2000
EO/PO?(mol/mol) 4.7/10  10.7/10  15.2/10 100/0 100/0
Ton® 40.4 35.7 379 228.3 50.9
M, 2780° 3140° 2960° 4004 20004

aDetermination by 'H NMR. "Hydroxyl number was determined by ester-
ification with acetic anhydride and titrimetric analysis of the carboxylic acid
group. °The molecular weight of macrodiols was determined from the hy-

droxyl number. “Data from supplier.

EXPERIMENTAL

Materials

Poly(oxyethylene)glycol (PEG2000, M, =2000) and
PEG400 (M, = 400) were obtained from Aldrich
(Bornem, Belgium). The EO-PO-EO copolymer with
a commercial code such as 1.92, P84, and P75 were
a kind gift of ICI (Everberge, Belgium). The wa-
ter trace of poly(oxyethylene)glycol and EO-PO-EO
copolymers (both are called as macrodiols) has been
removed by azeotropic distillation with toluene. The
molecular weight, the hydroxyl number and the ratio
EO content over PO of the starting PAOs are character-
ized in Table 1. All reagents such TEA, HXT, BD and
MDEA were purchased from Aldrich. 4,4'-Methylene
bis(cyclohexyl isocyanate) was obtained by Bayer and
was dried before use.

Equipment

FT-IR spectrum was recorded on a PerkinElmer
spectrophotometer model 1600 FT-IR. The thermal
transition temperatures of CPUs were recorded by
calorimeter PerkinElmer DSC 7 at heating rate of
10°Cmin~'. 'H nuclear magnetic resonance (NMR)
spectra were obtained at 360 MHz with a Burker Spec-
trometer.

Synthesis of CPUs
Although the composition of the CPUs was changed,
they all comply with the following equimolarity:

[OH] of macrodiol + [OH] of short diol
+[OH] of triol = [NCO] of diisocyanate.

Nomenclature is based on the crosslinker, macrodiol,
short diol, and their amount. One of samples is coded
as illustrated in the following sample: CT-L92-1.0-
IMDEA. C refers to the crosslinked PU. T refers to
the type of crosslinker (T: TEA to distinguish from H:
HXT). L92 refers to the macrodiol. The number 1.0
notes the amount of crosslinker in mole. Last letter
MDEA represents the kind of short diol. The number 1
indicates the amount of short diol in mole.
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Swelling Kinetic Evaluated by MRI Measurement

The cylindrical-shaped specimens with a diameter of
10 mm are exposed to water in test tubes. The ingress
of water in CPUs was followed by chemical shift se-
lectively. Since the solvents were continuously sur-
rounding the polymer samples, the diffusion process
was never interrupted.

Equilibrium Swelling Degree in Aqueous Solutions
The equilibrium swelling degree of CPUs in aqueous
solutions was calculated by eq 2:

W (%) = [(Wh — Wa)/ Wa] x 100% 2)

Where W}, and Wy are the weight of hydrated and dry
gel, respectively.

The particular swelling experiment was designed to
investigate the swelling behavior of CPUs in a EtOH—
water mixture at different temperatures via the total
equilibrium swelling degree and selective swelling ab-
sorption of gels. The swelling degree of CPUs in a
EtOH—water mixture is calculated as in eq 3:

Sw = 100% X (Wy, — Wq)/Wq X 6 3)

With ¢: gravimetric density of the EtOH—water mix-
ture.

The sorption selectivity of CPUs swollen in a EtOH—
water mixture was determined by gas chromatography
(GC) analysis. To do that, 3—4 g of CPUs were swollen
to reach the equilibrium. Then swollen gel was im-
mersed in 2 X 50 mL of methanol to extract the solvent
mixture in the gel. Ethanol content in the membrane
before and after extraction was determined by GC, type
HP6890, GP-MSD, Hewlett Packard, Mass Selection
Detector.

RESULTS AND DISCUSSION

Phase Separation of CPUs

The importance of microphase separation of polymer
network in controlling their properties leads to the ef-
fort to characterize the degree of microphase separa-
tion. The soft segment of CPU is formed in a reaction
of macrodiol with diisocyanate. The hard segment of
CPU is formed in a reaction of triol and short diol with
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diisocyanate. The characterization of the microdomain
of CPU was studied by IR and DSC technique. Various
techniques such as thermal analysis? dynamic mechan-
ical analysis,” and scanning technique® have been used
to investigate the morphology and hydrogen bonding
of thermoplastic PU. Vibrational spectroscopy is one of
the principle techniques for examining chain-chain in-
teraction and conformational order in polymer?-'° The
hydrogen bonded stretching band is shifted to lower
frequencies, broadened and intensified several fold. In
CPU, both intra-urethane (within the hard segment) and
inter-urethane (between the hard and soft segment) hy-
drogen bonding can occurs. Hydrogen bonds result
from the mainly following interactions:

- Hydrogen atom of urethane NH group with urethane
carbonyl group (C=0).

- Hydrogen atom of urethane NH group with ether oxy-
gen

- Hydrogen atom of urethane NH group with another
proton acceptor such as nitrogen atom in amine group-
containing compounds (TEA, MDEA).

There is a competition between ether oxygen of PAO,
carboxyl group and nitrogen atom to form a hydrogen
bond with urethane N-H group. This competition is
a governing factor for the segregation of the hard seg-
ment and soft segment in CPUs. It is known from
a numerous literatures'"-!2 that the absorption of hy-
drogen bonded urethane NH groups appears at 3300—
3380cm™!, the non-bonded NH groups gives an ab-
sorption band at 3450-3600 cm™!. The frequency ab-
sorption of hydrogen bonded carbonyl group is cen-
tered at about 1700 cm™' and non hydrogen bonded
carbonyl group is known to shift to the range 1740—
1720cm™".

FT-IR spectra of PU crosslinked by TEA (CT-L92-
1.0) and HXT (CH-L92-1.0) are shown in Figure 1.
The urethane carbonyl absorption peak of CT-L92-1.0
splits into two peaks (1692 cm™!: hydrogen bonded and
1701 cm™': non-hydrogen bonded) while this band of
CH-L92-1.0 remained faintly hydrogen bonded. The
urethane NH absorption band of CT-L92 is almost hy-
drogen bonded. It indicates that the urethane NH
group of CT-L92-1.0 is attached to the urethane car-
bonyl group. In contrast, the peak of urethane NH
group of CH-L92-1.0 splits into two bands (3458 co™!:
non-hydrogen bonded, 3334 cm™!: hydrogen bonded).
The stronger interaction of the intra-urethane hydro-
gen bonded carbonyl group (NH...O=C) in the struc-
ture of CT-L92 results from the interaction of urethane
NH and carbonyl group. The presence of the nitrogen
atom in TEA probably contributes to the stronger intra-
urethane hydrogen bonding interaction, because on one
hand TEA interacts with urethane NH group and on the
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Figure 1.
ent crosslinkers.

IR spectra of crosslinked polyurethane using differ-

Table Il. DSC data of some CPUs
Samples Tos Tos Ton Ton  Tms Ws/wh
(CC, D CC 1) (°C, ) (°C, 1) (°C, 1)

CT-1L92-0.75 -64.5 -64.1 503 - - 82/18
CT-L92-1.0 -643 -64,0 452 - - 7822
CT-L92-1.25 -64.0 -63.7 354 - - 76/24
CT-L92-1.5 -63.7 -63.2 328 - - 7327
CT-L92-1.0-2BD -63.2 -63.5 314 - - 66/34
CT-L92-1.0-3BD -63.6 —63.4 29.2 - - 62/38

Where I: First heating; II: Second heating; s: soft segment;
h: hard segment.

other hand it also promotes the interaction of urethane
NH group with the urethane carbonyl group.

The glass transition temperature (1) of soft segment
and the melting temperature (73,) of CPUs prepared
from L92 determined by DSC are presented in Table II.
For all CPU samples prepared from L92, the soft seg-
ment was amorphous, since the thermal transition as-
sociated with the melting (7},) of soft blocks could not
be detected at any heating rate. The crystallization tem-
perature was not also observed at any CPU sample. It
comes from the fact that crosslinks in gels prevent the
crystallization of the soft segment. Two distinct 7is
corresponding to each segment were recorded in all
DSC curves of CPUs having the different crosslinker
content. The glass transition temperature of hard seg-
ment of CPUs prepared from L92 was observed only
in the first heating. It is well known that the system
consisted of two systems that have different 7 values
is considered as a complete phase separated system if
T, of each component is independent each to other. As
seen in Table II, the 7, of the hard segment is shifted
gradually inward with the increased content of short
diol and triol crosslinker. It indicated that one small
portion of soft segment is solubilized in the hard seg-
ment. The glass transition behavior of CPUs consisted
of different diol content shows the same trend as in the
case of CPUs having the different crosslinker content.
The shift inward of T, of the hard segment, when the
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Swelling degree of CPU gels as a function of
temperatures

—0— CT-L92-1.0
—&— CT-P84-1.0
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Figure 2. Swelling behavior of CPUs in aqueous solutions.

Table I1l. 7 value calculated from MRI measurement

Samples Diffusion temperature
5°C 20°C
CT-L92-1.0-1BD  0.494 0.497

CT-P84-1.0-1BD  0.601 0.552

short diol content is increased, indicates the less phase
separation of CPUs.

Swelling Behavior of CPUs in Aqueous Solutions

The experimental program of this part was designed
to prove the influence of temperatures on the swelling
behavior and the discontinuous (collapsing) swelling
behavior of some CPUs. The discontinuous tempera-
ture is defined as the inflection point on a plot describ-
ing the swelling degree as a function of temperatures.

All CPU samples showed the negatively
temperature-dependent swelling behavior (see Fig-
ure 2). For most solutes, including polymers, the
solubility in a given solvent increases with increasing
temperature due to the enhanced compatibility of the
chain and solvent."* However a number of polymers,
such as poly (N-alkylacrylamide-co-methacrylic
acid),’® poly (vinylmethylether) and PEO'®!7 ex-
hibit an inverse solubility-temperature behavior.
The swelling degree of CPUs was increased in the
following order: CPUs prepared from L92 < CPUs
prepared from P84 < CPUs prepared from P75 due to
the increase of EQ/PO ratio. In the curve'? illustrating
the swelling behavior of CPU prepared from L92, the
collapsing point was observed at about 20°C. The hy-
drophobic interaction or the hydrophilic—hydrophobic
balance in hydrogels'® seems to be an important
factor to explain the collapsing temperature-dependent
swelling of hydrogels, since CPUs prepared from
“pure” poly(oxyethylene)glycol such as PEG2000,
PEG400 show only the continuous thermosensitive
swelling behavior.!®
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Table IV. Diffusion coefficient Dy (cm? s™!) calculated from
MRI measurement

Samples Diffusion temperature
5°C 20°C
CT-L92-1.0-1BD  1.54x10”7  0.65x1077
CT-P84-1.0-1BD  9.45x1077  11.1x1077

Table V. Ratio of EtOH/water in the CPU-based membrane

Ratio of EtOH/waterin o ¢,00 < 53 41476 90.793 96.7/3.3
the feed solution

Ratio of EtOH i
atio of EtOH/waterin o ) 3 49 41506 81.6/18.4 94.5/5.5

CPU-based membranes

Swelling degree of CPUs as a function of water
content in a mixture EtOH-water

600 —e— CT-L92-1.0at200
—[—CT-L92-1.5at200

K ~— CT-L92-1.5at400

500
400
300
200

100

Swelling degreé] %

Water content in a mixture EtOH-watel] %0

Figure 3. Swelling behavior of CPUs in a EtOH-water mix-
ture.

Swelling Kinetic Followed by MRI

From the MRI measurement, the diffusion coefficient
can be determined. The data illustrated in Table III
demonstrated the Fickian process of water transport in
CPUs prepared from L92 and P84 at the lower temper-
ature and at room temperature. In Table IV the con-
siderably lower diffusion coefficient (Dr) of CT-L92-
1.0-1BD at 20°C comparing to that at 5°C was re-
ported. The same phenomenon was not observed in CT-
P84-1.0-1BD. We can explain this difference by fact
that CPUs prepared from L92 showed the collapsing
swelling point at about 20°C, while the swelling pro-
cess of CPUs prepared from P84 is continuous. The dif-
fusion coefficient of CPU prepared from P84 is higher
than this prepared from L92 due to the higher swelling
degree of CPUs prepared from P84.

Equilibrium Swelling in a EtOH-Water Mixture

The swelling behavior of gels was carried out via two
factors: overall sorption and sorption selectivity. When
gels are immersed in EtOH—water mixture, they will
absorb both EtOH and water. Hence, Sy, in the eq 3
consists of both EtOH and water.

The maximum swelling degree of samples at ratio

Polym. J., Vol. 35, No. 4, 2003
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EtOH/water changing from 80/20 to 85/15 is observed
at the different temperatures (see Figure 3). This phe-
nomenon can be explained in terms of so-called cou-
pling effect that occurs due to strong interaction be-
tween solvent molecules of binary liquid mixtures of
components, where the solubility or the diffusivity of
a component is not only dependent on itself but also
on the other components?® Theoretically the sorption
of small molecules and the orientation of the absorbed
molecules change the configuration of the microvoid
between the polymer chains and cause the facilitation
or inhibition of absorption of the other component.

The maximum swelling degree in the mixture
EtOH/water = 80/20 is not specific only for the gels
containing both hydrophilic and hydrophobic compo-
nent, but the same phenomenon is also observed in
CPUs prepared from the pure PEOs.!® This experi-
mental result was in total agreement with the result of
some researchers. Lee’! explained the maximal value
at EtOH/water = 80/20 by the solubility parameter. Du
Prez et al?’> observed similar finding for other gel
based on polymethylmethacrylate crosslinked by «, w-
acrylate-terminated poly (1,3-dioxalane) and explained
this phenomenon by the coupling effect. Semenova et
al®® explained the maximum swelling degree of gels
at EtOH/water = 80/20 by coupling effect and also by
increasing number of water layers on the active sites.

Sorption selectivity is defined as the composition of
binary liquid mixture in gels. When immersed in the
solvent mixture, gels can absorb preferentially one sol-
vent over another one. By GC analysis, the ratio of
EtOH and water in the feed mixture and in the mem-
brane is illustrated in Table V. As a result, in each ratio
of EtOH and water, EtOH and water do not interact with
CPUs equivalently. The solvent composition in CPUs
does not vary linearly with respect to the composition
of the feed EtOH/water mixture. The gel always tends
to prefer to absorb water than ethanol. According to
Neel?* there are three main factors affected the prefer-
ential sorption:
- difference in molar volume between solvents having
low molecular weight
- affinity towards the membrane
- solvents mutual affinity

Due to its small molar volume comparing to another
organic solvents, water is preferentially absorbed. Gen-
erally the affinity between water and the organic solvent
is low. In the case when water is one of components,
water is always preferentially absorbed. The swelling
degree of gels in a EtOH—water mixture can change in
respond to the ratio EtOH/water. Otherwise when im-
mersed in a EtOH—water mixture, gels can absorb pref-
erentially water over ethanol.
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CONCLUSIONS

The IR and DSC data show that amine-containing
CPUs (used TEA as a crosslinker, MDEA as a chain ex-
tender) favors the intra-urethane interaction when com-
pared to non amine group-containing CPUs (used HXT
as a crosslinker and BD as a chain extender). The in-
teraction between NH-urethane group and the nitrogen
atom in the tertiary amine group promotes the segre-
gation between the hard and the soft segment. On the
other hand, after forming, this intra-urethane hydrogen
bonding interaction also enhances the intra-urethane
hydrogen bonding interaction between NH urethane
and carbonyl urethane group.

All CPUs prepared from L92 are amorphous due
to the high crosslink density. Two distinct 7;s were
recorded on their DSC curves indicating the existence
of two distinct regions, the hard and the soft, in CPUs
prepared from L92. The inward shift of 7;; of hard seg-
ment when the crosslinker content was increased, indi-
cates the partial solubilization of hard segment in the
soft segment domain.

The experimental result showed the negatively
swelling thermosensitive behavior of CPUs in aque-
ous solutions. The swelling degree was decreased
with increasing ratio PO/EQ, short diol and crosslinker
content. The results also showed the collapsing
temperature-dependent swelling behavior of CPUs pre-
pared from L92.

The swelling degree of gels exposed in EtOH—water
mixture changes in response to the EtOH/water ra-
tio and it reaches the maximum value at the ratio
EtOH/water = 80/20 probably due to the coupling effect
and the increase of number of water layers on the ac-
tive sites. The results concerning the sorption swelling
selectivity showed that in the mixture of EtOH/water,
CPUs absorb preferentially water over ethanol due to
the small volume of water, the low affinity of water to
EtOH molecules and also due to the stronger affinity of
water towards CPU-based membranes.
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