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Abstract: The swelling volume of poly(N-isopropylacrylamide) (PIPAAm) gel
m aprotic solvents (acetonitrile (AcN)-, tetrahydrofuran (THF)-, 1,4-dioxane
(DO)- and dimethylsulfoxide (DMSO)) -water mixtures was measured at 25 °C.
The gel swollen in water shrank first and then reswelled with addition of the
aprotic solvents. At an intermediate mole fraction (XDMSO) range of DMSO-
water mixtures, the gel demonstrated a “reentrant” swelling phenomenon: the
hydrated gel shrank first on addition of a small amount of solvent, showed
a typical wide reentrant transition, and gradually reswelled in the range near
pure solvent. On the other hand, the gels in AcN-, THF-, and DO-water
mixtures demonstrated a “reentrant-convex” swelling phenomenon: the gels
reswelled after a reentrant phase transition in low Xorg (XAcN, XTHF and
XDQ), showed a maximum swelling in the intermediate Xorg region, and
shrank again gradually in the high Xorg region. Such a swelling behavior of the
gel was interpreted by correlating with solution properties of the aqueous
aprotic solvent mixtures.

The strength of hydrogen bonding around amide groups of the
homopolymer was examined in pure solvents (water, THF, and DMSO) and in
all proportion of aqueous THF to observe the relation with swelling behavior
of gel by spectrum analysis of the amide T and 1T bands of Fourier Transform
Infrared Spectroscopy (FT-IR). The swelling properties of gels in solvents and
the aqueous mixtures were well correlated with the peak shifts of amide groups
of the homopolymer.

Key words: Aprotic solvent — reentrant swelling phenomenon — reentrant-
convex swelling phenomenon — solubility parameter - Kirkwood-Buff para-
meter

Introduction Cononsolvency for the homopolymer and its

gel in water-polar solvent mixtures has been

It is well known that poly(N-isopropylacryl-
amide) (PTPAAm) homopolymer and PIPAAm
gel exhibit a lower critical solution temperature
(LCST) around 32°C in pure water [1, 2]. The
phase transition phenomenon of the gels has at-
tracted much attention [3-6]. It is of interest to
see how the addition of organic compounds af-
fects the transitions.

N 338

reported and is one of interesting physical phe-
nomena [7-10}. Namely, the homopolymer de-
monstrates intriguing phase separation phenomena
in methanol [8]-, tetrahydrofuran (THF)- and
1,4-dioxane (DO) [10]-water mixtures at various
temperatures: the homopolymer is soluble in
water and in the polar solvents at room temper-
ature, but precipitates from the aqueous mixtures
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in the intermediate composition and/or on raising
temperature. Similar curious swelling behaviors
of the gel in alcohol [9, 11, 12] and dimethylsul-
foxide (DMSO)-water mixtures [7, 13] have also
been reported as a “reentrant” swelling phenom-
enon. Several authors [11, 12] have treated
theoretically the solvent effect on the swelling
mechanisms by a single compound approxima-
tion. However, it is not yet clear why the gel shows
such a characteristic reentrant swelling phenom-
enon although the behavior is qualitatively inter-
preted in terms of the attractive interactions
between water and solvent molecules, and hydro-
gen bonding between polymer chains in the
reentrant swelling region of the gel.

In a previous paper [14], we reported the swell-
ing of gel in alcohol-water mixtures and discussed
the relationship between the gel swelling and the
solvent properties such as thermodynamic activ-
ities and partial molar volumes of components in
the aqueous solvent mixtures.

In this paper, we will report on the swelling
behavior of the gels in the aprotic solvent
(acetonitrile(AcN), THF, DO and DMSO)-water
mixtures where the gels demonstrate the swelling
phenomena different from those in aqueous alco-
hol mixtures.

Here, we select two groups of the solvent-water
mixtures: one is DMSO [15], which is known to
strongly interact with water molecules, and others
consist of AcN, THF, and DO which tend to
associate with same species in the aqueous solu-
tion [16-18].

Firstly, the swelling behavior of the gels in the
aprotic solvents are discussed in relation to the
solubility parameters of PTPAAm and the solvents.

Secondly, Kirkwood-Buff parameters (G11,
G12 and G22) are found to be useful parameters
which may display a specific aprotic solvent-water
structure in the aqueous mixtures. Essentially, the
mechanism of swelling of gels in the aprotic sol-
vent-water mixtures should be discussed by
a three component system (aprotic solvent, water
and polymer network). However, we tentatively
correlated the swelling behavior of the gels and
Kirkwood-Buff parameters of the aprotic solvent-
water mixtures which were equilibrated outside
the gels and obtained a kind of correlation in
a certain concentration region.

Hydrogen bonding around the amide groups of
the homopolymer was also analyzed by Fourier

Transform Infrared Spectroscopy (FT-IR) to ob-
tain insight into the nature of the interactions
between PIPAAm gel networks and the solvent
molecules.

Experimental

Materials

N-isopropylacrylamide(IPAAm)  (mp = 63—
65 °C), ethyleneglycol dimethacrylate (EGDMA)
(bp = 83-85°C/1 mm Hg), and 2,2"-azobis (iso-
butyronitrile) were purchased from Polysciences
Inc. (Warrington, PA, USA). AcN and THF of
spectroscopic grade were purchased from Wako
Pure Chemical Industries, Ltd (Osaka,
Japan). DMSO and DO of spectroscopic grade
were also purchased from Kanto Chemical Co.,
Inc. (Tokyo, Japan). EGDMA was distilled before
use, and the other chemicals were used without
further purification.

Synthesis

PIPAAm gel and its homopolymer were poly-
merized by free radical polymerization. The de-
tailed synthesis conditions and the preparation
method of the gel disk were described previously

[14].

Swelling volume measurements

All gel disks (30 mg) were placed into vials filled
with solvent-water mixtures (20 ml). The vials
were kept in a thermostat for 1 week to insure
complete swelling. After equilibrium, the gels were
removed from the vials, blotted with a tissue to
remove surface solvents and then weighed. The
degree of swelling was defined as the weight of
solvent-uptake (gram) per unit mass (gram) of
dried polymer (Ws/Wp).

FT-IR study of PIPAAm solution

Solutions of PIPAAm homopolymer were
examined by FT-IR. All spectra of the solutions
(100 mg/ml) were taken with the use of Micro
Circle Cell (Openboat type) [19] in a Perkin
Elmer model 1760 FT-IR spectrophotometer
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{Norwalk, CT, USA) equipped with a Perkin-
Elmer model 7300 computer for sample analysis.
The data were transformed and averaged after 10
scans. The differential spectrum was obtained by
subtracting the spectrum of solvent from that of
polymer solution. A KBr disk containing 1%
homopolymer was also submitted for FT-IR
measurement for comparison with the infrared
spectra of the homopolymer in solution.

Results

In Fig. 1, the degree of swelling of PIPAAm gels
in the aprotic solvent (AcN, THF, DO and
DMSO)-water mixtures is plotted as a function of
solvent mole fraction (Xorg (XTHF, XDO, XAcN,
and XDMSOQ)). The swelling profiles are
classified into two groups. Namely, one is the
swelling type observed in DMSO-water mixtures
where the gel swells when XDMSO is either very
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Fig. 1. Swelling curves of PIPAAm gels in aprotic solvent
(AcN, THF, DO, and DMSQO)-water mixtures

small or high, but shrinks in a wide intermediate
XDMSO range. Another is the “reentrant-con-
vex” type observed with THF-, DO-, and AcN-
water mixtures: the gels swell more or less when
the solvent medium is either pure water or the
pure aprotic solvents, although the degree of
swelling (Ws/Wp) in the aprotic solvents is gener-
ally smaller than in water. In low Xorg region, the
swollen gel shrinks on addition of a very small
amount of solvent into water and attains a swell-
ing minimum. Then, the shrunk gel swells again,
passing through a swelling maximum in the inter-
mediate Xorg region, and gradually decreases
again down to the equilibrated swollen values in
the pure aprotic solvents.

In our results, we are not sure whether the
behavior of phase transition of gels in the dilute
region of the organic solvent is discontinuous or
continuous, although some researchers [7, 13]
reported that the change of a phase transition of
gel was discontinuous. This reason may be partly
due to our different gel with a different hydropho-
bic crosslinker [7, 13].

In DMSO-water mixtures, however, the gel
shows a drastic abrupt shrinking after a minute
decrease between XDMSO = 0.00 and 0.1 and
has a broad shrunk domain between
XDMSO = 0.07 and 0.7. The degree of swelling at
the lowest swelling was 0.052 at XDMSO = 0.25.
After passing through the plateau shrunk domain,
the gel rapidly swells from XDMSO = 0.7 up to 1.0.

At low XAcN, XTHF, and XDO regions of
AcN, THF, and DO-water mixtures, the gels also
show a drastic abrupt shrinking between
XAcN = 0.00 to 0.04, a drastic abrupt shrinking
after a minute decrease between XTHF = 0.00
and 0.03, and a moderate shrinking after a slight
shoulder-like decrease between XDO = 0.00 and
0.12. The minimum degrees of swelling of gels are
071, 061, and 42 at XTHF =0.04,
XAcN = 0.052, and XDO = 0.12, respectively.
The broad convex swelling maxima in AcN, THF
and DO-water mixtures are also observed in the
intermediate Xorg range. The degrees of swelling
at the convex swelling maxima of the gels are 17.7,
15.9 and 11.9 at XDO = 0.54, XTHF = 0.46 and
XAcN = 0.50. After passing through the convex
swelling maxima of the gels, the swollen gels de-
crease their volume until the degrees of swelling
reach 9.93, 3.74 and 2.75 in pure THF, DO and
AcN, respectively.
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Fig. 2. IR spectra of amide I and II bands of PIPAAm in
THF, DMSO and water between 1500 and 1700 (cm ™ %)

Figure 2 shows spectra of amide I (C=0
stretching) and amide II (N-H bending) regions of
the homopolymer in pure THF, DMSO, and
water. The infrared spectrum of the homopolymer
in THF is taken as an example of the solvents in
which the gel shows a “reentrant-convex” swelling
phenomenon. The absorption frequency max-
imum of amide I of the polymer in pure DMSO is
1657 cm™! and that in water is 1637 cm ™!, Ab-
sorption spectrum of the homopolymer in THF 1s
split into two peaks in amide I region, one is
1669 cm ™1, and another 1651 cm ™.

The absorption maxima of amide II of the
homopolymer are 1559, 1540, and 1536 cm ™! in
water, DMSO, and THF, respectively. The fre-
quencies of amide I and amide II of bulk polymer
in a KBr disk are 1652 and 1548 cm ™ 1.

Figure 3 shows the concentration dependence
of peak frequencies of amide I and amide II of the
homopolymer in THF-water mixtures. In water-
rich region, the amide I shifts from 1637 cm ™! in
water down to 1627 cm ™! at XTHF = 0.011. At
high XTHF region, the peak frequency of amide
I moves from 1641 cm ™! at XTHF = 0.287 to the
higher frequencies with two maxima of 1651 and
1669 cm ™! as XTHF increases to XTHF = 1.0.
The peak wavenumber of amide II in THF-
ater mixture decreases monotonically from
1559 cm ™~ ! in pure water to 1534 cm ! in THF as
XTHF increases. Polymer precipitation prevented
the IR measurements between XTHF = 0.02
and 0.28.
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Fig. 3. Central frequency dependencies of amide I and II
bands of PIPAAm in THF-water mixture

Discussion

In Fig. 1, it is seen that PIPAAm gels in
DMSO-water mixtures demonstrate a “reen-
trant” swelling phenomenon and, in the other
aprotic solvent (THF, AcN and DO)-water mix-
tures, undergo a “reentrant-convex” swelling phe-
nomenon.

Firstly, we consider the swelling of PIPAAm gel
in pure solvents. The gel in pure water swells
about 10 times as much as the dried gel weight. In
the case of DMSO, the gel swells about 13 times
higher than the dried gel. On the other hand, in
the pure organic solvents of THF, AcN, and DO,
the gel swells to various degrees depending on the
kind of solvents, and the degree of swelling is
always smaller than that in pure water.

The swelling of gels in the pure aprotic solvents
may be interpreted in terms of solubility para-
meters [20] which are shown in Table 1.

In the analysis of swelling of PIPAAm gel in
water-alcohol mixtures of our previous paper
[14], we interpreted that the swelling of gel in
water may be caused by a strong hydration with
a large enthalpy change and the swelling in alco-
hol may be caused by solvation of alcohol with
less thermal enthalpy change. Therefore, in this
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Table 1. Solubility parameters of solvents and PIPAAm
[(cal/cm®)'/*]

Solvent 0 04 Oy On,
AcN 119 7.50 8.8 3.0
THF 9.5 8.2 2.8 39
DO 10.0 9.30 09 3.6
DMSO 129 9.0 8.0 5.0
PIPAAm 9.6

paper, the solubility parameter was very helpful to
discuss the swelling of gels in aprotic solvents
except for water as discussed in the previous pa-
per. The solubility parameter (6) can be also
divided into three components

6% =65 + 8% + 6%,

where d4, a contribution from the dispersion force,
0,, a contribution from the polar force, and 6y,
a contribution from the hydrogen bonding. Table
1 shows the solubility parameters together with
the three-dimensional components of the solubil-
ity parameter of the solvents [20] used. The solu-
bility parameter (6) of linear PIPAAm was cal-
culated by Fedor’s method [21]. In pure solvents,
the gel swells consistently in the order of the
component from hydrogen bonding of AcN, DO,
THF, and DMSO. Similar observations [22] are
reported. It was considered that the hydrogen
bonding component may be predominant in
swelling behavior of the gel in various organic
solvents.

Secondly, the reentrant swelling behavior of the
PIPAAm gel in low Xorg region (AcN-, THF-,
DO-, and DMSO-water mixtures) may be ex-
plained by the low solvation to gel polymer
network due to the strong interactions between
solvent and water molecules around the mole
fraction region of the reentrant transition.

In this paper, we also considered that the
shrinking of PIPAAm gel in water rich region
may be interpreted in terms of highly cooperative
dehydration of water molecules from the hydrated
gel network and the reentrant phase transition of
PIPAAm gels in water aprotic solvent mixtures
may be caused by the strong interaction between
water and aprotic solvent in water rich region
where PIPAAm polymer chains interact inter-
molecularly through hydrogen bonding and take
a compact conformation as discussed in the pre-
vious paper [14].

Namely, hydrogen bonding as a component of
interactions between solvents and water molecu-
les may be helpful for the above discussion. In the
intermediate XDMSO region, DMSO behaves as
a water structure maker since the two hydropho-
bic methyl groups reinforce the water structure
[23]. The large exothermic enthalpy change on
mixing with water {23] implies strong hydrogen
bonding formations between DMSO and water
molecules in the XDMSO region. On the con-
trary, the hydrogen bonding in water rich region,
as a component of interactions between DO and
water, may be weaker than those of THF-water
mixtures as judged from the lower enthalpy
change of mixing [24]. Moreover, the entropy loss
may be much smaller because the two polar ether
oxygens on DO prevent water molecules from
cluster formation [25]. THF, which has only
a single oxygen atom, is a stronger water-struc-
ture maker than DO which has two oxygen atoms
[26-28]. AcN is also a hydrophobic solute behay-
ing as a strong water structure maker [29, 30],
although the enthalpy change on mixing with
water is small [31]. It is interesting that the com-
position of DO-water mixtures where the gel be-
gins to reswell after the minimum swelling, is quite
consistent with the mole fraction point where the
concentration fluctuations begin to increase in the
light scattering measurement [26].

The Kirkwood Buff parameter may be helpful
to explain the swelling behavior of PIPAAm gel in
the aprotic solvent-water mixtures. The Kirk-
wood Buff parameter is expected to display the
amount of molecular association more sensitively
than activity [32]. Namely, the Kirkwood Buff
parameter; Gij is defined [33] as

Gij = ((gii(r) — 1) 4nr3dr ,
0

where gij(r) is the radial distribution function be-
tween species 1 and j. In a binary solution of water
(1) and solvent (2), G11, G12 and G22 can bring
about information on water-water, water-solvent,
and solvent-solvent interactions, respectively.
Figure 4 shows G11, G22, and G12 in THF-,
AcN-, DO-, and DMSO-water mixtures. These
values were replotted from the literature [34]. In
the case of DMSO-water mixtures, the G12 in the
intermediate XDMSO region indicates the high
affinity between DMSO and water molecules
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while G12 values in the same Xorg region of THF,
AcN, and DO-Water mixtures are low. Generally,
DMSO is an aqueous mixture has a specific tend-
ency [35, 36] to interact with water molecules in
the wide range of intermediate XDMSO region.
Therefore, the aqueous solvent mixtures are hard-
ly solvated to the gel polymer network and
produces a wide shrunk bottom in the swelling
profile.

In high XDMSO region, it is interesting that
the degree of swelling and G11 synchronize as
XDMSO increases from XDMSO = 0.5to 1.0 in
Fig. 4. The stronger interaction between water
molecules in the high XDMSO region results in
a much more effective swelling.

On the contrary, the convex swelling phe-
nomena in AcN-, THF -, and DO-water mixtures
may be caused when cohesive tendencies of water
and these organic solvents are stronger than the
water-organic solvent interactions. A similar
microheterogeneity was reported on molecular
aggregation of solvent and/or water molecules in
AcN- and THF-water mixtures [31, 37].

Figures 5, 6 and 7 show the relationship be-
tween Ws/Wp and G11, G22, and G12 values at
high Xorg region (AcN-, THF-, and DO-water
mixtures). Near Xorg = 1.0, the order of the G11
values was consistent with the degree of swelling

G22: — G120 —————

XpMso

for all the pure solvents (AcN, THF and DO).
Moreover, we generally observe that the Gl11
values are relatively higher than the G12 and G22
values in the region where the gels show the con-
vex maxima of swelling in the mixtures. Similar to
the above discussion on the relationship between
G11 and swelling behavior, the gel shows the
convex maximum when the G22 values are rela-
tively higher at a definite Xorg region. On the
other hand, the G12 values are lower in the inter-
mediate Xorg region where the gel shows the
convex swelling maxima. It is seen that the gels
decrease their volume when the G11 and G22
values decrease, but G12 values increase in the
region of Xorg = 0.5-1.0.

It is noted that the concentration dependence of
partial molar volumes of water in the AcN-,
THF-, and DO-water mixtures [38-40] are also
very characteristic and different from those in
alcohol-and DMSO-water mixtures [38, 41].
Namely, the profiles of partial molar volume of
water in these aqueous mixtures have a minimum
point in the intermediate Xorg range. Probably,
promoted water structure may not be entirely
destroyed and remain even in the high Xorg re-
giom.

In Fig. 2, the amide I of the homopolymer in
DMSO has a single peak, while it gives double
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Fig. 5. Deswelling curve of PIPAAm gels vs G11 in rich Xorg
region

peaks which indicate that motion mode of amide
I consists of the two types in pure THF.

Kobayashi et al. [42] studied the hydration of
N-monosubstitute amides in dioxane-water focus-
ing upon the amide I infrared spectra. Peak
stretching frequency of amide I shifts to a higher
frequency as water fraction decreases. Several
other researchers [43, 44] reported a similar in-
frared spectra of stretching of carbonyl group by
solvation. Generally, the stretching mode shifts to
a lower frequency as hydrogen bonding increases.
Therefore, the vibration mode of amide I in
DMSO indicates the carbonyl of amide groups in
the polymer is less polar than in water. In THF,
the two frequencies of amide I also indicate that
the strength of hydrogen bond of carbonyl group
is weaker than in water and solvation to polymer
chains may consist of two types.

The peak frequency of amide I of the bulk
polymer in a KBr disk is 1652 cm ™!, which is
higher than in water, but lower than in pure THF
or DMSO. This observation implies that the car-
bonyl group in a KBr disk is still a hydrogen
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Fig. 6. Deswelling curve of PIPAAm gels vs G22 in rich Xorg
region

bonded state which is less than in water, but is
also more than in THF or DMSO.

Hydrogen bonding effect on amide II of some
chemicals was discussed in terms of the bending
frequency shift [45], especially amide II [46] as
discussed with the amide I. Generally, the bending
shifts to the higher frequency as hydrogen bond-
ing increases. The peak frequency of amide II of
the homopolymer indicates that the strength of
hydrogen bond in THF or DMSO is weaker than
in water. The amide IT of the bulk polymer in
a KBr disk has a higher wave number than in
DMSO or THF, and hence the microenvironment
indicates a stronger hydrogen bonded NH group
in the bulk polymer than in DMSO or THF.

In Fig. 3, the frequency shift of amide I indicates
that the hydrogen-bonding circumstance of the
carbonyl group in the polymer gel network be-
comes stronger around the reentrant phase
transition between XTHF = 0.0 to 0.07. In other
words, this observation suggests an increase of the
intermolecular hydrogen bonding of PIPAAm gel
network from XTHF = 0.0 to 0.07 of THF-water
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Fig. 7. Deswelling curve of PIPAAm gels vs G12 in rich Xorg
region

mixtures. The frequency increase of amide I of
polymer from XTHF = 0.12 to 1.0 should suggest
the reduction of the intermolecular hydrogen
bonding in PIPAAm gel network.

In Fig. 3, the frequency shift of amide II in
THF-water mixtures indicates that the strong
microenvironmental hydrogen-bonded state of
NH group in pure water gradually decreases as
XTHEF increases and finally attains a lowest state
in THF, which is even weaker than that of bulk
polymer in a KBr.

Conclusion

The swelling of PIPAAm gels in aprotic solvent
(AcN, THF, DO, and DMSO)-water mixtures is
strongly dependent on the properties of solvent
component. The reentrant swelling phenomena of
the gels in the aprotic solvent-water mixtures were
interpreted that the gel polymer network could
not be solvated by the aqueous aprotic solvent
mixtures due. to strong interactions between ap-

rotic solvent and water, and due to an inter-
molecular interaction of polymer network in
a certain intermediate Xorg region. On the other
hand, the convex swelling phenomena of gel in
AcN-, THF- and DO-water mixtures were con-
sidered to be due to that the gel swells even when
interaction between water and the aprotic sol-
vents is relatively weak and the self-association of
the same compound occurs in the aqueous binary
solution around the convex swelling region.

The FT-IR studies of the homopolymer sugges-
ted that polymer chains of gel around the reen-
trant transition may take a compact conforma-
tion where the polymer chains interacted with
themselves by intermolecular hydrogen bonding.
Polymer chains loose their hydrogen bonding of
amide group in the high Xorg region. It is also
interesting that two maxima of amide 1 of the
homopolymer in pure THF may indicate the
existence of two-types of solvated carbonyl
groups of gel network in high Xorg region where
gel shows “reentrant-convex” swelling behavior.

Acknowledgment

The Authors thank Mr. Hirotaka Nakatomi, Mr. Minoru
Nakata, Dr. Shuji Sato (Hisamitsu Pharm. Co., Inc.), Dr.
Yoshiro Kaminoh (University of Utah), and Dr. Teruo
Okano (Tokyo Women’s Medical College) for strong support
and useful discussions.

References

1. Otake K, Inomata H, Konno M, Saito S (1990) macro-
molecules 23:283
. Shield HG, Tirrel DA (1990) J Phys Chem 94:4352
. Fujishige S, Kubota K, Ando I (1989) J Phys Chem
93:3313
. Winnik FM (1990) Polymer 31:2125
. Yamamoto I, Iwasaki K, Hirotsu S (1989) J Phys Soc Jpn
58:210
6. Matsuo ES, Hirokawa Y, Tanaka T (1988) J Chem Phys
89:1695
7. Hirokawa Y, Tanaka T (1981) J Chem Phys 81:6397
8. Winnik FM, Ringsdorf H, Venzmer J (1990) Macro-
molecules 23:2415
9. Hirotsu S (1988) J Chem Phys 88:427
10. Shield HG, Muthukumar M, Tirrell DA (1991) Macro-
molecules 24:948
11. Amiya T, Hirokawa Y, Hirose Y, Li Y, Tanaka T (1987)
J Chem Phys 86:2375
12. Hirotsu S (1987) J Phys Soc Jpn 56:233
13. Katayama S, Hirokawa Y, Tanaka T (1984) Macro-
molecules 17:2641
14. Mukae K, Sakurai M, Sawamura S, Makino K, Kim SW,
Ueda I, Shirahama K (1993) J Phys Chem 97:737

w N

W B



Mukae et al., Swelling of PIPAAm gels in water-aprotic solvent mixtures

663

15.

16.

17.

31
32.

33.
34.

Majigosky WM, Warfield RW (1983) J Chem Phys
78:1912

Treiner C, Tzaias P, Chemila M (1976) J Chem Soc
Faraday Trans 72:2007

Signer R, Arm H, Daeniker H (1969) Helv Chim Acta
52:233

. Goates JR, Sullivan RJ (1958) J Phys Chem 62:188
. Braue EH Jr, Panella MG (1987) Appl Spectrosc 41:1057
. Gulke EA (1989) In: Brandip J, Inmergut EA (eds) Poly-

mer Hand book, third Ed, John Wiley & Suns, New
York, p519

. Fedors RF (1974) Polym Eng Sci 2:152
. Yagi Y, Inomata H, Saito S (1992) Macromolecules

25:2997

. Rodante F, Marrosu G (1988) Thermochim Acta 136:209
. Morcom KW, Smith RW (1970) Trans Faraday Soc

66:1073

. Canabi S, Conti G, Lepori L (1979) J Phys Chem 83:463
. Iwasaki K, Fujiyama T (1979) J Phys Chem 83:463
. Arakawa K, Takenaka N, Sasaki K (1970) Bull Chem

Soc Jpn 43:636

. Atkinson G, Rajagopalon X, Atkinson BL (1981) J Phys

Chem 85:733

. Murthy NM, Naigabhushanam G (1984) Acousti lett

8:100

. Wakisaka A, Shimizu N, Nishi K, Tokumaru K,

Sakuragi H (1992) J Chem Soc Faraday Trans 88:1129
Davis MI (1983) Thermochim Acta 63:67 .
Kato T (1990) In: Matteori E and Mansoor GA (eds)
Fluctuation Theory of Mixtures. Taylor & Francis, New
York, 227

Ben-Naim A (1977) J Chem Phys 67:4884

Matteoli E, Lepori L (1984) J Chem Phys 80:2856

35.

36.
37.

38.
39.
40.
41.
42.
43,
44,

45.

46.

Subbarangaiaii K, Murthy NM, Subrahmangam SV
(1981) Bull Chem Soc Jpn 54:2200

Hassun SK, Isa SD (1987) Acousti lett 10:110

Benson G, Darcy PJ, Handa YP (1981) Thermochim
Acta 46, 296

Visser CD, Heuvelsland WIM, Dunn LD, Somsen
G (1978) J Chem Soc Faraday Trans 74:1159
Kiyohara O, Perron G, Desnoyers JE (1975) Can J Chem
53:3263

Sakurai M (1992) J Chem Eng Data 37:492

Benson GC, Kiyohara O (1980) J Solution Chem 10:391
Kobayashi M, Nishioka K (1987) J Phys Chem 91:1247
Thompson WK, Hall DG (1967) Trans Faraday Soc
63:1553

Tsai Y, Ma S, Kamaya H, Ueda I(1989) Mol Pharmacol
31:623

Hazi D, Bratos I (1976) In: Schuster P, Zundel G, Sar-
dorfy C (eds) The Hydrogen Bond. North-Holland Vol
2 p594

Bellamy LJ (1975) In: Bellamy LJ (ed) The Infra-red
Spectra of Complex Molecules. Hasted Press, a Division
of John Wiley & Sons, New York, p245

Received March 26, 1993;
accepted October 7, 1993

Authors’ address:

Katsuya Mukae

Tsukuba Research Laboratories

Hisamitsu Pharmaceutical Company, Inc.
1-25-11 Kannondai, Tsukuba, Tbaraki 305, Japan



